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Abstract Knowledge of the levels of both total metal
content and metal bioavailability is critical for under-
standing the long-term effects of liming on soil chem-
istry and potential metal uptake by biota. In the present
study, the long-term effects of liming on metal bio-
availability in soils contaminated by smelter emissions
were assessed in eroded and stable uplands in the
Sudbury region, Ontario, Canada. Analytical results
revealed that total metal and nutrient contents of the
soil matrix are not dominantly in forms available for
plant uptake for these soils. On average, only 1 and
1.1 % of total copper and nickel, respectively, were
phytoavailable. Landscape topography, site stability,
and smelter proximity all play an important role in
metal accumulation in the surface organic and mineral
horizons of regional soils. The levels of total and

bioavailable elements for eroded sites were always
smaller for stable and reference sites. The pH in limed
sites was significantly higher, ranging from 4.12 to
6.75, in the humus form compared to unlimed areas,
even 20 to 30 years following applications of the
crushed dolostone (liming). No significant differences
between limed and unlimed areas were found for total
metal and nutrient contents. Interestingly, in the higher
pH limed areas, the levels of bioavailable Al, Co, Cu,
Fe, K, Mn, Ni, and Sr were lower than on unlimed
areas.

Keywords Total metals . Bioavailable metals . Soil
liming . Sudbury . Soil toxicity .Watershed reclamation

1 Introduction

The Sudbury region inOntario, Canada has a history over
the past 100 years of logging, mining, and sulfide ore
smelting. More than 100 million tons of sulfur dioxide
(SO2) and tens of thousands of tons of cobalt, copper,
nickel, and iron ores were released into the atmosphere
from the open roast beds (1888–1929) and smelters
(1888–present) (Cox and Hutchinson 1980; Hutchinson
and Symington 1997; Spiers et al. 2012). The Canadian
Environmental Protection Act (CEPA) lists lead and
mercury as toxic substances, along with inorganic arse-
nic, cadmium, oxidic, sulfidic, and soluble inorganic
nickel compounds, and numerous others. There are 15
base metal smelters in Canada emitting CEPA listed
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substances at various levels. Of these 15, 5 are in
Ontario, with the major concentration of activity being
in the Sudbury district where Vale (formerly Inco) and
Xstrata Nickel (formerly Falconbridge) have operated
for years (Dudka et al. 1995).

Ongoing monitoring of total and bioavailable metal
contents in Sudbury ecosystems is necessary to assess the
ecosystem recovery trajectories following the implemen-
tation of emission abatement procedures by industries
which allowed the development of the land regreening
program for the Greater Sudbury region (Wren 2012).
The Sudbury area was one of the most ecologically
disturbed regions in Canada, with numerous studies
documenting the effects of SO2 and metals in soils in
the region (Cox and Hutchinson 1980; Hutchinson and
Symington 1997; Amiro and Courtin 1981; Gratton et al.
2000; Nkongolo et al. 2008; Spiers et al. 2012). Elevated
concentrations of metal accumulation in both soils and
vegetation up to 100 km distant from the smelters of
Sudbury compared to reference sites and regional soil
parent materials have been reported (Freedman and
Hutchinson 1980; Gratton et al. 2000; Nkongolo et al.
2008; Vandeligt et al. 2011; Dobrzeniecka et al. 2011;
Narendrula et al. 2012a, b; Spiers et al. 2012).

Moreover, erosion has removed a significant por-
tion of both the surface forest humus forms and the
upper mineral horizons of the barren regions of
Sudbury, leaving the residual soils deficient in total
and available phosphorus, nitrogen, and possibly cal-
cium, magnesium, and manganese in the plant root
zone (Winterhalder 1995). Increased soil acidity
causes major changes in soil chemistry, with decreases
in available calcium and magnesium through leaching
losses and a concomitant increase in available alumi-
num and contaminant heavy metal levels (Huettl 1993;
Winterhalder 1996). Historically, calcium and magne-
sium levels in Sudbury, originally within the normal
range for soils in temperate regions (Hazlett et al.
1983; Winterhalder 1996), were depleted, especially
in available calcium relative to available magnesium,
by over a century of acidic leaching. Liming with
dolomitic and calcitic limestone was judged necessary
for neutralizing, detoxifying, and facilitating the re-
vegetation of the acidic, nickel-contaminated and
copper-contaminated soils in the Sudbury region
(Winterhalder 1996; Driscoll and Spiers 2013). Most
studies of Sudbury ecosystems describe only the levels
of total metals in soils, but bioavailable concentration
of metals in soil may be a better predictor for the

