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Abstract: Regional sampling of the humus, B, and C horizons of glacial soils from 106 sites within a 100 km
radius of the copper smelter at Rouyn-Noranda, Quebec, has provided an extensive database on soil
geochemistry and other physical properties both from sites within the area of metal contamination and from
sites showing little anthropogenic enrichment. Using this database, the distribution and mobility of two
smelter-derived trace metals, copper and lead, was examined with respect to parent material, soil horizon,
and wind patterns for the area. Copper is the primary smelter product and is concentrated in local min-
eralized deposits. Lead is a smelter emission with low concentrations in the local bedrock and soils. Geochemical
results indicate that both emitted metals are enriched in humus in the vicinity of the smelter and decrease in
concentration with distance and that a higher percentage of emitted copper is retained in humus than lead.
Sequential analyses of humus show that chemical phases in which the metals are retained vary depending on
the element and distance from the smelter, but both copper and lead are retained primarily in the labile phase
associated with soluble organic material at sites within 10 km. Leaching from humus into lower compart-
ments of the soil horizon depends on parent material and distance from the smelter. At sites near the smelter,
evidence supports metal retention in the B horizon of soils developed on glaciolacustrine sediment and
metal migration downward through the C horizon for soils on diamicton. 1

1 Geological Survey of Canada, 601 Booth Street, Ottawa, Ontario, Canada K1A 0E8

1

Résumé : Le prélèvement régional d’échantillons dans l’humus et dans les horizons B et C de sols
glaciaires, dans 106 sites situés dans un rayon de 100 km de la fonderie de cuivre de Rouyn-Noranda (Québec), a
permis de produire une vaste base de données sur la géochimie du sol et d’autres propriétés physiques de
sites se trouvant dans la zone contaminée par des métaux et de sites ne présentant qu’un faible enrichis-
sement anthropique. À l’aide de cette base de données, on a examiné la répartition et la mobilité de deux
métaux à l’état de traces émis par la fonderie, soit le cuivre et le plomb, en tenant compte des matériaux
d’origine, des horizons pédologiques et des vents de la région. Le cuivre, qui est le principal produit de la
fonderie, est concentré dans des gisements minéralisés locaux. Le plomb est une émission de la fonderie qui
est présent localement en faibles concentrations dans le socle rocheux et les sols. Les données géochimiques
obtenues indiquent que ces deux métaux émis par la fonderie sont enrichis dans l’humus aux environs de la
fonderie, que leurs concentrations diminuent en s’éloignant de cette dernière et qu’un plus fort pourcentage
d’émissions de cuivre que de plomb est piégé dans l’humus. Des analyses séquentielles de l’humus
montrent que les phases chimiques des métaux piégés varient selon l’élément et la distance par rapport à la
fonderie. Toutefois, le cuivre et le plomb sont tous deux principalement piégés en phase labile, cette
dernière étant associée à la matière organique soluble des sites situés à moins de 10 km. La lixiviation depuis
l’humus jusque dans les parties inférieures de l’horizon pédologique est fonction des matériaux d’origine et
de la distance par rapport à la fonderie. Dans les sites situés à proximité de la fonderie, des indices
témoignent du piégeage des métaux dans l’horizon B des sols formés sur des sédiments glaciolacustres,
ainsi que de la migration descendante des métaux à travers l’horizon C des sols reposant sur du diamicton.



INTRODUCTION

Variations in trace-metal concentrations were examined in
glacially derived soils collected near the Horne smelter at
Rouyn-Noranda, Quebec (Fig. 1). This project is part of the
GSC Metals in the Environment (MITE) initiative, a multidis-
ciplinary program designed to examine the distribution and
fate of smelter emissions in various sample media
(Bonham-Carter, 2005). The soil study focused on 1) map-
ping the areal and vertical variations in trace-metal concen-
trations; 2) characterizing the form and association of metals
in soils through physical methods and geochemical analyses;
3) assessing the factors and processes that control the distri-
bution and fate of elements in the environment; and 4) devel-
oping criteria to distinguish anthropogenic from geogenic
metal enrichment.

Rouyn-Noranda is located in the Abitibi Greenstone Belt,
one of the richest mineralized areas of the world (Veillette et
al., 2005). The Horne smelter is located on the edge of the city
and is the main source of atmospheric pollution to the sur-
rounding environment. It is a custom copper smelter, owned
and operated by Noranda Inc., and has been in operation since
1927. Smelter emissions include arsenic, cadmium, copper,
lead, and zinc (Noranda, Inc., pers. comm., 1997).

Metal smelters are known to be sources of metal contami-
nation in surficial materials (e.g. Davies, 1983; Reimann et
al., 1998a; McMartin et al., 1999).

Emission sources obviously include the smelter stack, as
well as the less obvious fugitive sources, such as windblown
dust from metal concentrate piles and tailings, which have
been reported as major contributors to contamination within
5 km of smelters (Jennett et al., 1977). Metals derived from
these atmospheric sources accumulate in humus, primarily
through absorption on and complexation with organic matter
and oxides of iron and manganese, and clay minerals
(Adriano, 2001). Near smelters, concentrations of smelter-
derived metals in humus decrease with increasing distance
from the source (Paquet, 1987; Dumontet et al., 1992;
McMartin et al., 2002). This metal loading is attributed to
atmospheric fallout of metal-rich particulate; however, diffi-
culties arise in distinguishing smelter-related metal loading
from natural (geogenic) metal enrichment. This is particu-
larly true in highly mineralized areas such as Rouyn-Noranda
(Veillette et al., 2005), since soil geochemistry is a function
of sediment provenance, including mineralization.

The regional distribution of smelter-derived metals in
soils addresses only one aspect of smelter-related input to the
environment. Knowledge of the chemical and mineralogical
forms of emitted metals is equally important, since it provides
information on the mobility and bioavailability of the metals.
Various researchers have addressed the mobility problem,
although results are contradictory (Karczewska, 1996).
Depending on the research method, some authors indicate
metal stability and limited mobilization in soil horizons
(Dumontet et al., 1992; Wang et al., 1995), whereas others
emphasize the high potential for metal mobilization into
other compartments of the environment (Hazlett et al., 1984;
McBride, 1989; Greinert, 1993). Differences in interpretation

are related primarily to variations in the factors influencing
metal solubility and the sorption capacity of soils. These fac-
tors are related to soil characteristics (i.e. pH, organic matter,
cation exchange capacity, and clay content), soil genesis
(depositional and soil-forming processes), and the extent,
nature, and form of emissions contributing to soil contamina-
tion (Colbourn and Thornton, 1978; Äyräs et al., 1995;
Henderson et al., 1998).

