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Abstract: Mining activities are often severely disruptive to the landscape, and a major barrier to
reclamation after mining is lack of quality topsoil. This research addresses knowledge gaps in the
industry by exploring the compositional nature of topsoil stockpiles and their ability to facilitate
post-mining revegetation after long-term storage. To do this, we conducted an extensive profile
characterization of two topsoil stockpiles at two mining operations in the interior of British Columbia,
where soil geochemical properties were investigated. Both stockpiles showed reduced soil quality and
significant changes compared to reference soils. Importantly, there was an accumulation of metals and
a reduction in soil nutrients with increasing stockpile depth in one or both stockpiles. These results
highlight the important influence of topsoil-stockpile height on soil geochemical properties, which
ultimately influences the success of restoration. This research provides insights into the response of
soil geochemistry across a depth gradient in severely disturbed mining soils.

Keywords: copper-gold mine; topsoil storage; British Columbia; mine restoration; mining
and sustainability

1. Introduction

Topsoil disturbance is one of the greatest hindrances to restoration success during
mining operations. Therefore, salvaged topsoil is often stored and re-spread post-mining
to help expedite ecological succession and return disturbed sites to a historic state. Native
topsoil is a critical source of seeds and propagules and provides beneficial physical, chem-
ical, and microbial properties for restoration and plant establishment. Successful plant
community recovery has been reported from re-spreading topsoil stockpiles post-mining.
For example, Hall et al. [1] found that plant species recovered by 66% for a forest ecosystem
in the Appalachian Mountains, and Holmes [2] found 60% species recovery in a shrubland
in South Africa. Unfortunately, topsoil salvage, storage, and replacement during mining
operations can have adverse effects on soil quality [3-9]. Topsoil buried deep in a storage
pile may become anaerobic, which alters physical, chemical, and biological components of
the soil. Additionally, stripping, and relocating topsoil often results in severe compaction
from heavy machinery. Moreover, the equipment often causes admixing topsoil with lower
quality subsoil and parent materials during stripping, further degrading topsoil quality
in stockpiles. Severely compacted soils are known to have lower oxygen levels, restricted
root growth, poor drainage, and nitrogen loss from denitrification [3,10,11]. For example,
Birnbaum et al. [12] found that 10-year-old stockpiles resulted in significantly lower plant
biomass compared to plants grown on younger stockpiles.

Nutrient availability and suitable geochemical conditions (including salinity, electrical
conductivity (EC) and pH) are critical for the establishment and sustainment of plant
communities. Macronutrients (N, P, K, S, Mg, and Ca) and micronutrients (Fe, Mn, Zn, Cu,
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and B) in soil are required for plant health and growth, and the concentrations of these
nutrients are commonly manipulated to achieve restoration goals. For example, organic
amendments such as manure, biosolids, and wood chips are widely used to provide
nutrients and to improve soil quality for restoration [13]. Gardner et al. [14] found that the
application of biosolids on copper mine tailings significantly improved plant establishment
by increasing nutrient availability. Because soil geochemical properties and nutrient levels
impact restoration outcomes, understanding the content of salvaged topsoil for restoration
purposes is critical.

This research investigated the geochemical changes occurring within soil stockpiles at
two mine operations in the interior of British Columbia (B.C.) in an effort to understand how
management impacts stockpile viability for reclamation. We conducted an extensive profile
characterization of two topsoil stockpiles in the interior of B.C., where soil geochemical
properties were studied. The aim was to investigate the topsoil stockpile restoration
suitability and examine the impacts from stockpile height on soil quality for restoration
success. The primary value of this work is assisting industrial operators to optimize topsoil
stockpile assets and developing tools for assessing soil health that are directly relevant to
reclamation practices.

