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Abstract
This study examined the yields of two biofuel crops, canola and sunflower, as a function
of the thickness of covers of municipal compost over nickel and copper mine tailings at the
Xstrata Onaping Tailings Facility, northwest of Sudbury. I hypothesized that yield and health of
each crop would decrease over thinner compost covers and would likely show a threshold. In
the spring of 2012, a cover of municipal compost was applied over 2.8 ha of tailings to create a
compost thickness gradient, running from ~65cm to 0 cm. Canola and sunflowers were seeded
in strips along this compost thickness gradient. Around 35 plots were established for each crop,
with ~7plots per 15 cm compost thickness interval. In each plot, I measured soil conductivity,
pH, water content and bulk density as independent variables and also measured germination,
chlorosis, presence of insects, crop height and the aboveground dry biomass of each crop as
dependent variables. pH and conductivity did not vary much across the compost cover. Using
simple and multiple regression analyses, germination and height was not a function of any of
the independent variables, including compost thickness. For dry aboveground biomass, canola
was also not significantly affected by any independent variables, but for sunflower,
aboveground biomass was significantly higher on thinner biosolids covers. Both of these results
are contrary to our original hypotheses. If correct, it may be possible to apply compost covers
more thinly, without an impact on the yield of annual biofuel crops. This experiment should be
repeated to verify this result across another growing season with different weather conditions.
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Introduction
Sudbury has been the mining capital of Ontario for decades and has been economically
valuable for both residents and government. However, mining also yields a large amount of
waste products that can produce a long-term environmental legacy. Tailings form the majority
of this mining waste. They are produced after the ore is ground and most of the targeted
metals are separated, leaving the tailings. A series of metals often remain in tailings, often
above environmental guidelines. Tailings must be stored on site, but they offer extreme
environmental conditions for biota, requiring protective measures, reclamation and long-term
monitoring.
Metal mine tailings can cause acid mine drainage (AMD) under certain circumstances.
This acidic, metal-rich drainage causes the largest environmental problem in the North
American mining industry (Benner, 1997). Through a series of microbially-mediated reactions
with oxygen, sulphur compounds and metals, the pH drops in receiving waters, and can
severely impair aquatic ecosystems. Source control of AMD can be a viable option as opposed
to mitigation after the fact. Various techniques have been examined to prevent AMD, including
flooding/sealing of underground mines, underwater storage of mine tailings, land sealed
storage in sealed waste heaps, blending of mineral wastes, total solidification of tailings,
application of anionic surfactants and microencapsulation (Johnson et al, 2005). If maximum
source control has been reached, but there is still risk of AMD, mitigation is required.
Metal mine tailings are also prone to wind erosion because of the dominance of silt or
fine-sand particles. Airborne dust originates from various mining processes, including
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transportation of material, dust on roads, and dust from mine tailings (Bhattacharyya, 1983).
Dust can have a negative impact not only on the appearance of residential properties but also
on human health. For instance, long-time exposure to dust of any metal can potentially cause a
range of severe health problems including carcinogenic pneumonia disease from Ni-sulphide
dust (Matshua et al., 2012). As well, there is little knowledge of the effects of airborne
particulates from mine tailings on children’s health (Meza-Figueroa et al., 2009).
Mining is considered a temporary use of land, so reclamation is essential once the
mining process is completed (Gao et al, 1998). Reclamation can help re-introduce an ecosystem
and establishing a stable setting (Cao, 2007). There is virtually no use for mine tailing sites
before the reclamation process; instead, they are considered to be liabilities. Reclamation can
reduce these liabilities by reducing the costs associated with dust control and potentially with
AMD. Furthermore, reclaiming the land can also bring some use or value to the land, potentially
even with an economic benefit.
One way to creating a functional, visually-appealing and useful landscape is by the use
of a cover of organic residuals to build a functional soil to support plant life. Organic residuals
are organic-rich, often nutrient-rich waste materials, which are a byproduct of agricultural,
municipal or industrial activities. For centuries, organic residuals such as cow manure have
been used as an amendment to increase nutrient availability in soils and plant survival and
growth. In modern times, municipal sewage sludges, also known as biosolids, have been used
as a fertilizer as early as 1907, in Alliance, Ohio (Castro del Campo, 2007). Other modern
examples of organic residuals include sludges from the pulp and paper industry and composts
from municipal yard and kitchen wastes.
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Covers of organic residuals over mine tailings provide several potential advantages. First
of all, they provide a barrier, which limits airborne dust. They also provide a fertile soil for
plants. Furthermore, they limit the diffusion of oxygen into sulphur-rich tailings, which can limit
the amount of oxidation in the tailings and reduce AMD generation. Covers of organic residuals
are also advantageous over other covers because of their low hydraulic permeability, high
cation exchange capacity and high alkalinity (Peppas et al., 2000). Organic covers absorb
waters, and, through the growth of vegetation, transpire water back into the atmosphere
(Tordoff et al., 2000). By these means, they can also be a hydrological barrier, limiting the water
reaching the tailings, and again limiting AMD generation.
Although organic residual covers are beneficial, there are still several disadvantages. For
instance, sewage biosolids can have high levels of some metal such as cadmium (Smith, (2009),
which can contribute to environmental concerns. This has limited their agricultural use.
However, this is not much of an issue in mine tailing facilities, which already have metal
contamination. The sourcing of suitable organic residuals near mine sites can also be a problem.
If the sources are distant, transportation costs must be considered, which increases the cost of
reclamation.
Organic residuals cannot be used on mine tailings facilities to produce food crops
because of elevated metal concentrations and the potential for crop uptake. However, they
could be used for non-food crops, such as biofuel crops. For instance, corn and canola can
produce biodiesel and ethanol. Growing biofuel crops over covers of organic residuals over
mine tailings provides a potential for agricultural revenue in the final stages of the mining cycle.
Recent attempts at growing biofuel crops on thick covers of organic residuals over Ni-Cu mine
3

