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Abstract

To manage contaminated mine drainage, multilayered covers can be used to reclaim mine sites. Multilayered
covers are composed of three to five layers of materials with contrasting hydrogeotechnical properties to limit
water infiltration and/or oxygen migration into the tailings. To protect the core integrity of this cover system
against climatic conditions, animals, and plant roots, a coarse layer (protection layer) is placed over the
barrier layer between the mine waste and the outside environment. The roots of deep-rooted plants should
be prevented from reaching the barrier layer below the protection layer; if root penetration occurs, it could
alter the hydrogeotechnical properties of the barrier layer, causing performance loss. Furthermore, the design
of the protection layer must anticipate long-term ecosystem changes that may influence cover performance.
However, data representative of future ecosystems at reclaimed sites can be difficult to acquire by
conventional methods. Studying a natural analogue of a multilayered cover can help to obtain these data. In
this paper, the root systems of nine Pinus banksiana (77 to 119 years old) and four Picea mariana (76 to 94
years old) were studied in a well-drained sand (used as a protection layer analogue) on a gold mine site
located in the boreal zone in Northern Quebec, Canada. Maximum rooting depth (MRD) and root colonisation
along the soil profile were characterised by species. The MRD of Pinus banksiana was 100 cm and that of
Picea mariana was 60 cm. Pinus banksiana and Picea mariana rooting occurrence and density, as well as
Pinus banksiana root length density (RLD) distribution, were mostly concentrated (> 80%) in the top 30 cm of
the sand. These data will be useful to adjust the thickness of the coarse layer to be placed above the barrier
layer in a multilayered cover constructed to reclaim a tailings storage facility and facilitate the long-term
performance of multilayered covers.

Keywords: multilayered covers’ performance, natural analogue, Pinus banksiana, Picea mariana,
reclamation, root development

1 Introduction

Cover systems, such as multilayered covers, are used worldwide to control contaminated mine drainage.
Multilayered covers are generally designed to limit water infiltration and/or oxygen migration (Bussiére
& Guittonny 2021) into tailings storage facilities (TSFs) and waste rock piles (Aubertin et al. 2015). Briefly,
multilayered covers are comprised of three to five layers of materials with contrasting hydrogeotechnical
properties (Aubertin et al. 2002, 2016; Bussiere & Guittonny 2021). From top to bottom, these layers include:
the surface layer, the protection layer, the drainage layer, the barrier layer to control water infiltration and/or
oxygen migration, and the support layer.

The surface layer is usually composed of organic soils that facilitate the establishment of vegetation (Aubertin
et al. 2015; Demers & Pabst 2021). The protection layer is composed of coarse-grained materials with a high
content of cobbles (Magsoud et al. 2021); this aims to protect the core of the cover system against climatic
conditions, animals, and plant roots, and to temporarily retain or store infiltration water (Aubertin et al. 2002,
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2015). The drainage layer is composed of a coarse-grained material, like sand and/or gravel; this layer
controls water inflow. The saturated hydraulic conductivity (ksat) of this material is typically >10 m/s
(Aubertin et al. 2016; Magsoud et al. 2021). This layer may also play the role of a capillary break that prevents
upward moisture movement (Demers & Pabst 2021). These first three layers are sometimes combined into
one coarse-grained layer at the surface (Dagenais et al. 2006; Bussiere et al. 2006). The barrier layer between
the mine waste and the outside environment (Aubertin et al. 2002, 2015) is composed of fine-grained soils
(clay or fine silt), a geomembrane, a geosynthetic clay liner, a soil-bentonite mix, or a combination of these.
The support layer is placed directly on the reactive waste and is made of a coarse-grained material. Similar
to the drainage layer, the support layer can also act as a capillary break layer that reduces vertical water
movement (Bussiere et al. 2003). The thickness of the different layers may vary from a few mm (in the case
of a geomembrane) to more than 1 m (Aubertin et al. 1998, 2002, 2016; Bussiére & Guittonny 2021).