2. Materials and Methods
2.1. Soil Sampling

New Gold’s New Afton copper-gold mine (Figure 1) is located approximately 10 km
west of Kamloops in British Columbia’s (B.C.) Southern Interior, Canada, and within the
traditional territories of the Tk’emltps and Skeetchestn Bands. New Afton has a 6-year-old,
15 m-deep topsoil stockpile (50.654442, —120.509320). Because additional topsoil materials
have been added throughout the mine life, the oldest soil is at the bottom of the stockpile,
and the youngest soil is at the surface. Four soil cores were extracted via solid stem auger
drilling by Geotech Drilling Ltd. (Prince George, BC, Canada) during 26-27 September
2018, with each core being approximately 3 m apart. The first 1.53 m was sampled in 0.3 m
increments and then once every 0.3 m until the bottom at 13.7 m. Thus, sampling depths
were at0.3,0.6,0.9,1.2,1.5,3.0,4.6,6.1,7.6,9.1,10.7,12.2 and 13.7 m. The outer 1 cm of each
soil core was discarded to ensure that collected soil was not contaminated by upper layers.
Soil from each depth was placed into two 1 L Whirl-Pak® bags as they were pulled up from
the soil stockpile (approximately 2 kg per sample). Post-collection, samples were combined
by depth as follows; 0.0-0.6 m, 0.6-1.5 m, 1.5-6.1.0 m, and 6.1-13.7 m. The soil stockpile at
the time of sampling was sparsely vegetated. A nearby grassland site was sampled as a
reference site, where approximately 6 kg of soil from the top 10 cm was collected.

Barkerville Gold Mines” Quesnel River (QR) mill (Figure 2) is located approximately
80 km east of the city of Quesnel in the southern interior of B.C., Canada and is situated
in the traditional territories of the Secwépemc First Nation. QR mill has a 20-year-old,
6-m-deep topsoil stockpile (52.670306, —121.783556). Three soil pits approximately 100 m
apart were dug using an excavator in May 2019 to access layers of the stockpile from the
surface to the bottom at 5.75 m. In the field, soil was placed into two 1 L Whirl-Pak® bags
as soil was removed from the stockpile (approximately 2 kg). The stockpile at the time of
sampling had vegetation cover, including cottonwood stands. An adjacent undisturbed
site was sampled as a reference site, where approximately 16 kg of soil from the top 0.1 m
was collected. The samples from both stockpiles were stored in a —20 °C freezer to reduce
loss of volatiles and minimize biodegradation [15] at Thompson Rivers University (TRU,
Kamloops, BC, Canada) until analysis.
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NEW AFTON MINE

© Topsoil stockpile samples

Figure 1. Aerial image of the New Afton mine site, including a close-up of the topsoil stockpile of
interest that shows the locations of four soil core samples. Map generated in QGIS® with Bing Virtual
Earth background.

Figure 2. Aerial image of the QR mill, including a close-up of the topsoil stockpile of inter-
est that shows the locations of three soil pit samples. Map generated in QGIS® with Bing
VirtualEarth background.
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2.2. Soil Tests

The elemental composition of the soil samples was measured at the Analytical Lab-
oratory at the Ministry of Environment and Climate Change Strategy in Victoria, B.C
(Table S1). The samples were prepared by heating soil samples at 70 °C for 24 h, followed
by sieving through a 1 mm pan. Analyses included a profile of: total aluminum (Al), boron
(B), calcium (Ca), copper (Cu), iron (Fe), magnesium (Mg), manganese (Mn), phosphorus
(P), potassium (K), sulphur (S), and zinc (Zn) via acid microwave digestion followed by
inductively coupled plasma—optical emission spectrometry [16], available P via Bray P-1
extraction ultraviolet analysis, [17], and available ammonium (NH4-N) and nitrate (NO3-N)
via potassium chloride extraction [18]. Organic matter (OM) and moisture content were
measured in house via loss-on-ignition, and soil-water pH (H,O) and electrical conduc-
tivity (EC) were determined using a Palintest® 800 m (Table S1). Loss-on-ignition testing
consisted of weighing approximately 1.5 g soil into pre-weighed tins and then heating in
succession at 105 °C then 500 °C for 12 and 5 h, respectively, until constant weights were
achieved. After each succession, the dried soil was weighed to calculate water content and
OM of the soil [19]. Total carbon (C), and nitrogen (N) was measured with a ThermoScien-
tific CHNS Elemental Analyzer (Table S1). These samples were prepared by drying in an
oven at 70 °C for 24 h followed by sieving through a 1 mm pan and grinding with a mortar
and pestle.

2.3. Data Analysis

The depths sampled at New Afton were a function of the sampling ability of the auger
drill used. Given the large depth range in each pooled sample used for geochemical analysis,
stockpile depth was treated as categorical variable during data analysis. Conversely, QR
mill soil samples were collected at a point depth for each soil pit. More soil samples were
purposely taken near the surface of the stockpile; however, the exact depths sampled were
largely driven by the sampling ability of the excavator. Because samples more closely
represented a single depth, stockpile depth was treated as a numerical variable in the QR
mill data analysis.