This paper summarizes results from the geochemical
analysis of samples collected at 106 sites within 100 km of the
Horne smelter at Rouyn-Noranda and is based on data
reported in Henderson et al. (2002). The soil-sampling pro-
gram focused on establishing metal concentrations related to
the main factors affecting soil geochemistry, including bed-
rock provenance, parent material, and distance from the
smelter. Samples represent contaminated and ‘background’
sites, as well as vertical geochemical variation in soil profiles.
Using copper and lead as examples, the distribution of these
emitted metals is examined with the following objectives:
1) to infer the extent of anthropogenic metal loading, through
relationships between concentration levels at contaminated
and background sites, and 2) to assess metal mobility result-
ing from metal loading through sequential and selective
geochemical analyses.

PROTOCOLS AND METHODS

Sampling design

The study area was centred on the Horne smelter at
Rouyn-Noranda, Quebec, with sample density decreasing
with distance from the smelter to an approximately 100 km
radius (Fig. 1). This sampling protocol is based on results
from previous studies near smelters, which showed that soil
contamination occurs primarily within 30 to 40 km of the
source (Paquet, 1987; McMartin et al., 1999). The 106 site
locations were chosen on the basis of site-specific and
regional criteria, which include 1) sample integrity — the
absence of identifiable anthropogenic sources of soil contam-
ination (other than the smelter); 2) program integration —
proximity to sample sites of other sample media used in the
MITE program (e.g. peat, lake-bottom sediment); 3) sample
diversity — various parent material (till and glaciolacustrine
sediment) overlying various bedrock terrains; 4) regional
coverage — an areal distribution with site density decreasing
with increasing distance from the smelter; and 5) sediment
thickness — sediment accumulation more than 1 m thick with
established soil profile.

Sampling procedures

At most sites, samples were collected from three soil hori-
zons, i.e. humus (total thickness, ~0–5 cm) and the B (5–25
cm depth) and C (80–90 cm depth) soil horizons (Fig. 1;
Henderson et al., 2002). Humus comprised the well decom-
posed, dark organic part of the uppermost soil horizon. It con-
sisted primarily of the decay products of surface organic
material (i.e. plants, leaves, roots); however, both partially
decomposed forest litter and mineral soil constitute part of

2

GSC Bulletin 584



the sample in areas where organic soil horizons are thin. The
soils were collected from pits approximately 1 m deep and
from cleaned natural exposures. At each site, 1 to 2 kg of
humus and 5 to 10 kg of mineral soil samples were placed in
thick polyethylene bags, which were tightly fastened.
Observations were recorded on site and sample characteris-
tics (see Henderson et al., 2002, Appendix A1 and A2).
Humus was stored in coolers and kept refrigerated prior to
analyses; all other samples were stored in pails at room tem-
perature.

Analytical procedures

All samples (both humus and B- and C-horizon soils) were air
dried and sieved to <2 mm using a stainless steel screen. The
<2 mm fraction was analyzed for a broad suite of elements
(Ag, Al, As, Ba, Bi, Ca, Cd, Co, Cr, Cu, Fe, Hg, K, Mg, Mn,
Mo, Ni, P, Pb, Sr, Ti, V, Zn) by inductively coupled plasma
atomic emission spectrometry (ICP-AES) following partial
digestion in aqua regia (HNO3-HCl) and, for Hg, cold-vapour
atomic absorption spectrometry (CV-AAS). In addition,
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Figure 1. Sample locations, Rouyn-Noranda area (geology modified from MERQ–OGS,
1984). Circles represent approximate radii of 10, 25, 50, and 100 km from the smelter.



the organic-matter content was characterized using the
loss-on-ignition (%LOI) method at 550°C (Sheldrick, 1984).
Soil pH was determined using methods outlined by Sheldrick
(1984) and Thomas (1996) and described in Knight et al.
(2000). Grain size was determined for all mineral soil sam-
ples using a two-step process, involving a sieve stack and
particle size analyzer (Lectotrac LT-100; R.A. Klassen,
I. Girard, R.R. LaFramboise, and P.J. Lindsay, unpub. rept.,
2000).

Humus samples were also analyzed by inductively cou-
pled plasma mass spectrometry (ICP-MS) using a sequential
leach method modified from Hall et al. (1996; Table 1). The
leaches are operationally defined to extract labile soluble
organic phases using sodium pyrophosphate and non-labile
phases using hydroxylamine hydrochloride to digest crystal-
line iron oxides, potassium chloride to digest sulphides and
‘less soluble’ organic phases, and a multi-acid leach to digest
residual mineral phases.

The <2 mm fraction of B- and C-horizon soils was also
analyzed using two selective extraction methods (non-
sequential; Hall et al., 1996), one defined to extract amor-
phous iron and manganese oxides and hydroxides (labile
phases) after digestion by hydroxylamine hydrochloride
(0.25M in 0.25M HCl) at 60°C for 2 hours, and the other
defined to extract all phases including most silicates and resis-
tant minerals after multi-acid digestion (HF-HClO4-HNO3).
Extracted solutions were analyzed by ICP-MS.

The accuracy and precision of geochemical data were
monitored using control samples, both duplicates and refer-
ence standards, and are presented in detail in Henderson et al.
(2002). The precision (as measured by the relative standard
deviation) for ICP-AES (aqua regia) analyses is <5% for both
Cu and Pb. For the sequential analyses of humus, the preci-
sion for Cu is <15% and for Pb, <10%, for each of the first
three leaches. The precision for geochemical analyses of min-
eral soils using the hot hydroxylamine digestion is <10% for
both Cu and Pb, and using the multi-acid digestion, <10% for
Cu and ~20% for Pb, as concentrations are at or near the lower
detection limits.