After mine closure, plants, animals, and microorganisms from the surrounding ecosystem (Smirnova et al. 2011)
may colonise the cover system. The presence of deep-rooted plants on the cover system must be compatible
with the technical performance of the cover system. If roots and associated organisms reach the barrier layer,
they could alter the hydrogeotechnical properties of this layer, which could result in water infiltration or oxygen
migration, causing performance loss (De Silva et al. 1999). For example, roots can introduce organic matter,
generate biopores, pump water, and modify the kst and water retention curve that control cover performance
(Beven & Germann 1982; Breshears et al. 2005; Melchior et al. 2010; Guittonny et al. 2018; Proteau et al.
2020a). More information on the impacts of roots on cover systems can be found in Li & Ghodrati (1994),
Scanlon (1999), Traynham (2010), Traynham et al. (2012), DeJong et al. (2015), Yan & Zhang (2015), Leung et
al. (2015), Proteau et al. (2020b), Proteau et al. (2021), and Bussiére & Guittonny (2021).

The maximum rooting depth (MRD) of plants in a boreal forest is around 150 cm, although roots are generally
concentrated in the top 30— 50 cm of soil (where approximately 80% of the root biomass is found) (Strong
& La Roi 1983; Jackson et al. 1996). The plant species present around boreal mine sites may have different
rooting architecture with depth (Vepraskas & Hoyt 1988; Garrigues et al. 2006; Lambers et al. 2008; Canadell
et al. 1996), resulting in different possible impacts on a cover system (Proteau 2020b). For example, in
general, Picea mariana develops a tracer root system and could therefore cause less of a negative effect on
the performance of a cover compared to willow (Hu et al. 2020; Li & Ghodrati 1994) or Pinus banksiana
Lamb., which usually develops a taproot system. Finally, root development of plant species depends on
several factors, including the abiotic and biotic environments in which it takes place. Thanks to these
variations in rooting traits in the environment, it may be difficult to anticipate rooting depth and
development patterns in cover systems.

Data for future ecological scenarios at reclaimed sites can be difficult to acquire by conventional methods
(such as long-term monitoring studies) (Cissé et al. 2022), while cover systems are expected to be effective
for hundreds of years. As such, the use of natural analogues may present a suitable, practical alternative for
gathering these data (Cissé et al. 2022). Natural analogues are soils (one or several layers with a certain
configuration) exposed to ecosystem processes that provide clues to the future behaviour of cover systems
(Albright et al. 2010). More specifically, studying natural analogues for a cover system can help to obtain
valuable data on the long-term ecological changes that might occur in cover systems and to understand how
these changes influence the hydrogeological properties and effectiveness of cover systems. Well-drained
sand deposits at or around mine sites can be considered a similar substrate or natural analogue to the coarse
protection and drainage layers above multilayered covers.

Pinus banksiana is one of the pioneer species in the boreal zone (Rowe 1972; Strong & La Roi 1983; Brassard et
al. 2011). It is adapted to sandy substrates and is highly likely to colonise cover systems with a sandy surface
layer. Pinus banksiana usually develops deep roots up to 2 m (Canadell et al. 1996) or even 3 m (Ministére du
Développement durable, de I'Environnement et de la Lutte contre les Changements climatiques 2017).
Moreover, based on greenhouse studies, Stoltz & Greger (2006) showed that Pinus banksiana can develop deep
roots that are capable of penetrating sealing layers (such as clay) on various mining sites. Picea mariana (Mill.)
Britton, Sterns & Poggenburg is also a dominant species in the northern boreal zone (Rowe 1972; Strong & La
Roi 1983; Burns & Honkala 1990; Brassard et al. 2011; Sniderhan & Baltzer 2016) and has a high probability of
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colonising covers. Picea mariana develops a tracer root system when water is at the soil surface (Hu 2000;
Canadell et al. 1996), with a depth up to 0.3 m (Canadell et al. 1996).

Root development of nine mature Pinus banksiana, considered here as one of the riskier species over the
long-term for cover systems located in the boreal forest, was studied in well-drained sand on a mining site
located in the boreal forest zone. This site was a natural analogue of the coarse-grained layer that is placed
above the barrier layer in multilayered covers. Four mature Picea mariana were also studied to assess the
potential influence of a species with a more superficial root system. The main objective of the study was to
characterise the maximum depth, profile, and length density of Pinus banksiana and Picea mariana roots in
sandy soils to determine the optimal thickness of the coarse-grained layer placed above the barrier layer in
the multilayered covers used to reclaim an existing TSF. The working hypotheses were as follows: (a) in
well-drained sand, the MRD of mature Pinus banksiana will reach 1.5-3 m, while that of mature Picea
mariana will be less than 1 m; and (b) Pinus banksiana and Picea mariana rooting occurrence and density, as
well as Pinus banksiana RLD distribution, will be concentrated in the top 30-50 cm of the sand. This study
was performed adjacent to the Eleonore mine site in Québec, Canada, a mine that plans to reclaim its TSF
with an multilayered cover. Results from this study also aimed to provide relevant information for the design
of the cover at the Eleonore mine.