For analyzing stockpile depth effects on soil geochemical properties, a linear mixed
effects regression was used that included depth as a fixed factor and soil cores or soil
pits as a random factor (Ime4 and Imertest in R). The reference soil characteristics were
included in figures and analysis primarily as a benchmark and were not included in
statistical testing. Residual plots of geochemical variables were used to determine if a
log(x + 1) transformation was necessary. Al, Cu, Fe, Mg, Mn, Na, P, and NHy4-N for the
New Afton dataset, and Cu, S, Zn, NH4-N, NO3-N, OM, and C/N variables for the QR
mill dataset, were log(x + 1) transformed. Multicollinearities between variables were tested
using Spearman’s rank correlation in ‘varclus’ function in the nmle R package. The highly
correlated (Spearman’s p? > 0.7) Ca in the QR mill dataset was excluded. The compositions
of all measured soil properties with depth were summarized using principal component
analysis (PCA) on scaled geochemical variables (ggfortify in R). Values of variables below
detection limits were set to have the value of the detection limit. The sodium absorption
ratios (SAR) for reclamation suitability ratings were calculated using the following equation:

[Na™] mmol L!

(05 [Ca* +Mg*])? (mmol L)

SAR = 1)

3. Results

In order to explore the effect of soil stockpile depth on geochemical properties, PCA
plots were drawn (Figures 3 and 4), illustrating that depth led to significant changes in soil
properties at both New Afton (R? = 0.15, p < 0.01) and QR mill (R? = 0.28, p < 0.01). In New
Afton, PC1 explained 34.7% of variation, and PC2 explained 19.7% of variation observed
between samples (Figure 3). In QR mill, PC1 explained 32.9% and PC2 explained 18.5%
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(Figure 4). PCA clearly showed variations among different stockpile depths at QR mill,
but not New Afton. Additionally, PCA clearly showed geochemical variations among the
soil samples from stockpiles and reference soils at both sites. The corresponding reference
soil properties from both sites were included on the PCA plots as a benchmark and not
included in the principal component calculations. (Figures 3 and 4).
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Figure 3. PCA plot showing differences in soil chemical properties at New Afton with changing
stockpile depth. PC1 accounts for 34.7% and PC2 accounts for 19.7% of variation observed between

soil samples.
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Figure 4. PCA plots showing differences in soil chemical properties at QR mill with changing
stockpile depth. PC1 accounts for 32.9% and PC2 accounts for 18.5% of variation observed between

soil samples.
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3.1. Macronutrients

Soil NH4-N showed a notable increase below the 152-610 cm depth interval in the
New Afton stockpile (Figure 5, p = 0.08) from an average of 0.27 mg/kg at 152-610 cm to
2.5 mg/kg at the bottom 610-1372 cm interval. NHy-N also increased significantly with
depth in the QR mill topsoil stockpile (Figure 6, R? = 0.18, p = 0.05) and ranged from

3.6 mg/kg to 18.8 mg/kg.
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Figure 5. Boxplots showing differences in geochemical variables with stockpile depth at the New
Afton site.
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Figure 6. Linear regression plots showing changes in geochemical variables with stockpile depth at
the QR mill site. The blue lines represent a linear model, and the shaded area in grey represents the
95% confidence intervals. Soil quality guidelines for agricultural land use.

Soil NO3-N decreased with depth in the New Afton stockpile (Figure 5, p = 0.04), from
an average of 27 mg/kg and 30.5 mg/kg in the 0-61 cm and 61-152 cm, respectively, to
13.5 mg/kg at the bottom 610-1372 cm. The corresponding reference soil had a lower soil
NO3-N content at 5.6 mg/kg. Conversely, at QR mill, there were no significant differences
in soil NO3-N with depth (Figure 6, R? = 0.02, p = 0.38), and the average range for NO3-N
was between 7.5 mg/kg and 1.4 mg/kg. The reference soil for QR mill had a much higher
level of soil NO3-N at 29.1 mg/kg.

There was no evidence that the C/N changed significantly with stockpile depth in
New Afton (Figure 5, p = 0.11), ranging from 6.6 to 10.6, and similar to the reference soil.
There was evidence that C/N increased with stockpile depth in the QR mill topsoil stockpile
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(Figure 6, R? =0.35, p < 0.01), ranging from 7.8 to 23.4. Generally, the reference soil (average
C/N = 15.2) was most like the bottom half of the topsoil stockpile at the QR mill site.