SOIL CHARACTERISTICS

Soil parent materials in the Rouyn-Noranda area include
glacial sediment (till) deposited during the latest continental
glaciation (Wisconsin) and postglacial glaciolacustrine sedi-
ment (Veillette, 1989; Veillette et al., 2005). Till is character-
istically a grey to grey-brown sandy diamicton (averaging
57% sand, 40% silt, 3% clay), commonly stony and generally
loosely compacted. Where it has been reworked by
glaciolacustrine processes, it can appear as poorly sorted
gravel, lacking the finer grain sizes. Glaciolacustrine sedi-
ment consists of grey, fine-grained, clayey silt (averaging
10% sand, 68% silt, 22% clay). It varies from massive to
varved and may contain local pebbles, cobbles, or sandy
lenses. The deposits formed offshore of postglacial Lake
Barlow-Ojibway, from fine-grained material derived directly
from the glacier.

Since drainage of the postglacial lake at approximately
8000 BP (Vincent and Hardy, 1979; Veillette, 1996), the soils
have been subjected to weathering. Soil profiles that devel-
oped on the parent materials in the area include the following:
1) Humo-Ferric Podzol (Fig. 2a), developed primarily on till
and reworked till. These soils have a brownish, well devel-
oped B horizon in which the dominant accumulation product
is amorphous material composed mainly of humified organic
matter combined in varying degrees with Al and Fe. Typically,
podzolic soils occur in coarse- to medium-textured, acid
parent materials, under coniferous, mixed, and deciduous
forest vegetation (Agriculture Canada Expert Committee on
Soil Survey, 1987). Under similar conditions, more immature
brunisols may develop in the area; however, field char-
acteristics are similar and brunisolic soils can only be dif-
ferentiated from podzolic soils through chemical analysis;
2) Grey Luvisol (Fig. 2b), developed primarily on glacio-
lacustrine silty deposits. These soils characteristically occur
in well to imperfectly drained sites in sandy loam to clay,
base-saturated parent materials, under forest vegetation
(Agriculture Canada Expert Committee on Soil Survey, 1987).
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Extractant phase dissolved
1 0.1M Na4P2O7  (sodium pyrophosphate)

1g sample/100 ml
1 hour (h) extraction 

‘soluble organic’ component 
metals adsorbed, complexed, or chelated by
organics (humics and fulvics)

2 1M NH2OH.HCl (hydroxylamine
hydrochloride) in 25% acetic acid
30 ml at 90oC
3 h extraction

Crystalline iron oxides
(eg. hematite, goethite, magnetite)

3 KClO3/HCl
15 ml for 0.5 h with mixing; followed by
4M HNO3 (10 mL) at 90oC

Sulphides and ‘less soluble’ organic matter

4 HF-HClO4-HNO3-HCl
10 mL, to dryness

Silicates, residual crystalline fraction

Table 1. Sequential extraction scheme (modified from Hall et al., 1996).



METAL DISTRIBUTION IN SOILS

Henderson et al. (2002) provide the complete database for the
soil component of the MITE program in the Rouyn-Noranda
area. The report presents site and sample descriptions as well
as results of all geochemical analyses, including quality assur-
ance and control, in Microsoft® Excel format. Geochemical
maps and statistics are presented for Ag, Al, As, Ba, Bi, Ca,
Cd, Co, Cr, Cu, Fe, Hg, K, Mg, Mn, Mo, Ni, P, Pb, Sr, Ti, V,
Zn. Geochemical data for humus, B-horizon, and C-horizon
soils are provided in the GIS Mite database (<2 mm fraction;
ICP-AES, following aqua regia digestion).

In this paper, only results for Cu and Pb will be discussed.
Both elements are emitted from the smelter. Copper occurs in
massive sulphide deposits of the Rouyn-Noranda area
(Sangster, 1972; Veillette et al., 2005) and is the main smelter
product. Approximately 70 tonnes of copper were emitted
from the stack as particulate matter in 1998 (Noranda, Inc.,
pers. comm., 2000). Over 150 tonnes of particulate lead were
emitted from the smelter stack that same year. Although lead
can be associated with massive-sulphide deposits, it is not present
in high concentrations in either the rocks or unweathered glacial
soils of the Rouyn-Noranda area (Henderson et al., 2002).

Copper and lead distribution

Geochemical maps for Cu and Pb are shown as dot maps and
interpolated surfaces for humus, B-, and C-horizon soils
(Fig. 3, 4). Dot maps are created using MAPINFOTM

Professional, with dot symbols centred over sample locations.
Symbol shapes reflect the underlying parent materials, which
are characterized, for this study, by the C soil horizon and are

either diamicton (till and other sandy sediment) or clay
(glaciolacustrine silty sediment). The symbols are colour-
coded to correspond with the 100th, 95th, 90th, 75th, and 50th

percentile intervals, based on the total population. For humus
only, the background value (Table 2) is used in place of the
50th percentile. Geochemical data are rendered as a con-
toured surface using the natural-neighbour interpolation in
Vertical Mapper™ within the MapInfo® platform. This method
is appropriate for data that are both sparsely distributed and
clustered. For interpolated maps, coloured intervals corre-
spond to the same percentile breaks as are used on dot maps.

Humus

In humus, the bulk of Cu and Pb is retained within 20 km of
the smelter for both elements, with the pattern forming a
bull’s-eye skewed in the direction of the dominant winds, as
indicated by a wind rose (Fig. 3, 4, 5). The average wind
direction is to the east-northeast, with strong components, in
terms of both frequency and velocity, to the north, northeast,
east, southeast, and south (Fig. 5).

Maximum concentrations of both elements are anoma-
lously high near the smelter and decrease with distance,
regardless of parent material. On the basis of background val-
ues determined from the median concentration of humus
samples more than 40 km from the smelter (Table 2), humus
is enriched up to 180 times background for Cu and 96 times
for Pb. Concentrations above background value are present at
sites beyond 50 km, predominantly in the downwind areas
east, north and south of the smelter site.
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B-horizon soils

Maximum Cu and Pb concentrations in B-horizon soils are
lower than in humus (Fig. 3b, 4b). Copper concentrations
exceeding the 90th percentile value are concentrated at sites
within 25 km of the smelter (Fig. 3b), particularly in areas
northeast and southeast of Rouyn-Noranda. Lead concentra-
tions exceeding the 90th percentile value are present through-
out the area and are largely associated with glaciolacustrine
parent material (Fig. 4b). Within the 25 km radius, Pb enrich-
ment occurs in two zones, one extending northeast and the

other, southeast from Rouyn-Noranda. This distribution does
not appear to be smelter related, since Pb concentrations
within 10 km are generally low, with values exceeding the
90th percentile occurring at only three sites. Three other sites
with Pb enrichment occur beyond the 25 km radius in the
northeast, south, and southwest near Lake Duparquet, a former
mining and smelting area (Sangster, 1972).