2 Materials and methods

2.1 Site description

The study was conducted at the Eleonore mine sand pit (522 42' 16"N, 762 4' 31"W) in the territory of the
regional government of Eeyou Istchee, James Bay, Northern Quebec, Canada. Mining operations began in
October 2014 by Goldcorp Inc. (Newmont 2020). In April 2019, the Newmont Corporation partnered with
Goldcorp Inc. and became the owner of the mine (Newmont 2020). In 2024, Dhilmar-Eleonore became the
owner of the mine. The gold ore is processed onsite using a conventional circuit that includes crushing,
grinding, gravity, flotation, and cyanidation. The mine produces 270,000 ounces of gold per year (Poirier et
al. 2021). The tailings are desulphurised, filtered, and co-disposed with waste rock in the TSF (Poirier et al.
2021). By the end of mining operations (currently scheduled for 2028), about 16 Mt of tailings and waste rock
will be stored in the TSFs (Poirier et al. 2021). The TSFs will be reclaimed using a cover system to control
oxygen and water ingress towards the tailings. Then, the reclaimed TSFs will be revegetated to comply with
regulations.

The typical forest vegetation that surrounds the sand pit includes Pinus banksiana and Picea mariana.
The site is in the bioclimatic domain of the spruce-moss forest in the boreal zone (Saucier et al. 2009). In this
region, the growing season is short (about three months) (Gouvernement du Canada 2020). The climate is
subpolar, and the average annual temperature is -2.9°C (Gouvernement du Québec 2019). The average
monthly temperatures rise to 13.7°C in July and fall to -23.2°C in January. Mean annual precipitation at the
meteorological station ‘La Grande Riviere A’ (about 150 km as the crow flies from the sand pit) is 684 mm.

2.2 Substrate and plant material

The study was conducted on a sandy substrate similar to the composition of the coarse-grained layer that is
usually placed above the barrier layer in a multilayered cover, such as the one planned at the Eleonore mine
TSF (Figure 1). The substrate was in the sand pit at the Eleonore mine (A-01 sand pit with a total area of
399,181 m?), located approximately 1.5 km west of the TSF and 5 km west of the Eleonore mine industrial
area. The sand was mainly colonised by mature Pinus banksiana and Picea mariana communities (i.e. trees
>60 years old [Campagna 1996; Morrison et al. 1993]). These two species were used as plant material for this
study.
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Figure 1 Typical configuration of a multilayered cover (adapted from Aubertin et al. 1995) and the natural
analogue of the coarse-grained layer over the barrier layer in the multilayered cover system

2.3 Experimental design

Three experimental plots, each measuring approximately 16 x 16 m, were established on the sand.
These three experimental plots were located randomly in the Pinus banksiana and Picea mariana vegetation
with the following criteria: watertable level below —3 m, sand thickness greater than 2 m, and flat land.
Information on the watertable level and the thickness of the sand layers was found in the Eleonore mine’s
drilling report for Sand Pit A-01. Subsequently, 13 individuals of mature Pinus banksiana and Picea mariana
were selected randomly from these plots (i.e. three Pinus banksiana individuals per plot, two Picea mariana
in plot 1 and one in plot 2, and one Picea mariana in plot 3, with 2 4 m between individuals and no other
trees nearby). A schematic representation of the experimental design is shown in Figure 2.
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Figure 2 Schematic representation of the experimental design. P: plot, PM: plant material, S: substrate,
WT: watertable, Pb: Pinus banksiana, Pm: Picea mariana

