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ABSTRACT: This research combines a hydrological and pedological approach to better understand the spatial distribution of contaminated soils along

the Massawippi River (southern Québec, Canada). This river crosses through former mines, which were some of the largest copper mining areas in North

America from 1865 to 1939. To determine the spatial distribution and concentration of the metal elements, soil samples were taken in each flood recurrence

zone appearing on official flood zone maps. The maximum values obtained for Cu and Pb are 380 and 200 mg kg™, respectively, for the soils in the frequent
flood zones (FFzs), while the values for soils in the moderate flood zones (MFzs) range from 700 to 540 (Cu) and 580 to 460 mg kg™ (Pb). Contamination
extends through several kilometers of the former mining sites (Eustis and Capleton), and concentration of metals in alluvial soils is slightly higher near the

mine sites.

KEYWORDS: alluvial soils, contamination, dispersion of pollutants, floods, metal elements

CITATION: Saint-Laurent et al. Distribution of Contaminated Soils Along Transversal
and Longitudinal Gradients in Dynamic Fluvial Environment (Southern Québec, Canada).
Air, Soil and Water Research 2015:8 17-30 doi:10.4137/ASWR.S22465.

RECEIVED: December 2, 2014. RESUBMITTED: February 10, 2015. ACCEPTED FOR
PUBLICATION: February 21, 2015.

ACADEMIC EDITOR: Carlos Alberto Martinez-Huitle, Editor in Chief
TYPE: Original Research

FUNDING: This research is funded by NSERC (Natural Sciences and Engineering
Research Council of Canada) through a research program (RGPIN-2011-2016).

The authors confirm that the funder had no influence over the study design, content of
the article, or selection of this journal.

COMPETING INTERESTS: Authors disclose no potential conflicts of interest.

COPYRIGHT: © the authors, publisher and licensee Libertas Academica Limited.
This is an open-access article distributed under the terms of the Creative Commons
CC-BY-NC 3.0 License.

CORRESPONDENCE: diane.saint-laurent@uqtr.ca

Paper subject to independent expert blind peer review by minimum of two reviewers.
All editorial decisions made by independent academic editor. Upon submission
manuscript was subject to anti-plagiarism scanning. Prior to publication all authors
have given signed confirmation of agreement to article publication and compliance
with all applicable ethical and legal requirements, including the accuracy of author
and contributor information, disclosure of competing interests and funding sources,
compliance with ethical requirements relating to human and animal study participants,
and compliance with any copyright requirements of third parties. This journal is a
member of the Committee on Publication Ethics (COPE).

Published by Libertas Academica. Learn more about this journal.

Introduction

The spatial distribution of pollutants along riverbanks may be
complex as a result of hydrological and environmental variations
in relation to the drainage basin. It often becomes necessary to
consider different hydrological and pedological parameters that
may provide additional data on the variability of the sites that
run along the river corridor.” Erosion and sedimentation are
also crucial to understanding the spatial distribution of pol-
lutants along riverbanks.*” During heavy floods, for instance,
sediments (contaminated or not) may be transported down-
stream and redeposited further away on the riverbanks. It is
known that floodplains can constitute temporary or permanent
sedimentary reservoirs, thus potentially containing pollut-

8710 and these can be remobilized by the current and suc-

ants,
cessive floods.!1? Sediment storage may depend significantly
on river characteristics such as the configuration of the river
channel, the depth of the river bed, flow velocity, microtopog-
raphy, and flood frequency.!*" The analysis of the hydrogeo-
morphological characteristics can enhance our understanding
of sedimentation processes and the dynamics of river basin sys-
tems.? Alluvial soils can also be sensitive indicators of change
in the fluvial environment and provide relatively accurate infor-
mation on the spatial distribution of nutrients, agricultural

pollution, or other contaminants.!¢™8 It is therefore important
to consider both pedological and hydrological parameters in
order to recognize phases of enhanced sediment accumulation
in floodplain systems.!¥2!

In floodplain soils contaminated by heavy metals, the sol-
ubility level can vary depending on the soil and sedimentary
conditions of the sites, and several metals are not highly mobile
in the mineral matrix.?>?* Contrary to organic compounds,
metals are not biodegradable and can accumulate and persist in
the river ecosystem.”?* It is, therefore, not uncommon to find
very high concentrations of metals in the riverbanks even sev-
eral decades after the closure of industrial or mining sites.”!? It
is also known that sediment particles with a fine texture, such as
clay, have a strong capacity to attach polluting particles and can
play a key role in the storage of pollutants or micropollutants
along the riverbanks.!® The presence of organic matter, often
associated with clayey colloids, can also result in the retention
and absorption of metals in the contaminated soils.?-% These
elements attach themselves firmly to the clay as well as to humic
compounds and have little mobility, as a result of which they
are not easily carried off by leaching. Remobilization is, there-
fore, required by the current and floods to dislodge the pol-
lutants contained in the riverbanks. Frequent overflowing and
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successive floods naturally have a direct impact on the transport
and distribution of contaminants along the river corridor.