environmental impact of historical and current emis-
sions of metals (Abedin and Spiers 2006; Abedin et al.
2012; Tack and Verloo 1995; Peijnenburg et al. 1997).
Assessment of the levels of metal bioavailability and
bioaccessibility is critical in understanding the possi-
ble effect on soil biota (Ettler et al. 2012; Juhasz et al.
2011; Roussel et al. 2010).

The main objective of the present study is to assess
the long-term effects of the addition of liming mate-
rials on soil metal and nutrient bioavailability. The
current concentrations of total and bioavailable metals
in soil collected from different horizons of both eroded
and stable soils from the Greater Sudbury region were
compared. We hypothesize that (1) the long-term ef-
fect of liming on selected soil chemical parameters
will be limited; (2) a significant portion of total metal
will be available to plants; and 3) the proximity to
smelters is the main factor contributing to total soil
contaminant metal content.

2 Materials and Methods

2.1 Sampling

Nine areas in Northern Ontario were selected for the
present study. They included four areas consisting of
paired limed and unlimed sites (Daisy Lake, Kelly
Lake, Wahnapitae/Dam, and Kingsway), Laurentian,
Kukagami, and three reference sites (Capreol, St.
Charles/Hagar, and Cartier) (Fig. 1).

Paired pedon samples were collected from limed
and adjacent unlimed areas (Fig. 1). Three sites were
within 5 km of smelters, three between 5 and 15 km
from smelters, and three as far as 91 km NW from the
City of Greater Sudbury center. These latter sites were
used as reference sites to enable comparisons of the
effects of liming on both soil fertility and metal
dynamics. The liming was completed up to 30 to
40 years previously through the Sudbury Regional
Land Reclamation Program (Regreening Program)
using dolostone (Lautenbach et al. 1995). For each
area, ten pedonswere sampled,with soil samples being
collected from the surface humus form (LFH), as well
as from the underlying mineral horizons (namely, the
Ae, Bm, BC, and C, if present) (Soil Classification
Working Group 1998). Soil samples were air-dried
and stored in sealed plastic bags prior to preparation
for chemical analysis.
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2.2 Soil Analysis

Soil pH was measured in water and a neutral salt solu-
tion pH (0.1 M CaCl2) (Carter 1993). For the estimation
of total metal concentrations, a 0.5-g soil sample was
treated with 10 ml of a 10:1 ratio of HF/HCl, heated to
110 °C for 3.5 h in an open 50-ml Teflon™ tube in a
programmable digestion block to dry down samples,
followed by the addition of 7.5 ml of HCl and 7.5 ml
of HNO3 and heating to 110 °C for another 4 h to dry
gently. The samples are then heated to 110 °C for 1 h
following the addition of 0.5 ml of HF, 2 ml of HCl, and
10ml of HNO3 to reduce sample volume to 8–10ml. On
cooling, the samples are made to 50 ml with ultrapure
water for subsequent analysis by plasma spectrometry.
Bioavailable metals were estimated by extracting 5 g of
soil with 20 ml of 0.01 M LiNO3 in a 50-ml centrifuge
tube in a shaker under ambient lighting conditions for

24 h at 20 °C (Abedin and Spiers 2006; Abedin et
al. 2012). The pH (LiNO3) of the suspension was
measured prior to centrifugation at 3,000 rpm for
20 min, with filtration of the supernatant through a
0.45-μm filter into a 20-ml polyethylene tube and
made to volume with deionized water. The filtrate
was preserved at approximately 3 °C for analysis
by ICP-MS. The quality control program completed in
an ISO 17025 accredited facility (Elliot Lake Research
Field Station of Laurentian University) included analy-
sis of duplicates, Certified ReferenceMaterials (CRMs),
Internal Reference Materials (IRMs), and procedural
and calibration blanks, with continuous calibration ver-
ification and use of internal standards (Sc, Y, and Bi) to
correct for any mass bias. All concentrations were cal-
culated in mass/mass dry soil basis. The data obtained
for all elements of interest in analyzed CRM soil sam-
ples were within ±12 % of the certified level.