4 Mine Closure 2025, Luled, Sweden



Biodiversity and nature outcomes

2.4 Sampling and measurements

Thirty-six samples (12 per plot) were collected from the sandy substrate to determine the particle size
distribution. Three samples were taken per trench: the first at 10 cm from the surface, the second in the
middle of the trench at about 50 cm from the surface, and the third at the maximum depth of root
development. These samples were dried in a laboratory oven at 60 °C for 72 hours and then deagglomerated
and homogenised. Then, the particle size distribution of each sample was determined using sieves (for
particles >0.8 mm) and a laser diffraction particle size analyser (Malvern Mastersizer) (for particles
< 0.8 mm). The results showed that ksat values, predicted with the modified Kozeny—Carman formula
(Mbonimpa et al., 2002), were between 102 m/s and 10* m/s, with P80 < 50%. P80 is the percentage of
particles passing for the grain diameter of ~80 um or 0.08 mm (Sieve # 200). Based on the Unified Soil
Classification System (McCarthy 1977), the sand was categorised as SW, which is a typical material that can
be used as a coarse-grained layer over the barrier layer in an multilayered cover. The minimum values of D10
and D60 were 8.2 and 177 um, respectively, and the maximum values were 233 and 438 um, respectively,
with an average porosity of 0.3. These values were obtained from three measurements (one per plot from
an undisturbed sample) with the ring method (CAN/BNQ 2501-058) and mass—volume relationships.

Nine samples were collected (one sample per Pinus banksiana tree) to analyse the pH, conductivity, and trace
metal and nutrient concentrations of the sand. Each sample was a composite of two samples collected from
the top 20 cm of the sand, including the organic matter, in the two trenches closest to the trees.
These samples were subsequently stored at 4°C, then dried at 60°C and analysed. The pH and the
conductivity were measured on a 1:1 water-to-soil ratio (Lakehead University Centre for Analytical Services).
The conductivity was measured with a Mettler Toledo Seven Multimeter equipped with an In Line 731
conductivity cell. The pH was measured with the same meter equipped with the InLabPro pH electrode and
the results were expressed in pH units (Methods MSPA, Kalra and Maynard, Forestry Canada NR report
NOR-X-319).

Total recoverable metals were analysed by the SEPA method (Lakehead University Centre for Analytical
Services). In this method, a representative sample from a homogenous soil or sediment (inorganic) was
digested in a CEM MARS Xpress microwave oven using Xpress Teflon closed vessels and nitric and
hydrochloric acid. Once the digestion was complete, the samples were diluted to 40 mL with type | distilled
deionised water (DDW). The sample digests were analysed by a Varian inductively coupled plasma atomic
emission spectroscopy (ICP-AES) operated by the instrumentation lab (LUIL) (Modified EPA Method 3051).
Dry samples were analysed for total carbon and nitrogen using a combustion ELVario cube CHNS analyser.
Then, dry samples were acidified to remove inorganic carbon and analysed using the ELVario cube CHNS
analyser to determine the total organic carbon (Lakehead University Centre for Analytical Services).

The results of these analyses (pH, conductivity, trace metal concentrations, and nutrient concentrations in
the sand) are presented in Table 1. Mean trace metal concentrations found in the sand were below Quebec’s
regulation thresholds for residential lands (Government of Quebec 2017). Furthermore, the sand had an
acidic pH, like most soils in this region (Lamontagne and Nolin 1997). The average pH values obtained in the
plots were between 3.6 and 4; however, none of the pH values were below the minimum value required for
root development, which is 3.5 (Hamblin 1986; Jin et al. 2017). Moreover, the average nutrient
concentrations in all three plots were within the range of values required for root development in a boreal
context (Roy et al. 2006; Geisseler & Miyao 2016; Mallarino et al. 2003; Jin et al. 2017).
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Table1  Chemical characteristics of the substrate
Chemical characteristics Units MeaninP1(n=3) MeaninP2(n=3) MeaninP3 Legal