There were no observed significant differences in total phosphorus (P) content or avail-
able P content in the New Afton topsoil stockpile (Figure 5, p = 0.63, p = 0.82, respectively).
Total soil P content ranged between 0.1% and 0.13%, and available P content ranged from
1.1 mg/kg to 10 mg/kg in the New Afton stockpile. The corresponding reference soil for
New Afton had an average total P content of 0.08% and available P content of 27.7 mg/kg.
There was no evidence total P content changes significantly with depth (Figure 6, R? = 0.076,
p = 0.24); however, available P decreased steadily with increased stockpile depth (Figure 6,
R? = 0.37, p = 0.01). QR mill total soil P content range between 0.07% and 0.12% and
available P content range from 0.41 mg/kg to 18 mg/kg. The corresponding reference soil
for New Afton had an average total soil P content of 0.13% and an average available P
content of 145 mg/kg (not shown in figure).

There was no evidence that potassium (K) levels changed significantly with stock-
pile depth in the New Afton (Figure 5, p = 0.39) and QR mill topsoil stockpile (Figure 6,
R? =0.16, p = 0.08). Neither stockpile appeared to be notably different than their reference soils.

There was some evidence that soil sulphur (S) levels increased with depth in the New
Afton stockpile (Figure 5, p = 0.06). After 0-61 cm depth, S increased by approximately 45%
in the upper depth intervals. S was notably higher in the New Afton stockpile compared to
the reference soil. There was also some evidence that S increased with depth in the QR mill
stockpile (Figure 6, R? = 0.16, p = 0.07). The QR mill stockpile generally has similar S levels
to the reference soil.

There was very little evidence that magnesium (Mg) levels changed significantly with
stockpile depth in the New Afton (Figure 5, p = 0.13) and QR mill topsoil stockpile (Figure 6,
R? = 0.16, p = 0.1). Additionally, both stockpiles appeared to have elevated levels of Mg
compared to their respective reference soil.

There was very little evidence that calcium (Ca) levels changed significantly with
stockpile depth in the New Afton (Figure 5, p = 0.41) and appeared to have elevated levels
of Ca compared to the reference soil.

3.2. Micronutrients

There is some evidence that Fe levels increased with depth in New Afton (Figure 5,
p = 0.07), where average Fe levels increased by 7% from the top of the stockpile (0-61 cm)
to the bottom (610-1372 cm). Soil Fe was higher in the stockpile soil (ranging from
39,000 mg/kg to 44,000 mg/kg) compared to the reference soil (average = 30,666 mg/kg)
in New Afton. Soil Fe levels did not change significantly with depth in QR mill samples
(Figure 6, R? = 0.11, p = 0.14), ranging from 40,000 mg/kg to 63,000 mg/kg. Iron was higher
in the stockpile soil compared to the reference soil (average = 33,000 mg/kg) for QR mill.

There was no evidence that soil Mn changed significantly with stockpile depth in
New Afton (Figure 5, p = 0.29). Soil Mn ranged from 870 mg/kg to 1000 mg/kg, and the
corresponding reference soil for New Afton had an average Mn content of 660 mg/kg.
There was evidence that soil Mn increased steadily with stockpile depth at QR mill (Figure 6,
R? = 0.34, p < 0.01) despite one outlier with 840 mg/kg Mn at 565 cm. Mn values ranged
from 680 mg/kg to 1400 mg/kg and the corresponding reference soil for QR mill had an
average Mn content of 1133 mg/kg.

There was evidence that soil Zn changes significantly with stockpile depth in New
Afton (Figure 5, p < 0.01). Zinc increased from an average of 65.3 mg/kg at the surface
to 71.0 mg/kg at the bottom of the stockpile, with a range from 58 mg/kg to 80.0 mg/kg.
The corresponding reference soil for New Afton had an average Zn content of 79.7 mg/kg.
There was evidence that Zn increased with stockpile depth in QR mill (Figure 6,
R? =0.18, p = 0.05). Soil Zn ranged from 58.0 mg/kg to 140.0 mg/kg, and the corresponding
reference soil for QR mill had an average Zn content of 154 mg/kg.

There was a spike of Cu at the 152-610 cm sample interval with an average of
495 mg/kg (up to 840 mg/kg was detected) in the New Afton stockpile compared to
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the rest of the stockpile (ranged from 120.0 mg/kg to 160.0 mg/kg, Figure 5, p < 0.01).
There was some evidence Cu levels changed significantly with QR mill stockpile depth
(Figure 6, R? < 0.01, p = 0.9), and Cu content ranged from 83 mg/kg to 250 mg/kg.