Fig. 1 Location of the sampling area from the Greater Sudbury region. Site 1 Daisy Lake, Site 2 Dam, Site 3 Laurentian, Site 4 Kukagami,
Site 5 Kingsway, Site 6 Falconbridge, Site 7 Capreol, Site 8 Hagar and Site 9 Cartier. Sites 7, 8, and 9 were used as controls (reference)
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The data for the metal levels in soil samples were
analyzed using SPSS 7.5™ for Windows, with all data
being log10 transformed to assist in achieving a normal
distribution. One-way analyses of variance (ANOVA),
followed by Tukey’s HSD multiple comparison
analysis, were performed to determine significant dif-
ferences (p<0.05) among the sites. Two-way ANOVA
was performed to determine any significant interaction
between two factors. Variance ratio test was done with
an assumption of data normality in the underlying pop-
ulation distributions of the data. Correlation coefficients
were estimated using SPSS 7.5™ for Windows. Data
from the analysis of samples from limed and unlimed
areas were compared using Student’s t test.

3 Results

The quantitative results of the spatial distribution of total
and bioavailable metals and pH are described in
Tables 1, 2, 3, 4, 5, 6, 7, 8, and 9. The bioavailable
fractions of metals and nutrients are reported in Tables 2,
4, 5, and 9, and the relationships between the total and
bioavailable concentrations are expressed as correlation
coefficients in Table 6.

3.1 Total Metals

The estimated levels of total metal concentrations in the
soil samples for the different sites from the Sudbury
Region in Canada are illustrated in Tables 1, 3, and 8,
with highest concentrations consistently measured in the
humus form (LFH horizons). Close examination re-
vealed that the original surface horizons (LFH and Ae)
across the sites located within 5 km of smelters were
commonly eroded and disturbed, whereas sites beyond
5 km of smelters were stable, with complete pedons
having minimal to no evidence of erosion, an observa-
tion explaining the variability in content of total con-
taminant metal of the smelter origin in the surface soil
horizons from those sites. The concentrations at the
reference sites were always among the least impacted
for the total metals analyzed. There were higher levels of
copper, lead, and nickel in samples from sites located 5
to 15 km from the smelters compared to eroded sites on
hill slopes nearer either active or closed smelter sites.
Arsenic was higher in eroded sites compared to sites
located more than 5 km from smelters. Arsenic, copper,
manganese, and nickel exceeded the OntarioMinistry of T
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Environment and Energy (OMEE) guidelines for a vari-
ety of land uses at all the sites, including the reference
sites. Cobalt exceeded the guideline limits for sites locat-
ed between 5 and 15 km, with an average of 63 mg kg−1.
The lead and zinc concentrations in the surface soil
samples were within the acceptable limits as defined for
forest and parkland soils with a circumneutral pH in the
OMEE guideline tables. The concentrations for these
metals ranged from 76 to 168 mg kg−1 and from 62 to
100 mg kg−1, respectively (Table 3). Overall, the total
arsenic, copper, and nickel were significantly higher in
sites within 5 km from the smelters compared to the
reference sites. There were no significant differences
among all the sites for the total amount of major nutrients
(potassium, phosphorus, and nitrogen).

All the total metal concentrations obtained from
the dominantly mineral horizon layers (Ae, Bm,
BC, and C) were also within the OMEE guide-
lines, with the exception of copper on eroded sites
within <5 cm. The LFH horizons showed levels
exceeding the guidelines for the two mineral layers
beneath the organic horizon (Table 1). There was
no interaction between sites×horizons for metal
contents.