It is important to take into account the frequency of the
floods involved in river system dynamics, particularly with
respect to the distribution of contaminants along the river-
banks and in the soil profiles.??? It is also necessary to con-
sider variations in flow (low or high) and flood frequency based
on the new hydroclimatic conditions associated with climate
change. The variations in the hydroclimatic characteristics
associated with climate change3®3! may affect the hydrologi-
cal patterns that impact sedimentological processes and soil
properties. For instance, a certain sedimentary consistency in
the soil profiles and low variability in soil properties can be
indicators of high flood frequency.!?1:32

The aim of this study is to measure the concentration
of metal elements (eg, cadmium, copper, nickel, lead, and
zinc) in the floodplain soils with their spatial distribution
based on the various flood recurrence zones identified along
the Massawippi River (southern Québec). This river passes

through old mining areas (Albert—Capleton—Eustis Complex)
largely exploited during several decades (1865-1939) and
were abandoned, leaving many mining debris along the riv-
erbanks.** The former mining parks (Eustis site) cover a total
surface area of 15 ha along the Massawippi River.?* This river
is also subject to frequent flooding, which favors a remobili-
zation of contaminated sediment and their transport further
downstream.

Regional Setting

The Massawippi River is a major tributary of the Saint-
Francois River watershed (total area of 10,228 km?) located in
southern Québec. The Massawippi River originates from Mas-
sawippi Lake, which covers an area of 608 km?, and is part of
a major physiographic region, ie, forming part of the Appa-
lachian Mountains. The river flows southeast to northeast,
ending in the downstream part of the Saint-Francois River at
Lennoxville. In addition to the former Eustis and Capleton
mining sites along the Massawippi River (Fig. 1), there are also

71°655'W

Saint-Frangois
Watershed

45°20'N

' Q79(Cu79)
Q76(As19-Cu92:Pb95) \
A
Q77(As18-Cu160-Pb59).
MAS-13-1/C(As38-Pb149)
MAS-13-2/C(As4-Cu63)
CAP-2:1(As15-Cu180-Zn190)
EUS-3(As12-Cu220-Zn740)

Capelton———@

>

Q73(As10-Cu120-Pb180)

Q74(As74-Cu380-Ni200-Pb200) N
£l e S

CAP-1-1(As10-Cu98-Zn110)

MAS-1 0-2/E(Cu92-Zn110)

Q7§(As 140-Cu700-Ni580-Pb580-Zn220)

\

Lennoxville—@

=
Q82(Ni79)
O

Massawippi River

/2 .

= 45°20'N

{\f

N
W<¢E
S

CAP-3-1(As8-Cu46)
O

! Q78(Pb54)

Q\7O(Cu57-Pb75) Q83(Cu160-Ni51) O Frequent Flood zones
Q71(As8-CU59-Pb88) sn Q84(Cu52-Ni70-Pb60-Zn120)
/ Q45(Ni63) A Moderate Flood zones
Eustis Q43(5i56)
EUS-2(Ni120) m} No-Flood zones

1 C ]

71°55'W 71°50'W
0 0,5 1 2 3 4 . Reference : BNDT 2012

Kilometers Map realized by Roxane Paradis (UQTR)

Figure 1. Location of the sampling sites with the highest concentrations of heavy metals (mg kg~') according to the different zones (FFz, MFz, and NFz)
(Massawippi River, southern Québec). The former mining sites (Eustis and Capleton) are located in the middle section of the Massawippi River.

18 l AIR, SOIL AND WATER RESEARCH 2015:8

Downloaded From: https://complete.bioone.org/journals/Air,-Soil-and-Water-Research on 21 Jul 2025

Terms of Use: https://complete.bioone.org/terms-of-use


http://www.la-press.com
http://www.la-press.com/air-soil-and-water-research-journal-j99
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woodlands mainly consisting of ash stands (Fraxinus penn-
sylvanica Marsh. and Fraxinus americana L.), wildland and @
farmland mainly consisting of corn crops. The surficial depos- = .
its along the Massawippi River mainly consist of recent fluvial o 3
deposits (>1 m thick) or glacial and glaciolacustrine deposits.33 w
Based on a compilation of digital data,>3¢ the banks of the g
Massawippi River are calculated to extend over a total of X 57 K 0
37 km (right and left banks), and fluvial deposits account for o g Tg 8 E
66% of the channel banks in this area.?” Upstream of the Eustis >
mine, the riverbanks are low and rocky, and downstream, they x
are characterized by low-relief alluvial floodplains (1-2 m in E o
height) made up of fine sediments (Table 1). = g E

Finally, in terms of climate, the entire catchment area is 5 z 8 © E
characterized by abundant rainfall during a good part of the = <o ~ -
year (total precipitation of 1107 mm/year), with annual tem- =
peratures ranging from —10.2° to 19.7°C (1981-2010), with 28
a mean annual temperature of 6.3°C (station no. 7022160).3 <
'The mean annual discharge registered from 1952 to 2013 in the E é ~ i
Massawippi River is 10.7 m® s (Table 1/gauging station no. =0 2 I
030220), and the peak discharge is 135.3 m® s Gauging sta- a - ~
tion (Fig. 2).*” An increase in flooding was observed from 1970 a2 é %‘j
to 2000 in the Massawippi River basin, including an increase g - %' ér
in summer and fall floods.?%?! The increase in the flood rate & 2 2
over the last few decades is attributed to an increase in rainfall, > zz |z=z
thus leading to a marked increase in river water flow through- g :g E‘_O :g é
out the Massawippi and Saint-Francois watershed basins. S =5 S 5