There was no evidence that B changed significantly with stockpile depth in New Afton
(Figure 5, p = 0.27). Boron ranged from 12.0 g/kg to 27.0 mg/kg, and the corresponding
reference soil for New Afton had an average B content of 12.3 mg/kg. There was no
evidence that soil Mn changed significantly with stockpile depth at QR mill (Figure 6,
R? = 0.04, p = 0.38), ranging from 7.0 mg/kg to 13.0 mg/kg with the corresponding
reference soil for QR mill had an average of 11.6 mg/kg.

3.3. Salt Content

After a 16% decrease in soil EC at the surface to 1190.6 uS/cm, EC increased to an
average of 1445.8 uS/(Figure 5, p = 0.01) in the New Afton stockpile. The New Afton
stockpile had notably higher EC levels than the reference soil (average 67.3 uS/cm). There
was evidence that soil EC increased significantly with stockpile depth at QR mill (Figure 6,
R? =0.23, p = 0.03), ranging from 39.6 uS/cm to 217.0 uS/cm. The QR mill stockpile had
similar EC content to the reference soil (average 119.4 uS/cm). Based on the reclamation
suitability ratings for EC, the New Afton stockpile was rated as fair at all depths and the
QR mill stockpile was rated as good at all depths (Table 1).

Table 1. Reclamation suitability ratings for the topsoil stockpiles in grassland (New Afton) and
forested (QR mill) ecosystems. G = good; F = fair; P = poor; U = unsuitable [20].

Depth (cm) pH EC SAR 12
New Afton

0-61 F G P/U

61-152 F G P/U

152-610 F G P/U

610-1372 F G P/U
Reference G G F

QR mill

0-10 F G F
10-20 G G F
60-120 F G F
200-260 G G F
350-390 G G F
500-575 F G F
Reference G G F

! = Sodium Absorption Ratio. 2 = May be characterized as poor or unsuitable based on soil texture and
moisture content.

Despite a 20% decrease at the 152610 cm depth interval, Na increased with depth,
from 2200 mg/kg average at the surface (0-60 cm) to 3025 mg/kg average at the bottom
(610-1372 cm) interval (Figure 5, p = 0.01) for the New Afton site. The corresponding
reference soil had a lower Na content at an average of 766.7 mg/kg. There were no
significant changes in soil Na observed in the QR mill stockpile with values ranging from
570 mg/kg to 810 mg/kg, and the reference soil had an average soil Na of 840 mg/kg
(Figure 6, R? = 0.12, p = 0.13). Based on the reclamation suitability ratings for SAR, the New
Afton stockpile was rated as poor or unsuitable at all depths, and the QR mill stockpile was
rated as fair at all depths (Table 1).

3.4. PH

There was evidence of significant differences in pH with stockpile depth at New Afton
(Figure 5, p = 0.03). The topsoil stockpile at New Afton was slightly alkaline, with pH
values ranging from 8.0 to 8.3; the corresponding reference soil had an average pH of 7.3.
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Average pH was lowest at the bottom of the stockpile (pH 8) and highest in the 152-610 cm
depth interval (pH 8.18). The QR mill stockpile soil was acidic to neutral and ranged from
pH 5.4 to 7.3, with no evidence of significant changes in pH with soil depth (Figure 6,
R? =0.02, p = 0.52), while the corresponding reference soil had an average pH of 5.63. Based
on the reclamation suitability ratings for pH, the New Afton stockpile was rated as fair at
all depths, and the QR mill stockpile was rated as good or fair at varying depths (Table 1).

3.5. Organic Matter

There was no evidence of significant changes in soil OM content with depth in the
New Afton stockpile (Figure 5, p = 0.43). Soil OM ranged from 1.6% to 4.0%, and the
corresponding reference soil had an average soil OM at 3.3%. Conversely, there was an
immediate decrease in soil OM moving away from the surface of the QR mill stockpile after
20 cm (Figure 6, R? =0.28, p =0.02). Soil OM values ranged between 2.7% and 11.1%, and
the reference soil had an average soil OM content of 10.2%.

4. Discussion

To assess the effect of stockpile storage height on topsoil quality, macronutrients,
micronutrients, salt content, pH, and organic matter were measured at varying depths from
the topsoil stockpiles at New Afton and QR mill.