3.2 Bioavailable Metals

The proportion of total metal and/or nutrient that was
phytoavailable was determined for each element, with
the analytical results revealing that the bulk of the total
metal and/or nutrient in the soil matrix are not in forms
either on the exchange surface of mineral or organic
colloids or in the soil solution available for plant
uptake. For example, the concentration of bioavailable
elements in Sudbury samples from the humus forms
(LFH horizon) varied from less that the analytical
detection limits to 0.21 mg kg−1 for arsenic, 0.21 to
0.45 mg kg−1 for cobalt, 1.3 to 12.3 mg kg−1 for
copper, 25.9 to 65 mg kg−1 for magnesium, 10.5 to
41 mg kg−1 for manganese, 3.1 to 8.6 mg kg−1 for
nickel, 0.23 to 1.49 mg kg−1 for strontium, and 0.8 to
4.0 mg kg−1 for zinc (Table 4). The bioavailable ele-
ment concentrations also decrease with soil depth
(Fig. 2). The levels of bioavailable elements in eroded
sites were always lower than in stable and reference
sites (Fig. 3). There were significant differences be-
tween sites within 15 km from smelters and the refer-
ence sites for strontium, zinc, calcium, and phospho-
rus (Table 4). Overall, the proportion of bioavailableT

ab
le
4

B
io
av
ai
la
bl
e
co
nc
en
tr
at
io
n
of

nu
tr
ie
nt
s
an
d
m
et
al
el
em

en
ts
in

th
e
or
ga
ni
c
su
rf
ac
e
ho

ri
zo
ns

(L
F
H
)
of

so
ils

fr
om

th
e
S
ud

bu
ry

re
gi
on

si
te
s
(c
on

ce
nt
ra
tio

ns
ar
e
in

m
ill
ig
ra
m
s
pe
r

ki
lo
gr
am

,
dr
y
w
ei
gh

t)

S
ite
s
(d
is
ta
nc
e

fr
om

sm
el
te
r)

E
le
m
en
ts
a

A
l

A
s

C
a

C
o

C
u

F
e

K
P

P
b

M
g

M
n

N
a

N
i

S
r

Z
n

E
ro
de
d/
di
st
ur
be
d

(0
–5

km
)

60
.4
a

±2
9

0.
09

a
±0

.0
9

58
.1
a

±2
4

0.
21

a
±0

.0
6

6.
20

ab
±2

.3
84

.6
a

±4
2

73
.4
a

±3
5

4.
87

a
±2

.9
0.
06

a
±0

.0
6

25
.9
a

±1
1

10
.5
a

±6
.0

7.
93

a
±3

.2
3.
61

a
±0

.3
0.
23

a
±0

.1
0.
82

a
±0

.3

S
ta
bl
e
up

la
nd

(5
–1

5
km

)
99

.0
a

±2
4

0.
21

a
±0

.2
1

93
.4
a

±3
4

0.
45

a
±0

.0
7

12
.3
b

±4
.8

91
.4
a

±1
2

19
0a
c

±1
3

9.
87

a
±5

.2
0.
42

a
±0

.0
3

42
.7
a

±7
.3

31
.9
a

±1
8

17
.7
a

±3
.9

8.
64

a
±3

.1
0.
48

a
±0

.2
1.
65

a
±0

.3

C
on

tr
ol

(r
ef
er
en
ce
)

(>
15

km
)

16
9a ±6
4

<
D
L

27
7b ±9
7

0.
26

a±
0.
1

1.
32

a±
0.
4

54
.2
a

±1
6

29
2b

c
±4

4
60

.4
b

±2
4

0.
41

a±
0.
2

64
.9
a

±1
0

41
.1
a

±1
4

12
9a ±1
15

3.
07

a
±1

.3
1.
49

b
±0

.2
3.
96

b
±0

.5

M
ea
ns

in
co
lu
m
ns

w
ith

a
co
m
m
on

le
tte
r
ar
e
no

t
si
gn

if
ic
an
tly

di
ff
er
en
t
ba
se
d
on

T
uk

ey
’s
m
ul
tip

le
co
m
pa
ri
so
n
te
st
(p
≥0

.0
5)
.E

ro
de
d/
di
st
ur
be
d
si
te
s
ar
e
D
ai
sy

L
ak
e,
W
ah
na
pi
ta
e,
an
d

K
el
ly

L
ak
e;

st
ab
le

up
la
nd

si
te
s
ar
e
L
au
re
nt
ia
n,

K
uk

ag
am

i,
an
d
K
in
gs
w
ay
;
an
d
co
nt
ro
l
si
te
s
ar
e
C
ap
re
ol
,
H
ag
ar
,
an
d
H
W
Y