'The government reports mentioned that the waters of the 9 A< | 8<
Massawippi River were contaminated by agricultural, indus- Mo
trial, or mining wastes, though the situation has improved g E °h W P
since the 1990s.4%#! The government report by Berryman et al33 :0039 - E E % %
T D ] O wnw =z o o
indicates that the waters of the Massawippi River were con- s
taminated by heavy metals over several kilometers as a result E z
of the mine tailing sites at the Eustis site, which reduce water :% 2 é g _c.-c% E
quality and hinder benthic fauna. The drainage water from the 5 o g 2E s E 2 :
former mine tailings is highly acidic, which favors the leach- z Fin % ﬁ 2 § % 8@
ing of heavy metals such as copper, iron, and zinc. The Eustis g = ne LD §
and Capel streams that also receive the runoff from several 2 E 2
mine tailing sites are thus highly contaminated and contrib- a ° % 2
ute substantially to the concentration of metals discharged % 9 e 8 g s g
into the Massawippi River.3>*> Even several years after the % 2a 2255 ég §
closure of the Eustis mine, traces of metals are still found in 8 E o é 25 I3 g"?% e
contaminated layers along several kilometers of riverbanks, 2 B X 3 S|SB 58 P
indicating the presence of persistent inorganic contaminants *% NS 5 5 ‘E
in the fluvial environment.*3** The latest government report s w E 2 = ;2;
on the quality of the surface water of Québec’s main rivers* % Z0o 4 4 =
reveals that water quality has substantially improved since =1 5 | 2 H
the last follow-up in 2002, although some areas still pres- § .- §
ent a problem, especially with respect to the bacteriological = 'g = 2
contaminants originating from the contamination of urban £ < E ~ © "g
and agricultural effluent. In the Massawippi River section, qu’ ®©= =
water quality is considered good to satisfactory based on the ;; o »fg %
last report (pp. 14-15).! It is only recently (2007-2009) that = z ;;E |§
rehabilitation work was undertaken at the Eustis site by the = T2 N © 2
Québec department of natural resources.* ] o = g «° 2
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Figure 2. Mean, maximum, and minimum Massawippi River discharges (1954—2012) recorded at gauging station no. 030220 (source: CEHQ 2013).
River overflowing was noted when discharge rates exceed 30 m%/s. The years 1982, 1994, and 1998 are considered major flooding in the watershed

of Massawippi and Saint-Frangois rivers.

Materials and Methods

Sampling sites. The sampling sites selected were divided
based on the location of the former mining sites (Eustis and
Capleton) along the Massawippi River, while considering
the flood-risk zones (recurrence interval of 020 years/(FFz)
frequent flood zone; and interval of 20-100 years/(MFz)
moderate flood zone), with adjacent zones located outside
the floodplains (no-flood zone (NFz)). We used the flood-
risk maps from the land-use plans developed by the Ministry
of Municipal Affairs and Regions®
from the federal and provincial governments.*® On some of

as well as official maps

the maps, the flood zones appear with a delineation showing
strong current (interval of 0-20 years) and low current (interval
0f 20-100 years). The sampling sites are all located in wooded
areas and are divided based on their upstream and down-
stream location from the mining sites along the Massawippi
River. For each sampling site, soil samples were collected at
depths of 0-20, 20-40, 40-60, 60—-80, and 80-100 cm, and
sampling was conducted during the summers of 2011 and
2012. Soil sampling was done based on the guidelines drawn
up by the environment ministry for contaminated soils.*”
A total of 31 sampling sites were selected, including 14 sites
in FFzs, 7 sites in MFzs, and 10 sites in NFzs, for a total of
95 soil samples for all the sites. Other soil samples collected
from 2003 to 2010 (10 profiles) and located near the Eustis
and Capleton sites were also included in databases. In addi-
tion, a control site located outside the Massawippi River area
was considered in comparing the content of metal elements in
recent fluvial sediment (Saint-Frangois River sector). A Global
Positioning System (GPS/Garmin 60CSx model) was used to

precisely locate the sampling sites, and these data were retran-
scribed into an Excel table and then used to position the sites
on digital maps using ArcGIS® mapping software. For each
site that was sampled, additional measurements were done
such as drainage, the overall slope, and the microtopography.

Physical and chemical analysis. To determine soil tex-
ture, particle sizes from the Canadian System of Soil Clas-
sification were used.*® These textural classes are comparable to
those used by international classification systems.*’ The sam-
ples were air-dried in the laboratory on aluminum plates with
all organic debris and roots removed. Once dried, the soil sam-
ples were sieved (<2 mm) using a shaker for 20-30 minutes.
To precisely determine the proportion of each particle size
(sand, silt, and clay), a Laser Particle Sizer was used (Fritsch/
Analysette 22, Micro Tec plus). The method developed by

50 was used to determine the soil

Yeomans and Bremner
organic content. The sample was placed in a glass jar, and
an acid solution was added (dichromate solution—K,Cr,O.-
H,SO,) as reagent for 30 minutes. The last stage consisted in
using the titration technique with ammonium ferrous sulfate
(0.05 mol L) to determine the organic content in the remain-
ing solution. Finally, to measure soil acidity, a glass electrode
(pH-meter) was plunged into a beaker containing the soil sam-
ple, which was dissolved (30 minutes) with CaCl, (0.01 M)
for a ratio of 1:2 of soil.>! The procedures used to determine
the concentration of metal elements in the soils are based on
the analytical standards determined by the Quebec Center of
Expertise in Environmental Analysis. All the analyses were
performed by outside laboratories (Maxxam Analytics Inc.

and Biolab Inc.) that followed governmental procedures.’?>
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The method includes the following steps: in a beaker, weigh
1.00 g of homogenized and dried soil, add 4 mL of nitric acid
(50%) (V/V) and 10 mL of hydrochloric acid (20%); cover
the beaker with a watch glass, and allow to heat at reflux for
30 minutes without stirring. Allow to cool and rinse the watch
glass with water. Filter into a 100-mL volumetric flask; rinse
the beaker and filter with water, and then transfer to a plastic
bottle. The sample is then analyzed using inductively coupled
plasma mass spectrometry (ICP-MS). For details on the ana-
lytical procedures used for metals analysis, it can also refer to
documents elaborated by government laboratories. #9253

Statistical analysis. In order to compare the different
zones (FFz, MFz, and NFz), Duncan’s test and Tukey’s test
were conducted at each stage and for each metal with the high-
est contamination (eg, Pb and Zn). To determine the degree
of correlation among the various metal elements (eg, Cu, Ni,
Pb, and Zn) and soil properties (eg, pH, percentage of organic
content), a Pearson analysis was done on the most highly con-
taminated soils in the floodplain areas. The statistical analy-
ses were done with R statistical computing software (version
3.0.2), and a 95% confidence interval was used for all the sta-
tistical analyses.