tailings have proven to be successful, with no evidence of metal movement from tailings to
covers over a 2-year span, and no uptake by crops (Hargreaves et al., 2012, Smith, 2012,
Posadowski, 2011).
The thickness of an organic cover is an important variable to consider. A long-term goal
for reclamation using organic residuals should be to create a diverse, functional ecosystem. The
thickness of organic residual covers should therefore be critical in achieving acceptable root
depth for most plant species. Thicker covers should also create a stronger oxygen and
hydrological barrier, which again would minimize reactions with tailings. In recent studies,
organic residuals have been added to a thickness of approximately 1m (Hargreaves et al., 2012
Smith, 2012, Posadowski, 2011). However, given the limited availability of organic residuals
close to mine sites, the consequent transportation costs and also the expansive areas of tailings
facilities, there are economic and logistic imperatives to reduce the thickness of biosolid covers
and spread them more thinly over wide areas.
The general objective of this thesis was therefore to determine at what thicknesses do
covers of organic residuals, specifically municipal composts, no longer provide optimum
conditions for growth of canola and sunflower. I conducted a field study to determine their
yield along a gradient of biosolids thickness over a Ni-Cu mine tailings facility. Through a
regression approach, I examined germination, aboveground biomass yield, the presence of bugs
and chlorosis against a series of independent variables, including biosolid thickness, minimum
and average soil water content, pH, conductivity and bulk density. My principal hypothesis was
that biomass yield would decline with decreasing thickness of biosolids, likely with a threshold
value.
4

Methods
The study area is located in Onaping, Ontario at the Xstrata Nickel tailings facility
(46.61⁰N 81.43⁰W). The tailings facility is large (2200 ha), with deep tailings deposits where the
study was conducted. The acid-generating tailings are covered with a ~2m thick layer of
desulphurized tailings to limit the oxidation and reduce AMD. These tailings still have over five
times the copper and 18 times the nickel as the agricultural soil quality guidelines (CCME 2013;
Table 1). These tailings appeared level with the landscape, although elevation was not
measured.
Municipal composts made from a mix of yard wastes and post-consumer kitchen wastes
were transported by trucks over the fall and winter 2011-2012 from the Toronto Municipal
compost facility and piled on the side of the gravel road beside the tailings study area. With the
arrival of spring, the composts were then spread by a bulldozer to achieve a gradient of
decreasing thickness. The area north of the road has the deepest compost covers with a
thickness of ~60cm. The downward gradient continued steadily until the thickness of the
compost reached 5 cm. The total area of treatment is an irregular shape of approximately 225m
x125m, so roughly 2.8 ha.
The whole area was walked to remove rocks or debris that could have affected the
growth of crops. Agricultural treatments by a local farmer (Mike Soenens) started on July 4th,
2012. A tiller-mulcher was used for primary tillage. Then an “S tine” cultivator with double
basket rolling harrows was used on the whole area. Seeding was done with a seed and fertilizer
broadcaster. Seeding was done in strips approximately 3 meters wide, following the depth
gradient, with alternating rows of sunflower and canola. All the sunflower rows were seeded
5