14
4
N
or
th

(9
1
km

fr
om

S
ud

bu
ry
)

<
D
L
co
nc
en
tr
at
io
ns

be
lo
w

de
te
ct
ab
le

le
ve
l

a
R
es
ul
ts
ar
e
ex
pr
es
se
d
as

th
e
m
ea
n
va
lu
es
±s
ta
nd

ar
d
er
ro
r
ba
se
d
on

th
re
e
re
pl
ic
at
es

(n
=
3)

1618, Page 6 of 14 Water Air Soil Pollut (2013) 224:1618



metals compared to total metals was very small. On
average, only 1 and 1.1 % of total copper and nickel,
respectively, were potentially phytoavailable. The
lowest percentages of bioavailable elements were ob-
served for cadmium, arsenic, and lead, while the
highest percentages of bioavailable elements were ob-
served for phosphorus and manganese (Table 7).
There were significant positive correlations between
total metals and phytoavailable metals for only copper
(r=0.69), manganese (r=0.85), and nickel (r=0.64)
(Table 6).

3.3 Effect of Liming

The pH in limed sites was significantly higher, ranging
from 4.12 to 6.75, in the top organic layers (Table 7)
(Fig. 4) compared to unlimed areas. No differences were
observed among soil profiles analyzed for pH (H2O) and
pH (CaCl2). The liming did maintain an increase in soil
pH from extremely acid to slightly acid, even 20 to
30 years after dolostone applications. No significant dif-
ferences were observed between limed and unlimed areas
with regards to total concentrations for most metals

Table 5 Calculated ratio of bioavailable to total elemental concentration for the LFH horizon of soils from the Sudbury region sites

Sampling sites Elementsa

Al As Ca Cd Co Cu Fe K P Pb Mg Mn Na Ni Sr Zn

Daisy Lake 0.67 4.63 2.33 n.d. 0.56 0.80 0.30 1.37 1.15 0.15 3.26 5.74 0.21 0.73 0.44 1.62

Dam 0.37 n.d. 3.70 n.d. 0.58 1.31 0.37 0.98 1.06 n.d. 6.67 2.36 0.11 0.56 0.34 1.05

Kelly Lake 0.01 n.d. 0.36 n.d. 0.06 0.10 0.01 0.14 0.11 0.04 0.16 0.19 0.09 0.10 0.09 0.13

Laurentian 0.78 n.d. 1.22 n.d. 0.56 0.70 0.20 3.71 0.47 0.17 1.40 5.38 0.41 0.35 0.60 0.99

Kukagami 0.60 n.d. 3.77 n.d. 2.59 1.96 0.84 2.75 4.68 0.78 3.06 12.59 0.12 1.39 1.31 2.97

Kingsway 0.23 1.10 2.38 n.d. 0.47 0.95 0.24 2.00 0.96 0.23 4.97 4.07 0.32 0.48 0.35 1.37

Capreol (Control) 0.28 n.d. 3.99 n.d. 1.25 1.11 0.22 4.58 10.39 n.d. 4.13 11.75 0.08 0.69 1.69 3.48

Hagar (control) 1.21 n.d. 2.84 n.d. 4.24 0.62 0.38 3.73 1.31 0.54 2.73 9.27 0.16 2.59 1.75 5.87

Cartier (control) 0.78 n.d. 6.55 n.d. 3.02 1.20 1.06 3.21 12.08 1.41 5.84 15.49 2.53 2.80 1.89 6.67

n.d. not determined
a Values as percent

Table 6 Correlation between
total and bioavailable metal and
nutrient concentration in soil
profiles from the Sudbury region
sites

The seven sites are Daisy Lake,
Dam, Kelly Lake, Laurentian,
Kukagami, Kingsway, and
Capreol (reference)