Results and Discussion

Soil properties. The physical and chemical properties
(pH, soil organic carbon% (SOC%), grain size%) of the allu-
vial soils in floodplain zones (frequent and moderate zones)
show limited variability. Most of the soil profiles examined
in the riverbanks are made up of fine sandy loam or silt loam
(Table 2). The alluvial sediments in the soil profile show weak
structure (ie, granular form with low cohesion), with relatively
uniform horizontal layers that indicate a regular flow at the
time of deposition. This textural similarity is also linked to
weak pedogenic development, indicating that these soils devel-
oped in recent fluvial sediments. The constant material input
from successive floods results in a superimposition of fine lay-
ers with little differentiation and development. The soil texture
of soils in the NFzs has a comparable proportion of silt and
sand particles and low clay minerals compared to floodplain
soils, but with a coarser mineral matrix (eg, medium or coarse
sand). Nonalluvial soils are made up of materials from vari-
ous origins (eg, glacial materials), giving them a generally more
varied and coarser texture. Gravel layers and stones are also
found in some soil profiles located outside the floodplain zones.
In the NFzs, the mean silt and sand values range from 62.3 to
32.4%, and the mean values obtained from the FFz and MFz
range from 63.4 to 67.5% for silt, and from 31.8 to 27.7% for
sand, respectively. In all the profiles analyzed, the clay fraction
rarely exceeds 5% (mean and median values between 4.87 and
4.04%). Several soil profiles indicate a very low percentage of
clay through the pedon (0-100 cm depth). Soils with a high
content of clay and fine silt have greater retention and absorp-
tion properties than sandy or silty textures.’» Soils with
coarser textures (dominance of sand and silt) do not have the

same retention capacity to keep fine particles (eg, organic mat-
ter) or metal elements (eg, heavy metals).’*=® Regarding the
percentage of organic carbon in the soils under study, marked
differences were noted between the various study areas. The
mean values are 1.74% in the FFzs compared to 1.92% in the
MFzs and 2.32% in the NFzs (Table 2). The mean SOC values
in the NFzs are significantly higher than those observed in the
flooding zones. The results obtained with tests reveal a statis-
tical difference with a P < 0.000 (between NFzs and FFzs)
and P < 0.011 (between NFz and MFz). Most of the soils in
the NFzs generally have a higher organic matter content. For
instance, the maximum SOC content (9.72%) is collected in
the NFzs at the subsurface (0-20 cm) soil layer (Q58/right
bank). The soils in the NFzs also have a more irregular pattern
of SOC distribution, with a higher concentration in the surface
layers and a decrease at the base of the profile (eg, Q82: top 2.51
vs 0.26%), while the soils in the flood zones have a lower SOC
content in the surface at the base of the soil profile. The SOC
mean values obtained in the soils of the two flood zones range
from 1.86% (FFz) to 1.75% (MFz) at the top, and from 0.73%
(FFz) to 1.48% (MFz) at the base of the soil profile. Despite
these differences between the SOC% in soil profiles for each
zone, the values obtained by statistical tests are not significant
(P = 0.05). With respect to soil acidity, most of the soils have
lower pH values (between 3.18 and 5.84). The high levels of
acidity found in several soils are likely because of the proximity
of waste rock piles, which contribute to the acidification of the
environment through storm water runoff or floods. This water
that flows through mine tailings is in fact often known as acid
mine drainage (AMD) because of the dissolution of metals,
in particular pyrite (mineral found in abundance in mine tail-
ings), which acidifies drainage water.” In the Eustis mine area,
one of the government reports®® indicates an acidity level of
2.5 (pH) in the water of streams (Eustis and Capel) crossing
through mine tailings and flowing into the Massawippi River,
which has a major adverse impact on living organisms such as
benthic communities. The sediment and soils around the for-
mer mining sites are understandably also highly acidic.

Our results also show that the soils not affected by flood-
ing have lower pH values, especially in the subsurface hori-
zons (0-20 cm). For instance, the pH values obtained for soil
profile Q82 (NFz) are 4.3 at the top and 4.9 at the base of the
profile. In the two flood zones, the mean values range from
4.65 (FFz) to 4.27 (MFz), respectively (Table 2). However,
the values obtained by statistical tests indicate no significant
difference between the soil profiles in each zone (P > 0.05 for
all values). The soils in the NFzs show a mean value of 4.02,
with maximum and minimum values ranging from 3.18 to
5.19, while the soils in the two flood zones have maximum
and minimum values ranging from 3.20 to 5.84 (FFz) and
3.47 to 5.56 (MFz), respectively.