(n=3) threshold

Conductivity uS/cm  58.26 160.16 134.06 -
Organic carbon % 2.12 9.24 5.60 =
Nitrogen % 0.06 0.23 0.16 =
pH = 4.04 3.63 3.73 =
Aluminium ug/g 3,785 3,993 1862 =
Arsenic ug/g <1.53 <1.54 <1.50 30
Boron ug/g - <0.50 <0.50 -
Barium ug/g 13.71 43.45 23.95 -
Beryllium ug/g <0.20 <0.20 <0.20 =
Calcium ug/g 326.16 718.63 509 -
Cadmium ug/g <0.20 <0.30 0.7 5
Cobalt ug/g 1.48 2 0.8 50
Chromium ug/g 15.92 25.76 10.8 250
Copper ug/g 3.88 6.09 3.35 100
Iron ug/g 4,783 6,660 2748 -
Potassium ug/g 406 672 268 -
Magnesium ug/g 1,149 1,668 516.3 -
Manganese ug/g 42.31 58.51 31.55 1,000
Molybdenum ug/g <5.0 <5.0 <5.0 10
Sodium ug/g <37 70.43 34 -
Nickel ug/g 5 8.08 34 100
Phosphorus ug/g 243 328 178 -
Lead ug/g 4.78 12.42 6.013 500
Sulphur ug/g 68 167.06 108.43 —
Selenium ug/g <20 <20 <2.0 3
Silicon ug/g <5.0 <5.0 <5.0 =
Strontium ug/g 2.2 6.3 5.66 -
Titanium ug/g 355 507 205 -
Thallium ug/g <5.0 <5.0 <5.0 =
Vanadium ug/g 11.85 17.42 7.07 -
Zinc ug/g 9.29 19.55 9.71 500
Total organic carbon % 1.69 8.44 5.61 -

Note: it is the total elements that are presented in this table.
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2.5 Root measurements

A study of the plant material was carried out. The tree trunks were cut at the base, their heights measured,
and their ages determined by counting tree rings (Mariaux 1967; Peters et al. 2002). Observation trenches
measuring 4 x 4 m were dug to a 2 m depth using a mechanical shovel; these trenches were positioned 50 cm
from the trunk of each cut tree. Six perpendicular trenches (three on each axis) were dug per tree. A total of
78 measurement trenches were created, and the root profiles were studied using the profile method (B6hm
1979) (more precisely, the variant of Sudmeyer et al. 2004) and the auger method (Mackie-Dawson
& Atkinson 1991). A 90 x 60 cm grid with 5 x 5 cm mesh squares was laid against the vertical wall of each
trench to study the root distribution (mainly coarse roots, with diameter > 2 mm) along the substrate profile.
The root occurrence (number of squares where a root was present/total number of squares x 100) and root
density (sum of the number of roots in each grid square/sum of squares’ surface in dm) were noted in each
trench; these values were compiled by substrate depth (Guittonny-Larchevéque & Lortie 2017) using classes
of 5cm depth at the soil surface (0-30 cm) and in the total soil profile down to MRD for all profiles
(0—100 cm). The maximum depth of root occurrence (cm) from the surface was noted in each trench. These
different steps and the location of the trenches in relation to each tree are schematically shown in Figure 3.

Step 1: sample selection: Pb and Pm over 60 years old in the plots

Pb Pb Pb Pm
A >4m >4m >4m
A | |
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Figure 3 Different stages of the study and the location of the trenches around each measured tree

To characterise the intensity of root colonisation (mainly fine roots, with diameter < 2 mm) in the substrate,
soil cores were collected with an auger (diameter = 7.5 cm). These cores were collected from the sand layer
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at different depths (every 10 cm) from the two trenches closest to each tree. A total of 60 samples were
collected and stored at 4°C. These samples were washed with water in a sieve in the laboratory to separate
the roots from the soil; the roots were then sorted and scanned. The images were analysed with the WinRhizo
software (Regent Instruments Inc. Canada) to obtain the total RLD.

2.6 Statistical analyses

To test the effect of the distance between the trenches and the tree, the effect of species, and the interaction
between them on the response variables (RLD, root density, root occurrence, and MRD), data were analysed
by ANOVA in R (version 4.1.2), considering the nested nature of the experimental design. The tidyverse
(Wickham et al. 2019), rstatix (Kassambara 2021), and multcomp (Hothorn, et al. 2008) packages were used
for analysis. Some data were square root transformed to meet the normal distribution criterion for ANOVA.
The normality of the residuals of the model was verified by Shapiro’s normality test and the homoscedasticity
of the variance by Levene’s homoscedasticity test. The overall significance of the analyses was set at a = 0.05.
When factors (effects of distance, species, and/or their interaction) were significant for a given variable, least-
square means were estimated (LS MEANS statement) and post hoc multiple comparison tests with the Dunn-
Sidak adjustment were conducted.

3 Results

3.1 Description of the root systems

The studied root development parameters varied considerably from tree to tree and according to the trench
and the species (Pinus banksiana and Picea mariana). Indeed, the minimum and MRDs for Pinus banksiana
were observed at 15 cm in one of the trenches located 100 cm from tree 1 in plot 3 and 100 cm in one of the
trenches located 50 cm from the same tree, respectively (Table 2).