4.1. Macronutrients

Nitrogen is one of the most limiting nutrients for plant growth and primary produc-
tivity. Plants acquire nitrogen from the soil, mainly in the form of NH4-N and NO3-N,
although NOs3-N is the preferable form for take-up by plants. Microbial decomposition con-
verts organic nitrogen into bioavailable NH4-N (mineralization) and, furthermore, through
a two-step process, nitrifying bacteria can then oxidize NH4-N into bioavailable NO3-N
(nitrification). Nitrate often dominates in aerobic soils, while NH4-N tends to be more
prevalent in acidic and anaerobic soils [21]. The soil N results in this study are generally
consistent with other research. For example, two soil restoration studies at coal mine
sites [6,22] found that when soil was stockpiled in piles that were more than 100 cm high,
there was a large accumulation of NHy-N (up to 70 mg/kg) in the topsoil. Conversely,
there is evidence of little variation in the amount of NO3-N and NH4-N [3]. Our results
showed evidence of NH4-N accumulation in both the New Afton (at and below 610 cm)
and QR mill (at and below 100 cm) topsoil stockpiles, which may indicate anoxic conditions
at these depths. The increasing C/N ratio in the QR mill stockpile supports this theory as
it indicates lower rates of microbial decomposition [4]. Because of the high pH levels in
the New Afton stockpile, the accumulation of NH4-N from anaerobic conditions may have
been lessened and resulted in retention of NO3-N. In contrast, NH4-N dominated in QR mill
topsoil stockpile, especially below 100 cm. This difference in stockpiles may be a function
of site age; the QR mill stockpile was approximately 14 years older than the New Afton
stockpile, allowing more time for denitrification of NO3-N to NHy-N. Alternatively, the
differences may be result of site factors including soil pH, climate, and geological history.
In general, NOs-N content for stockpile samples from New Afton were quite high (often
higher than 10 mg/kg) compared to the reference soil, thus, levels will likely be sufficient
for revegetation upon re-spreading even with the low NH4-N content. Conversely, the
NO;3-N content in the QR mill stockpile was low (often below 2 mg/kg) compared to the
reference levels, whereas NH4-N content was mostly above reference levels.

Phosphorus is an essential nutrient for plant structures, is necessary for various
biochemical reactions, and is typically taken up as HyPO4. Only the QR mill topsoil
stockpile showed a decreasing trend in available P with depth, perhaps due to stockpile
age. This was likely a result of immobilization by soil microbes in anoxic conditions
within the stockpile, corresponding with the decrease in OM. This finding is consistent
with other research; for example, one study found that soil N and P decreased with
depth in claypan soils [23]. According to the Interpretations for Soil Test Phosphorus
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and Potassium Guidelines for Southern British Columbia [24] document, both topsoil
stockpiles characterized here are classified as having low concentrations of available
P (5-19 ppm). The New Afton reference soil had a medium (20-39 ppm) concentra-
tion, and the QR mill reference soil had high (>100 ppm) levels of available P. Because P
availability is pH-dependent, the available P reduction in the New Afton topsoil may be
linked to the alkaline soil conditions. In alkaline soils, (pH > 7), P precipitates with Ca,
reducing availability [25]. Deficiency in soil P generally results in stunted plant growth and
poor establishment.

The majority of S in soil is found in OM and is released through microbial miner-
alization processes. Our results indicate that total S increased with stockpile depth in
both stockpiles. For example, S reached 0.29% at 61-152 cm depth, increasing 45% from
the top of the stockpile (0-61 cm) at New Afton. The slight accumulation with stockpile
depth may be a result of S leaching throughout the piles [26]. Both stockpiles had elevated
levels of total S (up to 0.29%) above the recommended guideline (0.05%) for agricultural
land [27] and higher than the corresponding reference soils; however, the ranges present
in the stockpiles are considered typical for organic soils [28]. It is possible that anaerobic
conditions allowed sulphate-reducing bacteria to increase the amount of hydrogen sulfide
(H,S) and decrease the amount of SO42~.

Secondary macronutrients and primary cations such as Ca, K, and Mg are critical for
photosynthesis, signal transduction, and structure in plants [29]. These nutrients do not
change throughout the stockpile profiles examined here. In general, these nutrients are
likely sufficient in both stockpiles for revegetation upon re-spreading. Although, Ca levels
in the New Afton stockpile samples (up to 4.5%) were higher than the reference soil (up to
1.1%), the stockpile may benefit from additional Ca inputs to combat the high Na levels
(Table 1; Figure 5) [30].