Table 1. Composition of desulpherized mine tailings below the compost covers at the Onaping
Tailings facility (Smith, 2012). The values in bold exceed the CCME guidelines for soil quality for
agricultural lands (CCME 2013).
Element
Tot Ca
Tot Cu
Tot Fe
Tot K
Tot Mg
Tot Mn
Tot Ni
Tot P
Tot Zn
Bio Ca
Bio Cu
Bio Fe
Bio K
Bio Mg
Bio Mn
Bio Ni
Bio P
pH

Tailings
(mg/kg)
2030
355
34900
6780
14400
514
903
704
72.8
2090
1.96
6.15
490
182
3.37
5.64
6.76
6.91
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first, followed by canola. Seed and fertilizer were measured, mixed, and applied together
allowing for even distribution. The fertilizer had a NPK content of 10-20-20, applied at an
approximate rate of 25kg/ha. Lastly, a harrow and set of chains was dragged throughout the
area, mixing both the fertilizer and seeds into the soil allowing for ideal conditions for
germination.
With seeding complete, 1mx1m plots were set up throughout the rows along the
thickness gradient (Table 2; Figure 1 and 2). Each plot was marked with a wooden stake, and
numbered with flagging tape with an identification number. The stake also marked the
northern point of the plot. A coordinate of each plot was taken using a GPS. The plot size was
measured using a pre-sized PVC pipe quadrat. The thickness of the compost cover was taken at
each plot using a soil core sample and measured and recorded with a tape measure.
Weekly soil samples were taken adjacent to each plot for soil moisture content. Soil
moisture content was first determined by gathering a short core sample (100g) from the soil
surface and placing them into numbered zip lock bags. They were taken back to the lab,
weighed fresh, then dried in the drying oven at 105ºC for a minimum of 24 hours, then
reweighed. Moisture content was then calculated as well as dry bulk density for each plot.
The pH and the conductivity of these soil samples were determined at the start and at
the end of the growing season. The soil was placed into a beaker and water was added to make
a slurry. A YSI® multi-meter was calibrated using pH buffer of 4, 7, and 10. The pH of 7 was
calibrated first. The slurry was mixed, and the multi-meter recorded the pH. This was repeated
for all 68 plots. The same steps were performed for conductivity testing, except calibration was
established based upon 3 different concentrations of solution.
7

Table 2. Distribution of plots across depths for canola and sunflower crops.

Type
Canola
Canola
Canola
Canola
Canola
Sunflower
Sunflower
Sunflower
Sunflower
Sunflower