*p≤0.05, significant correlation
between two variables

Element LFH Ae Bm BC C

Aluminum −0.34 −0.44 −0.53 −0.58 −0.90*
Barium −0.16 −0.66 −0.58 −046 0.15

Calcium 0.27 0.24 0.23 −0.24 −0.09
Cobalt 0.30 0.57 −0.09 −0.13 0.53

Copper 0.69* 0.34 0.19 0.14 0.15

Iron −0.20 −0.05 −0.10 0.38 0.98*

Potassium 0.05 0.27 −0.21 −0.13 −0.20
Magnesium 0.11 0.07 0.50 0.14 −0.30
Manganese 0.85* 0.99* 0.80* 0.89* 0.72

Sodium 0.08 −0.15 0.00 −0.31 0.14

Strontium 0.32 0.11 −0.22 −0.17 0.15

Nickel 0.64* −0.52 −0.35 −0.36 0.87*

Phosphorus 0.07 −0.29 −0.17 0.00 0.00

Zinc 0.38 −0.07 0.12 0.14 0.66
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analyzed. As expected, the limed samples contained sig-
nificantly higher levels of calcium and magnesium com-
pared to unlimed sites (Table 8). On the other hand, there
were significantly higher contents of bioavailable iron,
manganese, and strontium in unlimed sites compared to
limed areas. The levels of bioavailable cobalt, copper,
nickel, and zinc were also lower in limed compared to
unlimed areas (Table 9).

4 Discussion

4.1 Total Metal

The highest total metal concentrations were typically
found in the organic-rich upper soil horizons (LFH),
indicating that air emissions were the dominant source
for the supply of contaminant metals. In fact, significant
differences were observed between individual soil depths
for all the elements quantified.With the exception of total
potassium, the levels of carbon, cobalt, copper, lead,
magnesium, nitrogen, and phosphorus were significantly
higher in the top humus form horizons compared to the
four underlying mineral layers sampled and analyzed.
This observation suggests that vertical mobility of metals
in soils may not play a key role in their bioavailability in
the impacted soils of the Sudbury region. The total levels
of copper, lead, and nickel were higher in stable upland
sites located between 5 and 15 km from smelters were

similar to those of eroded/disturbed upland sites closer to
smelters. Previous analyses of total metals in only stable
sites revealed elevated concentrations of metal accumula-
tions in soils within short distances of the smelters (<5 km
from mining sites) compared to other sites located beyond
5 km from smelters (Gratton et al. 2000; Nkongolo et al.
2008; Narendrula et al. 2012a; Spiers et al. 2012). Thus,
topographical position, together with pedon stability and
maturity coupled with distance from smelters, is an impor-
tant factor for surface soil metal accumulations.

4.2 Bioavailable Metals

A special focus was put on quantifying the amount of
bioavailable metals and nutrients, and thus, on the
potential effect of liming on soil toxicity in this study.
The results of the present study revealed clearly that,
although the levels of total metals were high at some
sites, the proportions of metals potentially available to
plants were actually relatively low, suggesting that the
potential phytotoxicity of the current soil metal accu-
mulations in the contaminated soils is also minimal.

These low levels of bioavailable metals and nutri-
ents are consistent with results from recent studies for
soil samples from the Sudbury and other mining re-
gions (Narendrula et al. 2012a, b; Abedin and Spiers
2006; Abedin et al. 2012; De Silva 2012). The data
contrast with the findings of Ettler et al. (2012) who
reported bioaccessibilities of Co, Cu, Zn, As, and Pb