4.2. Micronutrients

Necessary micronutrients (e.g., Cu, Fe, Mn, and Zn) are typically found in sufficient
levels in soil [31]. Here, Mn tended to increase with depth in the QR mill stockpile
only, and Fe increased with depth in New Afton only, whereas Zn increased with depth
in both stockpiles. The accumulation of Fe and Zn compared to reference soils may
indicate anaerobic conditions within the piles. In general, there was an accumulation of
Fe throughout both stockpiles compared to their reference soils. There was a spike in Cu
concentration in the New Afton stockpile at 152-610 cm depth, reaching up to 840 mg/kg, so
this section of the stockpile should be avoided when respreading. Additionally, the QR mill
stockpile suffered from elevated Cu levels at all depths. The majority of samples from both
stockpiles had levels above the recommended concentration for agricultural /residential
(63 mg/kg) and commercial/industrial (91 mg/kg) [27]. Additionally, some samples in
both piles had Cu levels above the thresholds for livestock/plant/invertebrate toxicity
(150 mg/kg) and microbial impairment (350 mg/kg) [32]. Impacts from local mineralogy
or admixing with Cu-containing bedrock during topsoil stripping could explain the high
levels of Cu in these topsoils.

Soil B is an important nutrient for plant cell wall structure [30]. Soils typically have
between 10 and 80 mg/kg of elemental B, although most of it is not available to plants.
Results show that soil B does not change within the pile profiles at either site and is
sufficient to support plant growth (ranging between 15 to 27 mg/kg at New Afton and 7 to
13 mg/kg at QR mill).

4.3. Salt Content

Electrical conductivity (EC) is a measure of cations or anions of a solution and is
associated with soil salinity and soluble nutrients [25]. Because of this, EC is important for
understanding soil quality. The statistically significant p-values for pH and EC measured
with the Palintest® 800 m in the New Afton stockpile are unlikely to have biological or
environmental importance (mean pH and EC ranging from 8.1 to 8.2, and 1191 uS/cm to
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1446 pS/cm, respectively). Low p-values were likely due to minimal variation (maximum
standard error for pH was 0.04 and EC was 90.5) seen between soil samples (Figure 5). This
is supported by Table 1 where suitability ratings for EC and pH are classified with the same
ratings throughout varying depths. Soil EC was much higher in the New Afton stockpile
than in the reference soil, which was likely the result of elevated Na content in the stockpile.
The EC levels in the QR mill soil tended to increase with stockpile depth, indicating an
increase in a soluble salt, perhaps Mg or Na. Nevertheless, both piles are characterized as
good in terms of their EC levels for reclamation suitability (Table 1) and are not considered
saline [25].

Sodium is not necessary for plant growth, and high levels of Na can damage soil
structure and plant growth. Soil Na content in New Afton increased 38% from the surface
of the pile to the bottom of the pile and was approximately 187% higher than the reference
soil. While there are no known studies measuring soil Na levels in topsoil stockpiles, the
increase in Na with stockpile depth may have occurred due to leaching of salts down the
pile [8]. The elevated Na levels in the stockpile may be a result of the semi-arid conditions
in the Kamloops region, where high temperatures and low precipitation are common. Here,
the rates of evaporation may have caused an accumulation of Na in the pile. High salt
concentrations can cause an ionic imbalance, reducing K and Ca availability and creating
drought conditions for plants by reducing the water potential [29]. According to the
guidelines from the Soil Quality Criteria Relative to Disturbance and Reclamation, the New
Afton stockpile was poor or unsuitable for reclamation at all depths (depending on soil
texture), due to the high SAR content (Table 1). Additionally, the SAR and EC levels in
the New Afton stockpile indicate the soil is sodic. Sodic soils are often alkaline (typically
greater than pH 8.5) as a result from the hydrolysis of sodium carbonate (Na;CO3), releasing
hydroxyl groups (OH™) [33].

4.4. PH

Soil pH is an important measure of quality for plant growth as it heavily influences mi-
crobial community composition and the availability of soil nutrients and toxic elements [25].
The soil pH at New Afton was alkaline, above pH 8.0 at all depths. Using the guidelines
from the Soil Quality Criteria Relative to Disturbance and Reclamation [20], the New Afton
topsoil stockpile was classified as fair (Table 1), having moderate soil limitations due to
high soil pH (>8.0). Conversely, the QR mill topsoil stockpile was slightly acidic and had
no to slight limitations for revegetation.