Compost thickness (cm)
0-15
16-30
31-45
46-60
>60

Number of plots
7
7
7
7
7

0-15
16-30
31-45
46-60
>60

7
7
7
6
6
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Figure 1. Map with 15cm interval contour lines of compost thickness with location of all 35
sunflower plots at the Xstrata tailings facility, Onaping.
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Figure 2. Map with 15cm interval contour lines of compost thickness with location of all 33
canola plots at the Xstrata tailings facility, Onaping.
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The germination of each species was determined in each plot on August 2nd by counting
the number of seeds that germinated in each 1mx1m plot. Chlorosis and degree of bug activity
present were measured as a dependent variable in mid-August. Chlorosis was measured as
presence or absence. Degree of bug damage was based upon a low, medium and high scale.
Each plot was harvested on September 4th. The final maximum height of plants within each plot
was first measured. Then, the shoots of canola and sunflower were cut at ground level and
placed into large, compostable brown bags. Each bag was numbered with plot number as well
as the average height at time of harvest. These were then transported back to the lab and cut
into smaller pieces, to allow water to easily escape and avoid rotting. They were dried in the
drying oven at 85oC, for a minimum of 48 hours. The dry biomass of each plot was then
determined and recorded.
Analysis of data was done using SPSS®, through multiple and simple linear regression.
Separate regression analyses were applied to germination, height and dry aboveground
biomass, for each species. For each analysis, multiple linear regressions were first conducted
using the following independent variables: thickness of compost, driest soil water content,
average soil water content, pH, conductivity and dry bulk density. Multiple regression analyses
were followed by simple linear regressions for individual dependent and independent variables.
GIS was also used to spatially show the gradient as well as any patterns of key dependent
variables within the compost.
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Results
Gravimetric water content was very low at the beginning of July, but rose by mid July to
~35% and then stayed steady until the end of August at which point it dropped substantially
(Figure 3). Relationships were evident between water content of the compost and its thickness.
As compost covers increased in thickness, average water content of surface increased
significantly, although there was much scatter around this trend (F1, 66 = 17.1, P = 0.0001,
r2 = 0.205; Figure 4). A borderline relationship exists between the standard error of surface
water content and compost thickness (F1, 66 = 3.8, P = 0.055, r2 = 0.05; Figure 4), meaning that
water content was slightly more variable as compost thickness increased, but again there was
much scatter around this trend. However, the driest water content in the surface compost was
not related to compost thickness ((F1, 66 = 2.8, P = 0.102).
In terms of chemical parameters, pH stayed relatively neutral throughout the plots
(Figure 5) and conductivity was consistent throughout the compost cover as well (Figure 6).
Both only varied slightly under sunflower versus canola crops.
No relationship existed between the germination of either crop and any of the
independent variables, including thickness (Table 3; Figure 7). Neither was there any
relationship between the height of canola or sunflower and any of the independent variables,
again including thickness (Table 4; Figure 8). However an outlier is present for sunflowers with
one plot having short crop height in a thin compost; without this point, sunflowers appear to
grow taller on shallower composts.
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Figure 3. Gravimetric water content across all plots as a function of time at the Xstrata field site
(mean ± SE; n = 68).

13

0.45

Y = 0.00082X + 0.27
2
r =0.21

Average GWC

0.40
0.35
0.30
0.25
0.20
0

20

40

60

80

Compost thickness (cm)
0.08

Y = 0.00011X + 0.39
2
r = 0.05

0.07

SE GWC

0.06
0.05
0.04
0.03
0.02
0

20

40

60

80

Compost thickness (cm)

Figure 4. Scatter plots between thickness of compost covers and the average gravimetric water
content (GWC; top) and the standard error of GWC (bottom) over the summer of 2012 (n = 68).
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Figure 5. pH of canola and sunflower throughout whole plot (mean ± SE; sunflower n = 34,
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Table 3. Simple regression analyses of the germination of sunflower and canola as a function of
a series of predictor variables. Predictor variables are listed in decreasing order of significance.
Species
Sunflower

Canola

Predictor variable
pH
driest GWC
average GWC
compost thickness
dry bulk density
conductivity
average GWC
pH
dry bulk density
compost thickness
driest GWC
conductivity

N
33
33
33
33
33
33
35
35
35
35
35
35

F
2.741
0.295
0.255
0.239
0.66
0.002
1.52
1.473
0.454
0.078
0.044
0

P
0.108
0.591
0.617
0.628
0.799
0.967
0.226
0.234
0.505
0.782
0.835
0.984

r²
0.081
0.009
0.008
0.008
0.002
0
0.044
0.043
0.014
0.002
0.001
0

Figure 7. Germination of sunflower (left) and canola (right) as a function of thickness of a
compost cover at the Xstrata field site (Nsunflower = 33; Ncanola = 35).
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Table 4. Simple regression analyses of crop height as a function of a series of predictor variables
for sunflower and canola. Predictor variables are listed in decreasing order of significance.
Species
Sunflower

Canola

Predictor
variable
thickness
driest GWC
conductivity
average GWC
dry bulk density
pH
driest GWC
pH
average GWC
conductivity
dry bulk density
thickness