Table2 Minimum and maximum root length density (RLD), maximum rooting depth, root occurrence,
and root density of Pinus banksiana (Pb) and Picea mariana (Pm)

Parameter Unit Mean (SE) Minimum Maximum
Pb Pm Pb Pm Pb Pm
Maximum rooting depth cm 50(5.2) 41 (4.3) 15 25 100 60
Total RLD (0—-100 cm) cm/cm®  0.01(0.02) - 0.001 - 0.06 -
Total root occurrence (0-100cm) % 8.9 (15) 7.3 (17) 5.6 5.6 61 67
Total root density (0-100 cm) nb/dm?  0.71(1.4) 0.67 (1.6) 0.22 0.22 6.4 6.0

As for Picea mariana, the minimum rooting depth was observed at 25 cm in the trenches located at 150, 100,
and 50 cm from the trees in plot 2 and 3, while the MRD was observed at 60 cm in the trenches located at 50
and 100 cm from the trees in plots 3 and 1. In comparison to Pinus banksiana, Picea mariana had a lower
value for MRD (60 cm versus 100 cm with a mean rooting value of 41 cm versus 50 cm for Picea mariana and
Pinus banksiana, respectively). This means that Pinus banksiana developed deeper roots compared to Picea
mariana, which had roots concentrated at the surface. This could be explained through the root observations
made in the field: Pinus banksiana had developed a taproot system with deep roots, while Picea mariana had
developed a tracing root system with long roots developed horizontally on the soil surface (up to 450 cm
long) (Figure 4).

The minimum RLD, root occurrence, and root density of Pinus banksiana were 0.001 cm/cm?3, 5.6%, and
0.22 nb/dm?, respectively, and were observed at a sampling depth of 95 to 100 cm (for root occurrence and
root density) and 20 to 60 cm (for RLD). The maximum values for RLD, root occurrence, and root density of
Pinus banksiana were 0.07 cm/cm?, 61%, and 6.4 nb/dm?, respectively, and were all observed at a sampling
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depth of 0 to 10 cm. For Picea mariana, the minimum root occurrence and density were 5.6% and 0.22
nb/dm?, respectively, and were all observed at a sampling depth of 20 to 60 cm. The maximum root
occurrence and density for Picea mariana were 67% and 6.0 nb/dm?, respectively, and were all observed at
a sampling depth of 0 to 30 cm.

Taproot system developed by Pb W8 Tracing root system developed by Pm

Figure 4 Photographs of the types of root system developed by the species

3.2 Effect of trench distance from trees, species, and the interaction between on the
studied root parameters

The studied root development parameters varied considerably from tree to tree and according to the trench
and the species (Pinus banksiana and Picea mariana). Indeed, the minimum and MRDs for Pinus banksiana
were observed at 15 cm in one of the trenches located 100 cm from tree 1 in plot 3 and 100 cm in one of the
trenches located 50 cm from the same tree, respectively (Table 2).

321 Maximum rooting depth

The ANOVA results showed that the MRD was not significantly impacted by the distance of the trench from
the trees (p = 0.14), the species (p = 0.92), or the interaction between the trench distance and the type of
species (p = 0.9). The MRD according to species and trench distance is shown in Figure 5.
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Figure 5 Maximum rooting depth according to species and trench distance from the trees (n = 18,
SE = 5.2, 3.2, and 2.0 [for trenches at 50, 100 and 150 cm from the trees, respectively] for Pinus
banksiana [Pb]; n = 8, SE= 4.2, 5.0, and 3.0 [for trenches at 50, 100 and 150 cm from the trees,
respectively] for Picea mariana [Pm])
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3.2.2 Root occurrence and density

The results showed that, on average, 82% of root occurrence and density were concentrated in the top 30 cm
of the sand. From 0 to 30 cm along the vertical profiles, the values of root occurrence varied from 1 to 30%
(for Picea mariana) and 0 to 15% (for Pinus banksiana), and the root density from 1 to 1.2 dm™ (for Pinus
banksiana) and 0 to 0.8 dm™ (for Picea mariana) for each 5 cm increment: the closer to the surface and to
the tree, the higher the values. Below 35 cm from the soil surface, the values of root density were close to
0 dm, regardless of the species or the distance of the trench from the trees. However, the presence of some
fine roots (diameter between 0.1 and 2 mm) was observed between 90 and 100 cm from the surface for
Pinus banksiana and between 60 and 65 cm for Picea mariana.