Concentration of metal elements. Table 2 shows the
data on the metals that were analyzed for the soils in different
areas under study (FFz, MFz, and NFz) as well as the generic
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Distribution of contaminated soils along transversal and longitudinal gradients

criteria for the contamination thresholds (A, B, and C criteria;
see legend in Table 2) established by Québec’s environment
ministry.®? Table 2 also provides the values for the natural
geochemical background for the soils and sediment originat-
ing from the Appalachian region provided by the govern-
ment.? In some cases, the concentration of metals (natural
background) in the soil and sediment from the Appalachian
region have values above or below Criterion A established by
the Environment Policy. This is the case, for instance, for met-
als such as cadmium, chromium, and lead that have values
below Criterion A. Based on the results, certain soil samples
have relatively high concentrations of metal elements (eg, As,
Cu, Ni, Pb, Zn) that exceed the guideline contamination
thresholds.®® Arsenic (140 mg kg™) and copper (700 mg kg™)
levels are especially high and exceed Criterion C, which indi-
cates major soil contamination. Manganese (4100 mg kg™)
also exceeds the soil contamination threshold of Criterion C.
These values are generally higher than those obtained for the
geochemical background and the control site (Table 2). Also,
note that the mean values obtained for certain elements show
slightly higher concentrations for soils in the FFzs (interval of
0-20 years), while certain other metals (eg, As, Co, Cu, Pb,
and Zn) have higher values for the areas characterized by less
frequent flooding (interval of 20-100 years). The maximum
concentrations obtained for all the samples that were analyzed
are mainly found in areas with less flooding. This explained by
the fact that lower flood frequency reduces sediment remobi-
lization and leaching. Also, the highest organic matter con-
tent in these floodplain soils (surface layers) can help increase

Figure 3 presents the mean, median, maximum, and mini-
mum values for the metals (Cu, Pb, and Zn) with high values in
the soil profiles for the three zones under study (FFz, MFz, and
NF2). It was noted that for certain soil samples, copper, lead,
and zinc have significantly higher concentrations in the MFzs
than in the other zones, with maximum values of 700, 580, and
220 mg kg*. The mean and median values obtained in alluvial
soils for the MFz are 95 and 28 mg kg™ (Cu), 71 and 19 mg kg™
(Pb), and 62 and 52 mg kg! (Zn), respectively. The soils in the
NFzs show non-negligible concentrations of metals, in particu-
lar of copper (79 mg kg™). Table 3 lists the concentrations of
metals obtained in the surface layers (0—20 cm depth) of alluvial
soils in the FFzs. Certain soil profiles (Q74 and Q83) also have
high concentrations of Cu (380 mg kg™) and Pb (200 mg kg™),
with values exceeding soil contamination thresholds of Crite-
rion A.%° However, most of the surface samples (0—20 cm) that
were analyzed have values corresponding to the natural back-
ground. Finally, Table 2 provides the maximum values of the
main metals that were analyzed while taking into account the
depths and their distribution based on the study areas (FFz,
MFz, and NFz). Once again, the surface (0-20 cm) or subsur-
face (20—40 cm) layers are the most affected by contamination,
and in several cases, they originate from soils in the MFzs. The
statistical analyses conducted with Duncan’s and Tukey’s tests
for the three study areas (FFz, MFz, and NFz) do not reveal
any significant differences among the zones in the concentra-
tion of the metals that were analyzed (Cd, Cr, Cu, Ni, Pb, and
Zn), except for nickel (P < 0.0428), which shows significant
differences between the FFzs and MFzs, given that Ni concen-

metal retention.26:61-63 trations are generally higher in the alluvial soils of the MFzs.
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Figure 3. Metal concentrations (mg kg™') for Cu, Pb, and Zn in soils in different flood zones and outside the floodplains (graph shows the average,

median, maximum, and minimum values).
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Table 3. Concentrations of metal elements in subsurface horizons (0—20 cm depth) of alluvial soils in Frequent Flood zones along the

Massawippi River.

SITES pH socC? Cd Cr Cu Ni Pb Zn
Q43 5.34 4.49 <0.5 24 17 4 22 73
Q44 5.35 5.13 <0.5 24 24 32 29 73
Q60 4.80 3.63 <0.5 19 1 30 18 17
Q60B 3.89 4.52 <0.5 21 14 29 20 54
Q62 4.37 2.49 0.6 24 1 25 21 69
Q63 4.52 215 <0.5 25 12 27 15 34
Q66 4.32 2.59 <0.5 30 20 23 20 49
Q69 4.78 3.03 <0.5 42 26 49 23 74
Q72 5.04 1.94 <0.5 21 28 36 18 58
Q74 3.69 3.03 <0.5 16 380° 16 200 79
Q78 4.68 1.26 <0.5 13 25 15 20 39
Q79 4.55 1.08 <0.5 14 54 17 37 61
Q80 5.68 1.86 <0.5 17 25 25 22 50
Q83 4.37 2.07 0.7 29 160 35 66 99
Min. 3.69 1.08 <0.5 13 1 15 15 17
Max. 5.68 5.13 0.7 42 380 49 200 99
Mean 4.67 2.81 0.5 23 58 29 37 59
SD 0.55 1.24 0.5 8 100 10 48 21

Notes: 2Soil organic carbon in percent (dry weight). Bold values exceed A or B criteria of the level of soil contamination.®® Metal concentration is expressed in mg kg