Table 7 The pH levels of individual soil horizons from the Sudbury region sites

Sampling sites Type LFH Ae Bm

pH H2O pH CaCl2 pH H2O pH CaCl2 pH H2O pH CaCl2

Daisy Lake Unlimed 4.04 3.87 3.68 3.92 4.15 4.24

Limed 4.12 4.05 3.90 4.18 4.25 4.38

Dam Unlimed 3.82 3.56 3.75 3.85 4.19 4.20

Limed 6.75 6.34 5.88 6.41 5.50 5.79

Kelly Lake Unlimed 3.75 3.37 4.18 3.83 4.51 4.14

Limed 6.41 6.13 6.24 5.37 5.12 4.41

Kingsway Unlimed 3.87 2.35 3.92 3.70 4.37 4.23

Limed 4.67 4.35 4.09 4.03 4.58 4.48

Laurentian Unlimed 3.84 3.54 4.18 4.19 4.50 4.51

Kukagami Unlimed 3.93 3.61 4.0 3.93 4.75 4.66

Capreol (reference) Unlimed 3.92 3.43 4.11 3.74 4.72 4.66

Hagar (reference) Unlimed 3.79 3.46 4.87 3.75 – –

Cartier (reference) Unlimed 3.50 3.23 3.98 3.78 – –
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ranging from 58 to 84 % in topsoils from mining and
smelting areas in the Zambian Copperbelt.Morrison and
Gulson (2007) also found high bioaccessibilities of
metals between 80 and 100 % in metal smelter slags
from New South Wales in Australia. According to a
recent study conducted under controlled conditions
using seedlings and based on total metal concentrations,
the current levels of total metals in the Sudbury areamay
cause significant reduction of tracheid elements, xylem
tissue area, size, and density (Ryser and Sauder 2006;
De Silva 2012). These physiological changes can lead to
an internal water deficit that can affect plant growth.
Anatomical analysis of tissues from trees growing in
metal-contaminated areas within the context of low
levels of bioavailable metals should determine the real
effect of metals on hydraulic conductivity and morpho-
logical plant traits in the Sudbury region.

The discrepancies between bioavailable metals in
Sudbury and other areas can be attributed to the nature of
sites studied, the chemical form of contaminantmetals, and
the current levels of smelter emissions. The samples ana-
lyzed in current study and in Narendrula et al. (2012a, b)
are from either old mining sites or in areas where current
emissions are significantly reduced as a result of smelter
modifications. In fact, combined metal emissions of arse-
nic, copper, lead, and nickel have been reduced by more
than 67 % (Ogilvie 2003) and industrial sulfur dioxide
(SO2) emissions have been reduced by approximately
90 % through the combination of industrial technological
developments and legislated controls (Wren 2012). These
reductions and associated improvements in regional air
quality has allowed for some degree natural recovery of
damaged ecosystems to occur. The recovery has been
further enhanced through the reforestation program with
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the planting of over nine million trees in the Sudbury
region.

Moreover, aerosol emissions from smelters are usu-
ally composed of soluble metal-bearing compounds
that are small in size (Ettler et al. 2008). The emissions
particle reactivity in aqueous and soil environments
are, therefore, increased (Ettler et al. 2005). Under
acidic conditions, pH-dependent leaching of metals
such as copper from particles may induce rapid release
to the soil matrix (Vitkova et al. 2011). Any bioavail-
able metals and nutrients in Sudbury soil sites being
studied may have been lost from the pedons by
leaching, taken up into plants resulting in low levels
of residual metal bioavailability, or the contaminant
airfall materials may have been dominantly in insolu-
ble oxidic phases (Mantha et al. 2012).

Differences in the levels of bioavailable metals ob-
served in the present study compared to other reports can
also be ascribed to the methods used. In the present study,
bioavailability is defined as the level of a metal that can
be absorbed by a living organism and induce physiolog-
ical and/or toxicological response as described by the US
Environmental Protection Agency. Ettler et al. (2005,
2011) reported high percentages of exchangeable
(bioavailable) metals, attaining up to 50 % of the total
concentration using single and sequential extractions.
Several methods reported the levels of bioaccessible
metals as the fraction of total metals entering the blood-
stream from the gastrointestinal tract (Ruby et al. 1996;
Schroder et al. 2004;Morrison and Gulson 2007; Ettler et
al. 2012) using simulated gastric conditions. Another
method of measuring metal bioaccessibility consists in
the determination of the amount of metals that is present

in human urine. Such studies underline human risk assess-
ment in the areas of mining and smelters (Banza et al.
2009; Ettler et al. 2012). The present study focuses rather
on environmental risk assessment with primary analysis of
total metals in soil and the fraction that is potentially
available to plants by uptake from the soil solution.
Considering the described differences in metal
bioavailability/accessibility definitions and inmetal extrac-
tion procedures among studies, it is difficult to compare
data from different studies.