The statistical analyses by depth class showed that the distance of the trench from the trees, the depth, the
species, and the interactions between them all had a significant effect on the root occurrence (p < .005), and
density (p < .005) (Figure 6). Thus, the three factors were tested independently. First, the trenches closest to
the trees had twice the root occurrence and density in the first 30 cm compared to the other trenches,
regardless of the species. Second, the root occurrence and density decreased with increasing depth below
the soil surface. The mean root occurrences of Pinus banksiana and Picea mariana were, respectively, 15 and
30 times higher in the top 30 cm compared to deeper sampling depths. Picea mariana had twice the root
occurrence and density of Pinus banksiana in the top 30 cm of the soil.
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Figure 6 Distance from the tree and species effects on root density across depth classes (n = 18 for Pinus
banksiana [Pb] and n = 8 for Picea mariana [Pm])

3.2.3 Root length density of Pinus banksiana

The results showed that the RLD decreased significantly with each 10 cm depth increment in the soil profile
(P < .01) (Figure 7). The majority of Pinus banksiana fine roots (diameter between 0.1 and 2 mm) were
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concentrated in the top 60 cm of sand (with more than 80% in the top 30 cm). From 0 to 40 cm, there was a
significant decrease in RLD with depth. There were no roots in the samples between 60 and 100 cm.
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Figure 7 Root length density profile of Pinus banksiana
4 Discussion

41 Maximum rooting depth

The results for Pinus banksiana MRD in well-drained sand (natural analogue of the coarse layer placed above
the barrier layer in a multilayered cover design) did not follow the predictions of the first hypothesis. Indeed,
none of the nine mature Pinus banksiana studied (aged 77 to 119 years) developed roots deeper than 1 m,
which was not expected based on available literature. Roots were observed up to 1 m deep in some of the
trenches closest to the trees. This result is less than half the value Canadell et al. (1996) found for the MRD
of this species in a boreal forest (i.e. a MRD of 2 m in sand). This could be due to the differing watertable
levels and soil compaction (Wagg 1967; Zanetti et al. 2008; Vennetier et al. 2015) in the different study areas.
However, the results of the current study are similar to the values found by Strong & La Roi (1983) for the
species root system morphology on sand in a boreal forest. Indeed, out of eight Pinus banksiana trees (aged
from 3-83 years) studied, the MRD was between 0.3 and 2.0 m, although 1.3 m was more common (Strong
& La Roi 1983). However, it should be noted that there may have been roots not measured with the method
used in this current study (trench method), which is a non-exhaustive method of measuring root systems
(Plante 2012). MRD is often determined by excavation method, involving using water or air to clear the root
system (B6hm 1979). Although this method is exhaustive, it is less precise than the one used in this study and
proves to be time-consuming and costly in terms of material resources (Plante 2012).

Regarding Picea mariana, the results for the maximum depth of its roots did follow the predictions of the
first hypothesis. Indeed, the MRD of all four trees studied was less than 1 m, which was expected; the largest
value was 60 cm. These results are similar to those found by McClain (1981), Strong & La Roi (1983), Canadell
et al. (1996), and Hu (2000). None of the results of these previous studies showed a maximum root depth for
this species greater than 60 cm in sand in a boreal context. The MRD found in these studies was between 0.3
and 0.6 m. Although Picea mariana develops limited vertical roots, it usually possesses an extensive lateral
root system (Burns & Honkala 1990; Lord et al. 1992; Hu 2000).