Table 4 presents the comparative values between the soils
analyzed in the various study zones (FFz, MFz, and NFz)
and those located along (1-3 m) the Massawippi River, near
the former Eustis and Capleton mines. For the sites on the
riverbanks, soil sampling was done from 2006 to 2010,*%
which is prior to the rehabilitation work at the former Eus-
tis mine site, which was completed in 2009.3* The concen-
trations of the main metals analyzed on the riverbanks (eg,
EUS-3-1, CAP-2-I) showed generally higher values than at
the other sites in the FFzs and MFzs (Table 4). Besides cad-
mium and chromium, all the other metals exceed the con-
tamination thresholds of Criteria A and B (ie, As, Cu, Ni,
and Zn). However, when comparing all the sites, the maxi-
mum recorded values may be found either on the riverbanks
(eg, 740 mg kg™! Zn) or several meters to a dozen meters from
the bank (eg, 700 mg kg™ Cu and 580 mg kg™! Pb; see Fig. 1).
'The riverbank soils contain, in addition to heavy metals, traces
or layers contaminated with hydrocarbons (C,~C,) that are
easily visible in the profiles. This hydrocarbon contamination
appears to originate from illegal or accidental spills, with the
source being the former Eustis mine.*>**

Level of contamination in soil profiles. For the soil pro-
files being presented that are representative of other profiles, it
was noted that the highest concentrations of metals (Cu, Ni,
Pb, and Zn) are generally found in the alluvial soils, for both
the FFzand MFz (Table 2 and Fig. 4), and that the highest con-

centrations are generally found in the surface layers (0—20 and

20-40 cm depth), except for profile Q79, which has higher Ni
and Zn concentrations in the deeper layers (60-80 cm). Cop-
per and lead frequently exceed the contamination threshold of
Criterion A and occasionally the threshold of Criterion B.
Concentrations of the other two metals (Ni and Zn) are gen-
erally lower in all the profiles, although nickel occasionally
exceeds the Criterion A threshold. It was also noted that pro-
file Q82, located outside the floodplains (NFz), also had high
nickel concentrations (63 and 79 mg kg™) that exceed the con-
tamination threshold of Criterion A.

No real vertical pattern of contamination was noted
in the soil profiles, although the surface layers (0-20 and
20-40 cm) generally showed higher metal concentrations (eg,
Q74, Q77, and Q83; Fig. 4). There is a definite risk that the
remobilization of sediment contaminated during flooding will
affect these surface layers to a greater extent. In the NEzs,
the concentrations of metal elements are generally lower and
correspond to the natural geochemical background, except
for some metals such as copper and lead, which can exceed
the Criterion A threshold in the surface layers (eg, 120 Cu
and 180 Pb mg kg™!). Low concentrations of arsenic (10 and
19 mg kg™) were also found in soil profiles located in NFz. The
presence of contaminants in these soils is difficult to explain
since they are found several dozens of meters from the alluvial
plains and mine tailings. The plausible explanation that would
account for their presence in these soils would be the trans-
port of local airborne inputs that may originate from former
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Table 4. Comparison of metals element concentrations between soil profiles and horizons contained hydrocarbons-contaminated layers

in riverbanks of Massawippi River.

SITES As? (of| Cr Cu \[] Pb Zn HYDROCARBONS
(mg kg™)

Massawippi River
Frequent flood zone (FFz) 18 0.5 26 41 33 295 53 -
Moderate flood zone (MFz) 30 0.6 21 95 23 71 61 -
No-flood zone (NFz) 8 0.6 23 27 31 29 41 -

Soil profiles with hydrocarbons layers
MAS-10-1 nd <0.5°¢ 14 9 24 7 38 <100
MAS-10-2 nd 0.6 15 93 23 38 110 <100
EUS-1-I 7 <0.5 19 17 35 1 67 <100
EUS-2-1 5 <0.5 64 14 120 1 61 <100
EUS-3-1 12 <0.5 15 220 31 35 740 <100
MAS-13-1 38 0.8 nd nd nd 149 nd <60
MAS-13-2 4.5 0.2 20 63 31 16 93 nd
CAP-1-I 10 <0.5 15 98 26 23 110 <100
CAP-2-| 15 <0.5 15 180 25 36 190 <100
CAP-3-1 8 <0.5 12 46 21 10 75 <100
Criterion AP 6 1.5 85 40 50 50 110 300
Criterion B 30 5 250 100 100 500 500 700
Criterion C 50 20 800 500 500 1500 1500 3500

Notes: 2Metal concentration (mean value) is expressed in mg kg~' (nd = no data). ®The level of soil contamination (A, B or C criteria) for metal elements established

by the Environment Ministry.®°

waste rock piles left uncovered for several decades. Besides
this, there is no other source of industrial waste around the
mining sites.

Of all the profiles that were analyzed, copper had the
highest concentrations, which is easily explained by the pres-
ence of mine tailings from the mining of copper ore at the
tormer Eustis and Capleton mines. Mine tailings also contain
high concentrations of iron sulfide and pyrite, which contrib-
ute to the acidification of the environment.** Mining opera-
tions took place from 1865 to 1939,3%34 and thereafter, the
former mines long remained abandoned and unmonitored.
More recently, the Eustis mine tailing sites (about 15 ha)
underwent rehabilitation, with the last phase being completed
in 2009.34

Correlation of soil properties and metal elements.
Significant positive correlations were noted between Cu and
Pb (r = 0.948), Fe and Pb (r = 0.951), Fe and Cu (r = 0.946),
and Fe and Zn (r = 0.955) (Table 5). Also, high correlations
were observed between Cu and Zn (r = 0.758) and Pb and
Zn (r=0.753). Al and Cu elements are highly correlated but
negative. Figure 5 also shows the high correlation between
Cu, Pb, and Zn for the MFzs, with the highest concentrations
of all the values obtained. It is not infrequent to find combina-
tions of metals such as Cu, Pb, and Zn in the contaminated
soils, particularly in the waste rock piles.’>>” In fact, these
same metals (Cu, Pb, and Zn) have the highest concentrations

in the soils that were analyzed. Copper is in fact the metal
with the highest level (eg, 700 mg kg™).