C-horizon soils

The concentration range for Cu and Pb in C-horizon soils is
less than in humus and B-horizon soils (Fig. 3c, 4c). Maximum
Cu values occur at sites within 10 km of the smelter and are
associated with diamicton parent material (Fig. 3c). Enriched
Cu values (>90th percentile value) are also present within the
50 km radius in areas south-southwest, east-northeast, and
northwest of Rouyn-Noranda at Lake Duparquet. With two
exceptions, Pb concentrations exceeding the 95th percentile
value occur at sites >25 km from the smelter (Fig. 4c) in areas
north, northwest, and south-southwest of Rouyn-Noranda.
High (>13 ppm) Pb values are associated primarily with
glaciolacustrine parent material.

Discussion and interpretation of copper and lead
distribution in soils

Two major factors influence Cu and Pb distribution in humus
— distance from the smelter and wind patterns (Fig. 3, 4). For
B- and C-horizon soils, the primary factor appears to be
parent material. The two parent materials in the Rouyn-Noranda
area (diamicton, predominantly till or reworked till, and
glaciolacustrine sediment) are fundamentally different in
composition and texture because of differences in sedimenta-
tion. The composition of unweathered till (diamicton parent
material) is related to the mechanical process of glacial ero-
sion, transport, and deposition and, consequently, is depend-
ent on up-ice geology (commonly within several kilometres)
and the degree of sediment reworking by wave action associ-
ated with the postglacial lake. A real variation in till geo-
chemistry is related primarily to bedrock geology, including
mineralization (i.e. Cu-Zn deposits near Rouyn-Noranda
(Veillette et al., 2005)). Consequently, diamicton parent
material is both compositionally and texturally heteroge-
neous within the area. In contrast, glaciolacustrine sediments
are likely to be compositionally and texturally homogeneous,
and regional variations in the composition of C-horizon soils
are less than in till. As with till, the composition reflects
regional bedrock geology; however, the textural sorting and
depositional environment associated with glaciolacustrine
sedimentation results in compositional averaging over a broad
region.

Geochemical data (<2 mm fraction; aqua regia digestion)
for Cu and Pb in the three soil horizons are discussed in terms
of three dominant factors that influence their distributions,
i.e. distance from the smelter, wind direction, and parent
material (Fig. 6, 7). Sites have been separated into those
downwind and those upwind from the smelter. Downwind
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Distance
Cu

(ppm)
Pb

(ppm)
> 10 km 43 100
> 20 km 39 90
> 30 km 36 68
> 40 km 30 56
> 50 km 30 52
Calculated background 26.1 52.5

Table 2. Background concentrations of Cu
and Pb in humus. Estimates used for
geochemical maps are based on the median
concentration in humus at sites more than 40
km from the smelter. Values are also shown
for median concentrations in humus for sites
more than 10, 20, 30, 40, and 50 km from the
smelter and for calculated values using a
three-parameter, non-linear, radial decay
model (Bonham-Carter and McMartin, 1997).

N

S

EW

Average
wind direction

1%

5%

10%

Wind blowing TOWARD direction noted
Direction out from smelter (centre of circles)

12.2

12.2

12.7

13.8

14.9

13.4

14.3

14.7

Figure 5. Wind rose for the Rouyn-Noranda area based on
historical data collected by Environment Canada from the
Rouyn airport (1954–2001). Sector length for eight principal
wind directions is proportional to the per cent time the
direction is downwind from the smelter (Baas, 2000).
Average wind direction is shown in red.



sites are those lying in the eastern half of the study area, with
respect to the smelter; upwind sites lie in the western half of
the area (Fig. 5).

Humus

The distribution of Cu and Pb in humus is interpreted as
directly related to atmospheric deposition of metal-rich
smelter particulate on the basis of the following observations:

1. A regional dispersal pattern indicating decreased
concentrations with distance from the source, which is
skewed in the dominant wind directions (Fig. 6, 7). For
both elements, regardless of parent material, the
relationship is described by the power equation y = ax-b,
where y is the metal concentration, x is the distance from
the smelter, and a and b are variables of the specific
trendline. Metal values in the downwind direction are
higher farther from the smelter than those in the upwind
direction at comparable distances.

2. The distribution patterns of Cu and Pb are unrelated to soil
variables, such as parent material, organic matter content
(%LOI), or soil pH (Table 3). The strongest correlation is
between Cu and Pb (0.89) and inversely between
Cu, Pb, and distance from the smelter (-0.49 and -0.52,
respectively). These correlations indicate strongly that
smelter emissions are the main factor controlling the
metal distribution in humus.

3. Both elements are known to occur as particulate smelter
emissions (Noranda, Inc., pers. comm., 1997; see Table 1;
Henderson et al., 2002; Bonham-Carter, 2005).

4. Smelter particles derived from dust emissions are present
within the humus; their number and size decrease with
distance from the smelter (Knight and Henderson, 2005).

B- and C-horizon soils

In areas affected by smelter fallout, B-horizon concentrations
reflect the combined influence of geogenic and anthropo-
genic factors, and C-horizon concentrations, primarily
geogenic factors (Reimann et al., 1998a). The geogenic
component refers to the mineralogy of the soil. During
postglacial weathering, minerals in soils are subjected to
natural pedogenic processes that break down less stable min-
erals, resulting in the liberation of the elements and a vertical
differentiation of metals with depth. In podzols (Fig. 2a),
metals released by weathering can remain in solution to be

taken up by plants or leached into the groundwater, and/or be
retained in the B horizon, adsorbed, precipitated, or seques-
tered in compounds that have a high sorption capacity, such as
clay-sized phyllosilicates, organic matter, or secondary
oxides and/or hydroxides (Räisänen et al., 1997; McMartin et
al., 2002). In less mature podzols and brunisols, B horizons
may show stable or depleted metal concentrations.