4.2 Root colonisation in the soil profile

The results of species root colonisation followed the predictions of the second hypothesis. The species roots
were mainly distributed in the soil surface layers (i.e. in the top 30 cm of the sand). Indeed, 82% of Pinus
banksiana and Picea mariana rooting occurrence and density, as well as Pinus banksiana RLD, were
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concentrated in the top 30 cm of the sand. This is in line with the previous research in the literature. Indeed,
the results of Armson (1972), McLain (1981), Strong & La Roi (1983), Burns & Honkala (1990), Canadell et al.
(1996), and Gagnon (2002) have all concluded that the majority of the roots of Picea mariana are generally
concentrated in the first 7-30 cm of soil and are rarely deeper than 30 cm. Below 30 cm, the root presence
decreases rapidly with depth (Lord et al. 1992). Regarding Pinus banksiana, the results obtained in this study
showed a greater thickness of soil containing roots than Plourde (2007) and Bouchard (2014). These authors
found that the majority of Pinus banksiana roots are concentrated in the top 15 cm (Bouchard 2014) to 20 cm
(Plourde 2007). This difference in results may depend on the age of the species. In the present study, the age
of the trees ranged from 77 to 119 years, compared to Plourde (2007) and Bouchard (2014), who analysed
the roots of Pinus banksiana trees aged < 10 years and 18-25 years, respectively.

Furthermore, the results of the current study are in line with those of Burns & Honkala (1990), Drénou (2006),
and Danjon & Fourcaud (2009), who stated that a significant number of tree roots are located in the first few
centimeters of soil (15-30 cm), although other species (such as Pinus banksiana) develop a long taproot that
plunges deeply into the soil. In the case of Pinus banksiana, despite the development of a taproot, a
significant number of large diameter lateral roots are concentrated in the first 30 cm of soil. Its lateral roots
emerge from the stump to spread evenly around the stem and form a 90° angle with the taproot (Danjon et
al. 2005; Dupuy et al. 2005; Plourde 2007).

4.3 Root systems and the minimum thickness of the coarse layer over a cover system

The results of this study showed that the top 30 cm of the coarse layer placed over a cover system used to
control contaminated mine drainage could be well colonised by Pinus banksiana and Picea mariana roots.
However, although the average maximum rooting depth of the studied trees did not exceed 60 cm, the
taproots of Pinus banksiana were observed up to 1 m deep. Based on these results, a cover design with a
coarse layer > 1 m thick on top of the barrier layer (in case the cover is colonised by Pinus banksiana) is
recommended if the objective is to avoid any contact between the cover system and roots for a duration of
approximately 100 years. Indeed, the age of the trees studied ranged from 77-119 years.

It is also important to note that if the cover system is built on a slope, this information may no longer hold true,
since slopes influence plant root development. Under the effect of slopes, plants increase their root size
(Tsutsumi et al. 2004; Khuder et al. 2006; Khuder 2007) by increasing the diameter and length of the roots, and
thus develop a large network of dense, large, and long branched roots (Khuder et al. 2006; Nicoll et al. 2006).
This possible increase in biomass and root length under the effect of slopes (Scippa et al. 2006) might influence
root penetration deeper in the core of cover systems (the water and/or oxygen barrier layer) and create
uncertainty for cover performance. Since TSFs usually include sloping surfaces to be reclaimed, further study of
Pinus banksiana and Picea mariana root systems on sloping natural analogues would be needed.

5 Conclusion

This research studied Pinus banksiana and Picea mariana root systems to determine the minimum safe
thickness of the coarse-grained layer over a cover system used to control contaminated mine drainage.
A better understanding of these species root systems over the long-term on a cover system is crucial to
predict long-term cover performance. Studying natural analogues is a useful way to collect this information
(Cissé et al. 2022), since the application of modern reclamation technologies with cover systems has only
started to occur over the past 30 years (Bussiere & Guittonny 2021). Observation trenches revealed deep
roots (maximum 1 m for Pinus banksiana and 60 cm for Picea mariana up to 119 years old) in sand analogues
representing the coarse-grained layer of a cover system. However, the majority of the roots were generally
concentrated in the top 7-30 cm of sand. This suggests that if the thickness of the coarse-grained layer placed
above the barrier layer in a multilayered cover design is > 1 m, and the sand is kept well-drained throughout
the entire vertical profile, the roots would not colonise the barrier layer of the cover system for a duration
of at least 100 years in the present climate conditions. It is also important to recall that previous works by
Proteau et al. (2020b) showed that a low colonisation of roots below the protection layer can have a
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negligible impact on a multilayered cover designed to control oxygen flux. Hence, the final thickness of the
protection layer must be determined by the designer after a detailed analysis that integrates a risk
assessment for the influence of roots on the long-term performance of cover systems. Finally, this study was
conducted on a flat site; further investigation will be needed on species root systems in sloping sand to
predict the long-term performance of cover systems built on sloping areas of a TSF.
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