4.3 Effects of Liming

The pH in unlimed sites was consistent with that docu-
mented for soils on coarser-textured soils with coniferous
vegetation on the Canadian Shield of <4, classified as
extremely acid (Spiers et al. 2012). The application of
liming materials has been demonstrated to neutralize the
acidity that had built up over decades of SO2 emission
loading to the landscapes, also increasing total calcium
concentrations and concomitantly reducing potentially
phytotoxic metal levels and limiting the availability of
metals to plants, while the fertilizer would feed the plants
and allow them to establish (Winterhalder 1996). The
present study showed that the prolonged neutralization
effect of dolostone application to Sudbury barren soils
has sustained higher pH in limed areas compared to
unlimed areas. Although, as expected, no significant de-
crease of total metals was observed in limed areas, there is
a significant reduction of bioavailable levels of aluminum,
iron, manganese, potassium, and strontium and a measur-
able reduction in nickel, zinc, copper, and cobalt avail-
ability in these limed sites. The bioavailable amounts of
calcium andmagnesium, however, remain higher in limed
sites, reflecting the addition of dolostone at 10 tonnes ha−1

during the liming procedure. This observation suggests
that, even when the neutralizing power of applied
dolostone becomes exhausted, the sustained growth of
trees in limed areas allows for the penetration of roots into
a larger volume of soils and facilitating the movement and
cycling of available calcium andmagnesium to the surface
horizons. This cycling mechanism of soil base enrichment
is called “cation pumping” (Aber 1987), with some tree
genera being more effective “cationic pumps” than others
(Winterhalder 1996). The improved calcium–magnesium
balance and the optimal amount of the bioavailable frac-
tion of these metals observed should have contributed to
the rapid growth of trees in targeted limed sites. Proctor
and McGowan (1976) showed an alleviation of nickel
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toxicity by magnesium in oats, and Robertson (1985)
showed that both calcium and magnesium provided pro-
tection to corn roots against nickel.

Soil pH is a key factor to controlling metal and
nutrient availability, with immediate post-liming ef-
fects on soil acidity being observed to localize in the
upper 5 cm of the contaminated soils of the Sudbury
region (Winterhalder 1995, 1996), and this observa-
tion was also consistent with current studies (Driscoll
and Spiers 2013). Based on the findings of the present
study, the neutralizing effects of dolostone over time
were not necessarily restricted to the organic layers of
the soil since no differences were observed down the
different profiles analyzed. In general, heavy metal
adsorption to mineral surface and humic material is
relatively low at low pH values, with adsorption then
increasing at intermediate pH from near zero to near
complete adsorption over a relatively small pH range
(Bradl 2004). The more acidic the soil, the more zinc,
manganese, copper, iron, and aluminum will be re-
leased into the soil solution. In acidic soils with pH
below 5.5, the availability of manganese and alumi-
num is increased to the point that they could become
toxic to plants (Winterhalder 1995, 1996). Calcium
and magnesium deficiencies, along with reduced ni-
trogen fixation and release, are also major problems
associated with acid soils (Winterhalder 1995, 1996).
In addition, soluble aluminum in the soil matrix im-
mobilizes phosphorus, leading to symptoms of phos-
phorous deficiency in the plants (Winterhalder 1995,
1996). In the present study, the levels of total carbon
and nitrogen were similar in both limed and unlimed
areas.

5 Conclusion

In the present study, it was hypothesized that liming
performed over 20 years ago will have limited effects
on soil total metal chemistry and that higher levels of
total metals will be found on sites closer to smelters.
We also predicted that significant amounts of the total
metals will be available to plants. The results revealed
that the amount of bioavailable metals for plant uptake
or absorption by soil fauna is very low and, thus, will
not have a significant impact on ecosystem health. In
addition to site proximity to smelters, topography and
pedon stability are also key factors contributing to
differences in the site-specific accumulation of metals.

The long-term effect of liming on soil pH and metal
bioavailability is significant and far more than anticipat-
ed. As predicted, limed areas showed lesser amounts of
bioavailable contaminant metals than unlimed areas.
Overall, soil acidity and/or induced nutrient imbalances
appear to have been critical constraints to plant growth,
an observation consistent with the conclusions of the
Sudbury Area Risk Assessment (Wren 2012).
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