Smelter emissions deposited on the soil surface through
direct deposition or incorporated into the soil through
biogeochemical cycling are also subject to pedogenesis.
Previous studies in areas affected by smelter emissions report
downward leaching of metals to 10 to 15 cm depth in contam-
inated soils (e.g. Dumontet et al., 1992; Henderson et al.,
1998), depending on the quality and thickness of the surface
organic horizons, solubility of the metal constituents, and the
degree of anthropogenic metal loading. Therefore, the
response to smelter-related metal loading, if present, will be
observed in the geochemical make-up of B-horizon soils.
Metal concentrations in the essentially unweathered C-horizon
soils represent the geological background at a site, provided
there are no facies changes within the soil profile. For soils
developed on till, C-horizon elemental concentrations com-
monly range widely because of compositional variations
related to bedrock geology. The composition of glaciola-
custrine sediment has less regional variation and the range is
commonly more limited than for diamicton parent materials.

Diamicton parent material

Copper concentrations in both B- and C-horizon soils devel-
oped on diamicton vary and decrease with increasing dis-
tance from the smelter. The trendline for B-horizon soils
downwind from the smelter shows the best fit to the data
(R² = 0.61) (Fig. 6). The geogenic background, as defined by
C-horizon values, ranges from 3 to 194 ppm, with average
concentrations higher in the western half of the project area.
Copper concentrations in B-horizon soils average 24 ppm
and are generally lower than in the C horizon. The high
geogenic background in the Rouyn-Noranda area, as expressed
by C-horizon soil concentrations, is most likely a function of
mineralization (Veillette et al., 2005).

No trend is evident in the distribution of Pb in B- and
C-horizon soils with respect to distance from the smelter.
Concentrations in samples from both horizons are low
(<20 ppm) with a high proportion below the detection limit
(2 ppm) for the analytical method. There is no to very little
enrichment in either soil horizon at sites near the smelter,
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Distance to
smelter Cu (ppm) Pb (ppm) %LOI Humus pH

Distance (km) 1.00
Cu (ppm) -0.49 1.00
Pb (ppm) -0.52 0.89 1.00
% LOI -0.14 0.24 0.34 1.00
Humus pH -0.05 0.03 0.05 -0.17 1.00
n = 105

Table 3. Correlation matrix for Cu and Pb concentrations in humus, distance
from the smelter, humus thickness, humus pH, and %LOI. Correlation
coeffients >0.5 are shown in bold.
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which is a reflection of low Pb con-
centrations in bedrock (Sangster, 1972).
The highest values in C-horizon soils
occur at sites near and in the western
half of the project area.

Other factors that may control
B- and C-horizon metal concentrations
are indicated by the correlation matrix
relating distance from the smelter, Cu
and Pb concentrations, %LOI, and pH
in humus, B-, and C-horizon soils for
sites with diamicton as parent material
(Table 4a). A relationship appears to
exist between Cu in B and especially
C soil horizons and distance from the
smelter, and between Cu concentra-
tions in humus and those in both B and
C horizons. These relationships are
also evident in Figure 6 and may result
from Cu leaching downward from con-
taminated humus and/or geogenic
enrichment in the C horizon. No relation-
ship was found between Pb concentra-
tions in B and C horizons and smelter
distance (Table 4a), and metal concen-
trations in humus do not affect Pb con-
centrations in the B horizon. Both Cu
and Pb concentrations in B-horizon
soils show a strong correlation with
corresponding values in C-horizon soils,
as might be expected from weathering
of the parent material. Lead concen-
trations in B-horizon soils correlate posi-
tively with the organic matter content
(%LOI) and lead is known to form stable
metal–organic bonds in soils (Adriano,
2001).

Glaciolacustrine sediment as parent
material

Copper concentrations in C-horizon soils
developed on glaciolacustrine sediment
(Fig. 7) lack the broad fluctuation in
geogenic background associated with
soils developed on diamicton. Values
range from 10 to 58 ppm and average
29 ppm. B-horizon samples have a much
greater range (8–574 ppm) because of
elevated Cu concentrations at somesites
within 25 km of the smelter, primarily in
the downwind direction.

Lead concentrations in C-horizon
soils developed on glaciolacustrine sedi-
ment are low, averaging 9 ppm, and
vary within a range up to 15 ppm over
detection limit (2 ppm — concentrations
at detection limit are plotted as 1 ppm;
Fig. 7). Concentrations in B-horizon
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soils are generally higher (averaging 18 ppm) than in C-horizon
soils, likely due to the higher organic matter content (%LOI)
and the strong relationship between Pb and organic matter
content (McMartin et al., 2002). As with Cu, B-horizon Pb
concentrations at some sites within 25 km from the smelter
are elevated compared to values from sites more than 40 km
away.

In glaciolacustrine parent material (Table 4b), Cu and Pb
are interrelated in all soil horizons. The strongest correlations
are between Cu and Pb in a particular soil horizon (i.e. Cu in
the B horizon with Pb in the B horizon) and between soil hori-
zons (i.e. Cu in the B horizon with Cu in the C horizon).
Concentrations of both metals in B-horizon soils correlate
positively with Cu and Pb values in humus; Cu concentra-
tions in C-horizon soils also correlate positively with Cu and
Pb concentrations in humus. The only relationship between
metal concentrations and organic matter content (%LOI) is
evident in the C horizon, where bolth metal concentrations
and organic matter content are lowest. From these data, it
appears that metal concentrations in humus are the main fac-
tors influencing B-horizon Cu and Pb concentrations in soils
developed on glaciolacustrine parent material, which suggests
metal leaching downward from humus with high metal loads.

B:C-horizon metal ratios

Assuming that smelter-related metal loading is ubiquitous in
areas within at least 30 km of the smelter, several questions
arise based on regional distribution patterns:

1. Why is B-horizon Cu and Pb enrichment not evident at all
sites or at sites developed on diamicton?

2. How can the smelter-related metal load be differentiated
from geogenic metal enrichment in the B horizon of the
soil profile?