N
33
33
33
33
33
33
35
35
35
35
35
35

F
2.619
1.354
0.342
0.104
0.049
0.007
1.635
1.555
0.962
0.501
0.447
0.131

P
r²
0.116
0.078
0.253
0.042
0.563
0.011
0.749
0.003
0.827
0.002
0.932
0
0.21
0.049
0.221
0.017
0.334
0.029
0.484
0.015
0.509
0.014
0.72
0.004

Figure 8. Height at harvest of sunflower (left) and canola (right) as a function of thickness of a
compost cover at the Xstrata field site (Nsunflower = 33; Ncanola = 35).
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When dry aboveground biomass is examined (Table 5; Figure 9), canola also shows no
relationship with any of the independent variables, including compost thickness, and no hint of
a threshold is even apparent. However, for sunflower, its aboveground biomass was
significantly related to compost thickness (P = 0.008), but surprisingly, this was an inverse
relationship, with sunflower growing significantly better on shallower soils. In fact the highest
dry biomass showed wide distribution for both sunflower and canola across the cover (Figure
10).
There was no apparent trend between compost thickness and either chlorosis or leaf
damage by insects (Figures 11 and 12). There is some indication that areas closer to the edge of
the compost cover generally have more chlorosis, although it is not an obvious function of
depth (Figure 13). Likewise, there is more insect damage towards the southern edge of the new
compost cover, near the previously-established compost plots (Figure 14).
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Table 5. Simple regression analyses of dry aboveground biomass as a function of a series of
predictor variables for sunflower and canola. Predictor variables are listed in decreasing order
of significance. Significant effects are shown in bold.
Species
Sunflower

Canola

Predictor
variable
Thickness
Driest GWC
Conductivity
Average GWC
pH
Dry Bulk density
Average GWC
Dry bulk density
Thickness
Conductivity
pH
Driest GWC

n
33
33
33
33
33
33
35
35
35
35
35
35

F
8.801
0.894
0.308
0.088
0.04
0.1
1.395
1.331
0.87
0.305
0.271
0.048

P
0.006
0.352
0.583
0.768
0.842
0.922
0.246
0.257
0.358
0.584
0.606
0.827

r²
0.221
0.028
0.01
0.003
0.001
0
0.041
0.039
0.026
0.009
0.008
0.001

Y = -5.48X + 543
2
r = 0.22

Figure 9. Dry aboveground biomass of sunflower (left)and canola (right) as a function of
thickness of a compost cover at the site (Nsunflower = 33; Ncanola = 35).
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Figure 10. Dry biomass of sunflower and Canola plots(Nsunflower = 33; Ncanola = 35).
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Figure 11. Chlorosis in sunflower (left) and canola (right) crops as a function of thickness of a
compost cover (Nsunflower = 33; Ncanola = 35).
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Figure 12. Insect damage in sunflower (left) and canola (right) as a function of thickness of a
compost cover (Nsunflower = 33; Ncanola = 35).
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Figure 13. Spatial distribution of chlorosis in sunflower and canola (Nsunflower = 33; Ncanola = 35).
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Figure 14. Spatial distribution of insect damage on sunflower and canola (Nsunflower = 33;
Ncanola = 35).
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Discussion
Weekly gravimetric water content taken throughout the summer showed that the driest
time during the growing season was at the beginning of July when just after the sowing of
seeds. The late sowing of the seed, with the consequent disturbance of surface layers, may
have contributed to the dry conditions of the cover. Seed may have become dormant and
halted germination until adequate amounts of water were present. Germination occurred by
late July, once soil water content increased; it remained relatively consistent through August.
The thickness gradient showed that the thinner composts generally had lower water
content at surface compared to the thicker composts. This type of dry soil conditions is ideal for
sunflower seeds who favor drier conditions (Berglund 2007). Interestingly, sunflowers did have
a significantly larger aboveground biomass on the thinner compost covers, contrary to the
original hypothesis, perhaps because they favor drier soils. Sunflowers also did not show a
threshold, again contrary to our initial predictions. For canola, the aboveground biomass was
not all determined by the compost thickness, again contrary to what we originally thought. It
was not even significantly influenced by the changes in surface moisture. These were
interesting and unexpected results.
Chlorosis did not show trend with biosolid depth, contrary to what we expected.
Chlorosis can be caused by a nutrient deficiency, especially for nitrogen, and can also occur
where toxic levels of metals are encountered by the plants (Lambers et al 2006). Based on this
result and the lack of a trend or an inverse trend of aboveground biomass with compost
thickness, nitrogen availability does not appear to have been a problem for either crop, even
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with compost covers less than 15 cm thick. Likewise, these results suggest that metal
availability was not problematic for canola or sunflower, at least for the production of
aboveground biomass.
Both the chlorosis data and the aboveground biomass data suggest that these plants are
not encountering detrimental levels of metals in the composts. A recent review of the literature
(Park et al. 2011) suggests that organic residuals, such as composts, are efficient at removing
them from the soil solution through a variety of mechanisms, including adsorption,
immobilization and reduction. A study at the Xstrata tailings facility (Smith 2012) supports this
review by showing that bioavailable metals at the compost-tailings interface were quite low,
despite high total metals. It would be interesting to evaluate the bioavailability of metals in the
rooting zone, as a function of compost thickness.
Root growth was not examined systematically, so it is not known what the impacts were
of compost thickness on belowground biomass. Sunflowers usually produce deep roots, which
is part of the reason why they are usually drought tolerant (Berglund 2007). It would be
interesting to examine the growth of roots to determine whether they penetrate into the
tailings to meet their moisture needs. The direction of root growth whether horizontal or
vertical should be an area of research in future projects because if the roots are able to locate
sufficient nutrients growing horizontally, then thinner covers could suffice.
Insects could also affect the final dry biomass yield through herbivory. This study
showed that insects did not favor any crops or did not concentrate on plants on thinner versus
thick composts. However, they did show a spatial pattern, with higher insect damage closer to
25