High pH in soils can negatively impact nutrient availability to plants. A rise in pH can
increase mineralization, leading to N loss and could indicate the presence of free carbonates.
Additionally, the availability of P and K can be significantly reduced [34] in alkaline soils.
Alkalinization of soil can occur in arid and semi-arid ecosystems when there is minimal
rainfall such as at the New Afton site. These effects could be compounded by the likelihood
of layers within the stockpile being highly compacted, creating impenetrable barriers that
would negate any rainfall and allow salts to accumulate beneath the surface. Alternatively,
an increase in pH can occur due to admixing with calcareous subsoils [8]. In support of this,
the parent materials of the dominant soils in the New Afton mine area (Tranquille, Timber,
and Trapp Lake) are calcareous and saline [35]. Thus, in typical soil profiles of this area, the
pH rises considerably in the C-horizon (approximately pH 8.5) compared to the A-horizon
(approximately pH 7.1). It is likely that incorporation of the alkaline subsoils and parent
materials occurred resulting in alkaline and sodic conditions in the topsoil stockpile at
New Afton.

4.5. Organic Matter

Soil OM includes decomposing plant and animal residues and is an important source
of plant nutrients and soil structure [36]. Organic matter in the New Afton stockpile did
not fluctuate with depth, but the stockpile had approximately 15% to 39% less OM content
compared to the undisturbed soil. Although higher than New Afton soils, organic matter in
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the QR mill stockpile decreased sharply after the first 10 cm (OM content was approximately
halved). This roughly corresponded to the decline in available P and rise in C/N ratio,
indicating microbial decomposition. Organic matter is degraded through respiration
(mineralization); this process is much slower under anaerobic conditions compared to
aerobic [33]. Therefore, the decline in OM in these piles likely happened relatively quickly
during oxygenic conditions and has not changed substantially during the anoxic phase. A
drop in OM content with topsoil stripping and storage has been generally recognized in the
few available studies [4]. For example, one 3-year study found that OM and soil structure
declined with increased storage time [9] and another study found that OM declined with
stockpile depth [3]. Alternatively, OM content in these piles may have decreased due
to mixing with subsoils while stripping. Further, higher levels of OM at the surface of
OR mill stockpile may be due to litter and vegetation establishment. Despite, the losses
of OM content in these piles, it is likely to be adequate to support plant establishment
post-mining [37].

5. Conclusions

Our results showed that long-term storage of topsoil stockpiles resulted in reduced
soil quality. Further, stockpile height was a key driver to the alterations of geochemical
conditions, which will ultimately have implications for restoration success on mine sites.
However, the effect of soil depth on nutrient loss was not as profound as some other
studies found [8,38,39]. There was a decline in NO3-N, but not OM or P, with stockpile
depth in the taller, younger stockpile (New Afton). However, in the shorter, older pile (QR
mill), OM and available P decreased with increasing stockpile depth. Additionally, there
was an accumulation of NH4-N, Mn, and Zn with stockpile depth, suggesting anaerobic
conditions. Both stockpiles suffered from copper levels above the recommended Canadian
Council of Ministers of the Environment concentration for agricultural /residential and
commercial/industrial land at most depths. Additionally, some samples were above the
threshold levels of Cu set by the Contaminated Sites Regulation for toxicity to livestock,
invertebrates, plants, and microbial activity. Further, the New Afton stockpile was rated as
unsuitable or poor restoration soil due to a high sodium absorption ratio. While some key
nutrients do not change with depth and are likely able to sustain revegetation, we found
significant deviations in the overall stockpile soil, especially deeper soils, compared to the
native undisturbed soil. The stockpile soil conditions suggest there may be challenges for
native vegetation establishment during restoration efforts.

Findings from Golos et al. [40] suggest that plant establishment is worse when plants
are grown in stored subsurface topsoil. Related to this, our results showed that topsoil
height was a key factor in how topsoil retains its quality components and functions es-
pecially when soil depth reached below approximately 60-120 cm depths. Particularly,
there was a decline in key plant nutrients and an accumulation of metals. These results
and other research [3,10,41] generally aligns with current best practice recommendations to
keep topsoil stockpiles under 600 cm [42]; although, some recommend stockpiles should
remain below 130 cm [43].

This study sampled two stockpiles at two sites; more samples at other mining opera-
tions, including multiple stockpiles at a single site, are needed to be able to observe key
patterns in topsoil quality changes from stockpile height and to explore influences from
site specific factors (e.g., stockpile age, ecosystem, and climate, geology). The next phase of
research should be to study more stockpiles and incorporate field or greenhouse studies
to test how native vegetation establishes in soils from varying depths and over time. This
study assessed 20 major geochemical elements in the soil to measure soil quality; however,
because the results demonstrated high levels of Cu in both topsoil stockpiles, future topsoil
stockpile research should assess other contaminants of concern commonly associated with
copper mines including Cd, Co, Cr, Ni, and Pb.
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