B-horizon metal loading related to a smelter source can be
inferred by using ratios comparing metal concentrations in B
and C horizons with respect to distance from the source
(Colbourn and Thornton, 1978; McMartin et al., 2002).
Ratios established at background sites (more than 45 km from
the smelter) would essentially determine the natural value for
the weathering profile in the area, particularly in glacio-
lacustrine sediment, since the composition and texture are
fairly homogeneous within the region. An increase in B-horizon
enrichment over the background ratio at sites near the smelter
indicates probable anthropogenic metal loading. In
diamicton, regional variations in mineralogy and texture
affect the weathering profile in more complex ways and
weathering processes vary depending on site-specific factors.
Nevertheless, the B:C-horizon ratio should minimize the
effects of geogenic metal loading, since C-horizon concen-
trations essentially establish the geogenic signal at a site and
emphasize anthropogenic or other B-horizon metal enrichment.

For soils developed on diamicton parent material, the
B:C-horizon concentration ratio for Cu data varies widely,
ranging from approximately 0.2 to 1.5 (Fig. 8a). The ratio is
generally <1, with an average ratio of 0.75 for sites more than
45 km from the smelter. Although sites with B-horizon

enrichment are mainly within 45 km of the smelter, no defini-
tive pattern is evident. Sites at any distance may or may not
show B-horizon enrichment (B:C-horizon ratio >0.75).
Results are similar for Pb data. B:C-horizon Pb ratios also
range widely, varying from 0.5 to 6, and show no pattern of
B-horizon enrichment with distance from the smelter
(Fig. 8b). Because B-horizon Pb enrichment may be associa-
ted with organic matter content (%LOI (B horizon): range
1.2–24%, average 6.8%) (Table 4), B-horizon Pb content was
normalized to %LOI and the resulting ratio plotted (Fig. 8c).
Again, no regular pattern of B-horizon enrichment was evi-
dent with respect to distance from the smelter, on the basis of
an average ratio of 0.45 for sites more than 45 km from the
smelter, although the higher ratios (>0.45) are commonly
within 60 km from the smelter. From these results, it is
unjustifiable to attribute B-horizon Cu or Pb enrichment in
diamicton soils near the smelter to the smelter, given the range
and variation in ratio values within the area.

For soils developed on glaciolacustrine sediment as
parent material, the average B:C-horizon concentration ratio
for Cu data from sites more than 45 km from the smelter is 0.8
(Fig. 9a). All sites with B-horizon enrichment (B:C ratio >0.8)
are located within 45 km of the smelter in the downwind
direction, although many sites within the same area show no
B-horizon enrichment. For Pb, the average background
B:C-horizon concentration ratio is 1.5 (Fig. 9b). Ratios
exceeding this value occur at sites near the smelter and within
60 km downwind from the smelter. When B-horizon Pb con-
centrations are normalized to %LOI, Pb ratios >0.1 (estimated
background ratio) are obtained at sites near the smelter and
within approximately 40 km from the smelter in the down-
wind direction (Fig. 9c). These results suggest that B-horizon
metal enrichment is smelter related, although the validity of
using B:C-horizon Pb concentration ratios is questionable
since metal values for both horizons are commonly low and
at, or near, detection limit at many sites.

B-horizon Cu and Pb enrichment at sites near the smelter
suggests metal retention in the B horizon of glaciolacustrine
sediment that is likely related to metal loading from the
smelter. Approximately 60% of all sites within 10 km of the
smelter and within 50 km in the downwind direction have
B:C-horizon concentration ratios greater than those of back-
ground sites, and ratios tend to decrease with distance from
the smelter (Fig. 9). It remains unclear as to why B-horizon
metal enrichment is not present at all sites with contami-
nated humus. Correlations between humus variables and
B:C-horizon concentration ratios for Cu and Pb suggest that
B-horizon Cu enrichment is directly related to metal (Cu, Pb)
concentrations in humus and, possibly, inversely related to
humus thickness (Table 5). For Pb, only humus pH appears to
inversely influence Pb ratios. This relationship suggests that
acidity in humus may increase metal mobility and result in
downward leaching of the metal into the B-horizon soil.

Reimann et al. (1998a) propose that B-horizon soils in the
Kola Peninsula form a natural trap for heavy metals moving
down the soil profile in cases where the overlying humus layer
(the initial trap) is poorly developed. In the Rouyn-Noranda area,
parent material, not humus thickness, appears to be the main
factor controlling smelter-related metal retention in B-horizon
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Figure 8. Ratio of B- and C-horizon metal concentrations (<2 mm fraction; ICP-AES,
aqua regia digestion) vs. distance from the smelter for soils developed on diamicton as
parent material. For all graphs, the red line represents the average ratio for sites more
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soils. Copper and lead retention is evident only in soils devel-
oped in glaciolacustrine fine-grained soils. For diamictons,
such as till and reworked till, little evidence exists for Cu and
Pb enrichment in the soil profile that can be directly related to
smelter emissions. Assuming that smelter particulate is
deposited throughout the area, it is hypothesized that metal
from contaminated humus may be leached through the sandy
diamicton soils into the B and C horizons, and possibly to
depths beyond those sampled in this study.

METAL MOBILITY

In environmental research, selective leaches are used to
establish the form of an element in the surficial environment
and to describe its source, mobility, and bioavailability
(Henderson et al., 1998; Reimann et al., 1998b). The effect of
metals in the natural system may be higher (or lower) than
predicted by total concentrations, depending on the chemical
(and mineralogical) species in which the element occurs.

Humus

Sequential analyses were used to characterize the chemical
species or mineral phases of elements in humus as a means of
assessing metal mobility and bioavailability (Bernard et al.,
1986; Hall et al., 1996; Henderson et al., 1998; Adamo et al.,
2002). Results for humus show that the average concentra-
tion and relative proportion of metal extracted using the four
digestions (outlined in Table 1) vary depending on the ele-
ment and distance from the smelter (Fig. 10; Table 6;
Henderson et al., 2002, Appendix B1:4). In Table 6, smelter
distance is divided into four subgroups (0–10, 10–30, 30–50,

and more than 50 km from the smelter), based on the patterns
of metal contamination in humus (Fig. 3, 4, 6, 7). Descriptive
statistics for Cu and Pb for each distance group show that
average metal concentrations for all digestions decrease with
increasing distance from the smelter, with the exception of Pb
extracted using the KCl-HCl (3) digestion. Lead concentra-
tions in the last two digestions (3 and 4) of the sequence com-
monly approach detection limit, resulting in increased
analytical uncertainty.