With respect to different soil properties (eg, pH, SOC,
particle size) and the various metals analyzed, no strong posi-
tive correlation was noted between these variables, and the
coeflicients that were obtained were mainly negative (Table 5).
For instance, the correlation between pH and different metal
variables remains mainly negative. It is known that soil acidity
can contribute to increasing the solubility of certain metals,
such as cadmium and chromium, which become more soluble
with pH < 5.5.°057 It is therefore likely that the low concen-
tration of certain metals (eg, cadmium) is partly because of the
high soil acidity, which favors the solubility of this metal. Sev-
eral studies show that the drop in soil pH could lead to desorp-
tion of metallic elements into soil profiles.>*2¢ In addition, no
strong relationship was found between SOC and the various
metals. The high concentration of the organic particles of a
soil is usually considered as a key parameter in the adsorp-
tion of the metal elements in the s0il.’**” The electropositive
charge of several metallic elements (eg, Cu, Pb, Zn) promotes
the ionic linkages with the fine organic particles, which are
characterized by opposite charges (ie, electronegative charges).
This can promote the formation of microaggregates and
macroaggregates, which reduce metal mobility in soil pro-
files.®2>26 Note that SOC(%) concentrations measured in the
alluvial soils are rather low (mean value = 1.99), which reduces
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Figure 4. Graph of soil profiles (0—100 cm depth) with heavy metal (Cu, Ni, Pb, and Zn) concentrations (mg kg™).

the possibility of retention or adsorption of the metals found
in the mineral soil. This undoubtedly accounts for the low cor-
relation coeflicients obtained among these variables (SOC% vs
metal elements). This could also apply to the Clay(%) variable
and the other metals with very low correlation coeflicients.
Most of the soils that were analyzed contain low quantities
of clay, rarely reaching 5% (mean and median values of 4.9
and 4.4%), which substantially reduces the metal retention
potential of the clay particles. It is known that soils with a fine
matrix (texture mainly characterized by clay) generally have a

1,567 and the presence

higher heavy metal retention potentia
of carbonates or ligands, such as humic colloids, can strongly
influence the retention of cations and metal elements in soils.
A strong negative correlation was also noted between some
variables such as Sand and Silt, Sand and Al, and Cu and Al
(Table 5).

Spatial distribution of metal contamination. The spa-
tial distribution of the contamination of alluvial soils and

nonalluvial soils by different heavy metals (As, Cu, Ni, Pb,
and Zn) is illustrated in Figure 1. In the Eustis mine area and
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Distribution of contaminated soils along transversal and longitudinal gradients

Table 5. Correlations between soil properties and metal elements in Moderate flood zone (interval 20-100 yrs) of the riverbanks of Massawippi

River (n = 95).
SOIL SOIL pH SoC Al
VARIABLES %) T
Soil pH 1
SOC -0.064 1
Sand 0.106 0.361 1
Silt —-0.095 -0.319 —-0.993 1
Clay -0.144 —-0.498 -0.761 0.683* 1
Al —-0.010 -0.367 -0.869 0.835* 0.665* 1
Fe -0.397 0.457 —-0.040 0.085 -0.180 0.273 1
Cu —-0.025 0.019 -0.131 0.149 -0.017 -0.869 0.946* 1
Ni 0.329 —-0.047 0.125 -0.154 0.080 0.102 -0.052 -0.128 1
Pb —-0.242 0.069 -0.100 0.120 -0.043 0.200 0.951* 0.948* -0.122 1
Zn —0.061 0.093 -0.320 0.336 0.135 0.397 0.955* 0.758* 0.079 0.753* 1

Notes: *Correlation is significant at the 0.5 level.

a few kilometers downstream of the site, a higher contami-
nation was noted in the alluvial soils in the FFzs, especially
for As, Cu, Ni, Pb, and Zn. Concentrations are significantly
higher and exceed the Criterion A and, on a few occasions,
the contamination thresholds of Criterion B.%? This is the case
for sites Q74, Q83; EUS-2, EUS-3; M AS-10-2/Eustis. In the
sites located in the MFzs and NFzs, soils contaminated with
As, Cu, Ni, Pb, and Zn were also found. The soils from the
MPFzs are the ones with the highest metal concentrations, in
particular arsenic (140 mg kg™), copper (700 mg kg™), lead
(580 mg kg™), and nickel (580 mg kg™). Outside the flood-
plains, some sites present high values, in particular for copper
(120 mg kg™) and lead (180 mg kg™). There are also soils con-
taminated with As, Cu, and Pb upstream of the former Eustis
mine in the MFzs and NFzs, with respective values of 8 mg kg™
(As), 59 mg kg™ (Cu), and 88 mg kg™ (Pb). For the sites near
the former Capleton mine, a few kilometers downstream,
several contaminated sites are also found, including MAS-
13-1/Capleton, CAP-1-I/Capleton, and CAP-2-1/Capleton,
where the contamination thresholds of Criteria A and B
are exceeded. For instance, arsenic, copper, lead, and zinc
concentrations are, respectively, around 8-38 mg kg7,
63-220 mg kg, 149 mg kg, and 110-740 mg kg™ (Table 4).
The soils located in the MFzs and NFzs were also found to
exceed the contamination thresholds of Criteria A and B on a
number of occasions for arsenic, copper, and lead, with values of
18-19 mg kg (As), 92-160 mg kg (Cu), and 59-95 mg kg*
(Pb). Finally, in the area upstream of Lennoxville, less than a
dozen kilometers from the Capleton site, the analyzed soils did
not reach the contamination threshold of Criterion A, except in
the case of profile Q82 located outside the floodplains (Fig. 4).
For example, nickel concentrations were 79 mg kg™! (20-40 cm
in depth) and 50 mg kg™ (020 cm) and 63 mg kg™ (40—60 cm)
in the other soil layers.