the older established biosolids plots where willow crops are set up. It is possible that the insects
spread over into the new crops from this area. The other isolated area at the northern part of
the plot, is interestingly the area where the highest seed germination occurred. This is also an
area with higher gravitational water content. Stagnant water combined with high germination
would be an ideal area for both microbial and insect life, which could be an indicator as to the
larger insect presence.
The weather during the growing season can be seen as both a challenge and an
indicator to potential areas that should be studied in future projects. The drought like
conditions allowed sunflower to excel, but these weather conditions will not be the same every
growing season. Sunflower yielded the highest biomass on thinner, drier biosolids, but next
season could consist of substantial precipitation amounts. If the experiment is repeated next
year, the amount of precipitation could be monitored and contrasted to the summer of 2012 to
evaluate whether a similar response is seen from the crops across different precipitation
regimes.
In future projects, it may also be relevant to look at soil temperatures in each of the
plots. Both sunflower and canola have ideal soil temperature conditions (Berglund 2007; Canola
Council of Canada 2011). It is possible that thinner biosolids may have higher temperatures
compared to the thicker biosolid covers. This could also contribute to the final biomass yield.
Because of the success with sunflower on thinner biosolids this growing season, it is an
experiment that should be repeated in upcoming experiments in order to establish consistency
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of biomass at certain depths. This would allow the monitoring of weather conditions as well as
provide a basis for comparison between this year’s data.
If consistency in final biomass yield is met in future seasons, thinner biosolids could have
more advantages. Thicker biosolids could be spread out to thinners ones (~20cm), covering a
larger area of mine tailings. This again aids in dust control and the production of AMD. Organic
residuals like compost covers are also difficult to locate and they are very expensive to
transport to the desired site. If sunflowers consistently grow larger biomass yields on thinner
compost covers, and canola does not appear to care about compost thickness, then there is the
potential to spread all the biosolids out to cover a larger area on the mine tailings and create
more ideal conditions for the growth of sunflowers. It must also be noted that this growing
season was very short from planting to harvest. Ideally, planting in early May and harvesting in
late September may yield larger dry biomasses.
In conclusion, the most interesting result of the study was the final dry biomass of the
sunflower and the fact that it was not related to biosolids thickness. Because sunflower excels
positively on thinner covers, thinner covers may be a more liable option. Conversely, canola
should be re-evaluated to determine whether there is any impact of compost thickness.
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