The highest mean Cu concentrations are associated with
the sodium pyrophosphate digestion at sites within 10 km of
the smelter, and with the KCl-HCl digestion at sites more than
10 km from the smelter (Table 6). The relative proportion of
Cu extracted by the sodium pyrophosphate leach, selective
for the labile soluble organic phase, decreases with distance
from the smelter, as indicated in the box-and-whisker plot
(Fig. 10). An average of 40% Cu is held in the labile phase at
sites within 10 km of the smelter, the area of highest smelter-
related contamination in humus. With distance, an increas-
ingly higher proportion of the metal is associated with the
KCl-HCl digestion, selective for insoluble organic phases.
The relative proportion of Cu associated with the hydrox-
ylamine (2) and multi-acid (4) digestions remains fairly
stable with distance from the smelter.

Lead is primarily extracted using the sodium pyropho-
sphate digestion (1) associated with the labile soluble organic
phase of humus, and secondarily by the hydroxylamine
digestion (2) associated with non-labile iron- and magnesium-
oxide phases, regardless of distance from the smelter (Fig. 10;
Table 6). Approximately 70% of Pb is associated with the
labile phase at sites within 10 km and approximately 43% at
sites 50 to 110 km from the smelter. The relative proportion
of Pb extracted by the last two digestions is low, although the
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Humus Cu
(ppm)

Humus Pb
(ppm)

Humus LOI
(%) Humus pH

Humus
thickness

(cm)
B-horizon

LOI (%)
B-horizon

pH
B:C
(Cu)

B:C
(Pb)

Humus Cu
(ppm)

1.00

Humus Pb
(ppm)

0.99 1.00

Humus LOI (%) 0.34 0.38 1.00

Humus pH 0.11 0.08 0.04 1.00

Humus
thickness (cm)

0.10 0.10 0.45 -0.12 1.00

B-horizon LOI
(%)

-0.10 -0.11 0.11 -0.27 -0.05 1.00

B-horizon pH -0.03 -0.06 0.13 0.14 0.13 0.10 1.00

B:C ratio (Cu) 0.78 0.80 0.09 0.00 -0.32 -0.22 -0.03 1.00
B:C ratio (Pb) 0.02 0.04 -0.13 -0.44 -0.07 -0.01 0.17 0.30 1.00
n = 26

Table 5. Correlation matrix for Cu and Pb B:C-horizon ratios, Cu and Pb concentrations in humus,
humus pH, humus thickness, and %LOI for humus for soils developed on glaciolacustrine sediment
as parent material. For metal ratios, correlation coefficients >0.5 are shown in bold and those >0.3
and <0.5 are in italics.



relative percentages tend to increase at sites over 50 km from
the smelter where total Pb concentrations in humus are rela-
tively low.

Results show that a high proportion of both Cu and Pb in
humus is retained in labile phases at sites within 10 km from
the smelter, where total metal concentrations may exceed the
90th percentile values (Fig. 6, 7). Consequently, a significant
amount of metal may be mobile and leached into the underly-
ing soils in this area. The proportion of Pb in the labile phase

extracted by sodium pyrophosphate digestion (1) is highest
(of all digestions) at all distances from the smelter. Near the
smelter, this proportion represents a significantly higher per-
centage of the total concentration than sites beyond 10 km
distance. Colbourn and Thornton (1978) also observed an
increase in the percentage of extractable Pb (by dilute nitric
acid) near a smelter, which they attributed to the presence of
more soluble Pb species (oxides) associated with the smelting
process.
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Copper in humus (ppm) Lead in humus (ppm)

0–10 km 1 2 3 4 0–10 km 1 2 3 4

Na Pyro Hydrox KCl-HCl Multi-acid Na Pyro Hydrox KCl-HCl Multi-acid

Mean 789.9 505.6 304.6 102.2 Mean 2159.4 831.8 16.0 109.3
Standard error 207.6 118.7 64.1 47.5 Standard error 383.9 158.7 6.5 62.9
Median 514.5 408.5 225.5 46.0 Median 1812.5 633.5 7.4 26.8
Standard deviation 719.1 411.1 222.1 164.4 Standard deviation 1329.7 549.9 22.6 217.9
Range 1956.8 1201.4 698.9 595.0 Range 4726 1988 77 761.5
Minimum 43.2 63.6 8.2 17.0 Minimum 274 192 6.5 6.5
Maximum 2000 1265 707 612 Maximum 5000 2180 83.5 768
Count 12 12 12 12 Count 12 12 12 12

Copper in humus (ppm) Lead in humus (ppm)

10–30 km 1 2 3 4 10–30 km 1 2 3 4

Na Pyro Hydrox KCl-HCl Multi-acid Na Pyro Hydrox KCl-HCl Multi-acid

Mean 38.6 40.6 44.5 11.7 Mean 190.0 117.3 8.1 7.0
Standard error 8.9 7.7 8.6 3.1 Standard error 48.9 16.6 0.4 0.8

Median 24.3 30.9 30.0 7.0 Median 111.5 87.0 7.5 5.5

Standard deviation 42.5 36.7 41.5 15.1 Standard deviation 234.4 79.5 1.8 3.7

Range 161.6 146.9 160.1 56.0 Range 927.6 320.5 7.4 13.5

Minimum 5.9 10.7 9.0 1.0 Minimum 7.4 27.5 6 3.5

Maximum 167.5 157.5 169.0 57.0 Maximum 935 348 13.4 17

Count 23 23 23 23 Count 23

Copper in humus (ppm) Lead in humus (ppm)

30–50 km 1 2 3 4 30–50 km 1 2 3 4
Na Pyro Hydrox KCl-HCl Multi-acid Na Pyro Hydrox KCl-HCl Multi-acid

Mean 12.9 14.1 18.7 5.2 Mean 105.1 66.8 8.0 6.0
Standard error 2.7 2.0 2.7 1.0 Standard error 19.6 10.0 0.8 1.4

Median 8.9 11.2 16.0 4.0 Median 78.7 48.7 7.1 4.5

Standard deviation 11.9 8.9 11.6 4.5 Standard deviation 85.6 43.7 3.6 6.0

Range 42.8 36.6 40.3 13.0 Range 300.2 157.5 16.5 28

Minimum 4.6 3.9 4.1 1.0 Minimum 10.8 16.5 6 2

Maximum 47.4 40.4 44.4 14.0 Maximum 311 174 22.5 30

Count 19 19 19 19 Count 19 19 19 19

Copper in humus (ppm) Lead in humus (ppm)