Finally, for the soils located near the former Eustis waste
rock piles (eg, Q43, Q74, Q83; see Fig. 1) that were sampled
after the site was rehabilitated,** relatively high contamination
levels were detected that exceed the contamination thresholds
of Criteria A and B. For instance, the soils at sites Q74 and
Q83 show high levels of As, Cu, Ni, and Pb (eg, 200 mg kg™
for both Ni and Pb). These sites are located less than 2 km
from the Eustis mine, and the contaminants found in the riv-
erbank sediment most likely originate from the former waste
rock piles. Note that rehabilitation work was done at the for-
mer Eustis mining site from 2007 to 2009%* and consisted of
covering the mine tailings with a waterproof barrier to pre-
vent oxidation, rainwater infiltration, and subsequent AMD.
Despite the rehabilitation work, some riverbank near the site
still contain heavy metals, which are likely to be resuspended
with the sediments during successive floods and carried
downstream. This reflects the problems inherent in remobi-
lization, and the persistence of environmental contaminants
several decades after mining operations ended in this area.3%3*

Furthermore, in a number of studies on the transport of
contaminants by rivers and streams, several authors®*18 dis-
cussed the problem of the persistence of contaminants in the
river environment. In addition, strong currents or successive
floods can carry contaminants over very long distances, sev-
eral kilometers from the point source. Riverbank soils often
present the highest concentration of pollutants. With respect

43,44 it was

to current findings and those from previous studies,
noted that contaminants can be transported over long dis-
tances. However, the remobilization and transport of pollut-
ants along riverbanks appear more complex than the previously
anticipated means of dispersion. In fact, higher contamina-
tion levels were expected in FFzs than in MFzs. However, it
was noted that the latter had values often higher than those

recorded in the FFzs (interval of 0-20 years). This means
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Figure 5. Correlation (Pearson coefficient) between the main metal element (Cu, Pb, and Zn) found in the MFzs (interval 20—100 years). The results

show a strong positive correlation between each variable.

that the remobilization of pollutants and their sedimentation
can occur at microscales sometimes equivalent only to a few
meters or dozens of meters, in keeping with the respective
flood recurrence zone boundaries. Furthermore, in the zones
less affected by flooding (recurrence of 20-100 years), pollut-
ants may remain in place longer and constitute to some extent
quasi-permanent storage areas.

In addition, several of these metal elements, including
lead and zinc, are considered low-soluble metals,’® which
allows them to remain in the soil over a long period of time.

It is known that zinc and more specifically lead can last a long
time in soils.>>!* However, increased soil acidity (pH < 4.5)
may favor the solubility of these metals. For the soils analyzed
in the MFzs, pH levels are relatively comparable to those
observed in the FFzs, along with the organic carbon content
and variations in texture (Table 2). These various soil proper-
ties do not appear before the factors that can explain the higher
concentration of heavy metals observed in certain soils in the
MFzs. 1t is possible that other factors come into play such
as internal leaching, fluctuations in groundwater, and flood
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recurrence, which, although less frequent, may favor slightly
lower leaching of heavy metals in alluvial sediments.}%1218 In
short, all these elements (distance from the riverbank, flood
recurrence, metal mobilization) must be taken into account
to better understand the mode of dispersion and accumula-
tion of pollutants in the river environment. Furthermore, it is
also important to consider the effects of the transport of local
airborne inputs, in particular in the context of mine tailings
left uncovered and abandoned, which can be a major source of

contamination for surrounding areas.

Conclusions

Even several decades after the end of mining operations at the
Albert-Eustis—Capleton Complex, heavy metals are still pres-
ent in the alluvial soils along the banks of the Massawippi River.
'The main metals consist of arsenic, copper, nickel, lead, and zinc,
which have the highest concentrations that sometimes exceed the
soil contamination criteria established by the Québec’s environ-
ment ministry. The highest concentrations occur downstream of
the Eustis and Capleton sites with values between 220 and 380
mg kg™ for copper and 190 and 740 mg kg™ for zinc, respec-
tively. High copper levels in some alluvial soils (700 mg kg™)
can be explained by the presence of old tailings coming from
copper mining along the Massawippi river.

'The soils in the MFzs also contain high concentrations of
various heavy metals, including copper, zinc, and lead. Metal
concentrations are generally higher in the surface layers, but
there are also high levels of contaminants in the lower layers
of the profile (>60 cm). Relatively high traces of metal are
also found in the soils outside the floodplains, even if these are
located several dozen or hundreds of meters away, which indi-
cates the possibility of the transport of local airborne inputs
originating from waste rock piles left uncovered for several
years after mining operations ended. No particular spatial
pattern was detected in the distribution of contaminants in
the upstream—downstream river axis. High concentrations of
metals are equally found at the sites adjacent to the former
mines as in those further away. Finally, no significant decrease
in metals in the alluvial soils was detected even after the reha-
bilitation of the Eustis mining site, which began in 2007 and
ended in 20009.

Finally, the continuing presence of high levels of certain
heavy metals (eg, Cu, Pb, and Zn) in soils even after the Eus-
tis mine closed in 1939 shows the problem of the persistence
of contaminants in the river environment and the negative
effects of their remobilization during the occurrence of floods.
In the current context where there is potential for an increase
in flood frequency in the coming decades, there is a possibility
that the contamination along the riverbanks could extend over
several dozen kilometers from the source point.
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