50–110 km 1 2 3 4 50–110 km 1 2 3 4

Na Pyro Hydrox KCl-HCl Multi-acid Na Pyro Hydrox KCl-HCl Multi-acid

Mean 6.2 8.4 11.5 2.5 Mean 59.0 42.3 8.7 4.2
Standard error 0.8 0.9 1.0 0.4 Standard error 10.6 4.9 0.5 0.4

Median 4.9 7.5 10.1 2.0 Median 37.1 43.1 7.3 4.0

Standard deviation 4.1 4.8 5.3 2.2 Standard deviation 57.0 26.4 2.9 2.1

Range 19.0 19.3 21.8 8.5 Range 229.1 109.9 10.8 9.5

Minimum 1.9 1.6 3.2 0.5 Minimum 4.9 7.1 6 0.5

Maximum 20.9 20.9 24.9 9.0 Maximum 234 117 16.8 10

Count 29 29 29 29 Count 29 29 29 29

Table 6. Descriptive statistics for Cu and Pb concentrations reporting to each of the various sequential extractions outlined in
Table 1. Statistics have been subdivided with respect to site distances from the smelter of 1 to10 km, 10 to 30 km, 30 to 50 km,
and more than 50 km.



B- and C-horizon soils

The regional distribution of Cu and Pb in glaciolacustrine
sediment as parent material indicates B-horizon enrichment
at some sites within 20 km of the smelter, which may result
from metal migration from contaminated humus into the
underlying mineral soil (Fig. 7, 9). In the coarser grained
soils, such as those developed in diamicton parent material,
B-horizon enrichment is limited (Fig. 6, 8) and metals mobilized
from humus may, in fact, be transported lower into the soil
profile or carried in solution to other compartments of the
surficial environment.

Diamicton parent material

No sequential analyses were undertaken on
B- and C-horizon soils; however, two selective
extractions were applied to a subset of samples:
1) a hot hydroxylamine extraction selective for
labile metal concentrations associated with amo-
rphous iron and manganese oxides and hydrox-
ides; and 2) a multi-acid extraction selective for
‘total’ metal concentrations. The ratio between
labile (hot hydroxylamine extraction) and total
(multi-acid extraction) metal concentrations for
B- and C-horizon samples was calculated for
diamicton sites located at various distances from
the smelter (Fig. 11).

For these samples, the relative proportion of
Cu held in labile phases varies with distance
from the smelter (Fig. 11). B- and, to a lesser
extent, C-horizon Cu enrichment is evident in
the labile phase at sites more than 20 km
from the smelter. The relationship follows the
trendline shown in Figure 11 for B-horizon
hydroxylamine:multi-acid concentration ratios
(R² = 0.52) and indicates a decrease in the pro-
portion of labile Cu with increasing distance
from the smelter. C-horizon ratios are more
inconsistent and no definitive trend was estab-
lished. Within 20 km of the smelter, the ratio in
B-horizon soils is higher than in C-horizon
soils; however, beyond this distance, the
C-horizon ratio is equal to or greater than that of
B-horizon soils (Fig. 11). In general, the rela-
tive proportion of labile Cu in B-horizon soils at
sites near the smelter, where anthropogenic
metal loading has been recognized in humus, is
higher than at sites where humus concentrations
approach background values.

Lead concentrations in B- and C-horizon
soils near Rouyn-Noranda are low, commonly
approaching the analytical detection limit
(Henderson et al., 2002; Fig. 4, 6, 7). At these
concentration levels, analytical errors can be
significant and magnified when dealing with
ratios. Nevertheless, results show that B-horizon
ratios are greater than C-horizon ratios at most
sites, regardless of distance from the smelter

(Fig. 11), which suggests a greater proportion of labile metal
in B-horizon soils. As with Cu, the ratio for Pb in B-horizon
soils decreases with distance from the smelter. No such trend
is evident in C-horizon soils, with the exception of one site
near the smelter.

On the basis of B:C-horizon concentration ratios (Fig. 8),
no definitive metal enrichment was recognized in diamicton
soils in relation to distance from the smelter. In contrast,
results from the examination of resident sites for metals in
these sandy soils indicate that the relative proportion of Cu
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Figure 10. Box-and-whisker plot summarizing the results of sequential
extraction analyses of humus samples with respect to distance from the
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Notches represent the 95th percentile confidence interval for the median.
a) copper; b) lead.



and Pb retained in the labile phase, particularly in B-horizon
soils, differs with distance from the smelter (Fig. 10). Thus,
smelter emissions may influence metal mobility in these
soils, but, in the case of Cu, other factors may also be
involved. Near the smelter (less than 20 km), in the area of
extensive metal loading, the relative proportion of labile Cu
in B-horizon soils exceeds that in C-horizon soils. In this same
area, Cu enrichment in diamicton soils has been associated
with mineralization (Fig. 6), and the weathering of sulphide
minerals would also result in a relatively higher proportion
of metal retained in labile phases in both B- and C-horizon
soils (Fig. 11a). A similar geochemical response could result
from the leaching of Cu from contaminated humus (less than
20 km from the smelter) into the B and C horizons. This latter
interpretation is supported by Pb data. Since there is no
known Pb mineralization in area, labile Pb in B-horizon soils
(and possibly C-horizon soils) is most likely of anthropogenic
origin.

Glaciolacustrine sediment parent material

Selective leach data are available for only one site developed
on glaciolacustrine sediment as parent material (Fig. 12). The
site lies 13 km east (downwind) of the smelter and was sam-
pled at intervals of 5 cm to 85 cm, although selective leaches
were not applied to all samples. Copper and lead concentra-
tions in bulk humus at the site are 528 and 1100 ppm, respect-
ively. Results from ICP-AES analyses, following aqua regia
digestion (Fig. 12a), indicate both Cu and Pb enrichment at
the top of the soil profile with concentrations decreasing with
depth to approximately 30 cm for Cu and 50 cm for Pb. Below
these depths, metal values essentially stabilize at values lower
than in the upper B horizon. From regional data (Fig. 7), site
geochemisty is characteristic of sites near the smelter showing
B-horizon metal enrichment. At sites more than 20 to 30 km
from the smelter, B- and C-horizon concentrations are nearly
equal and, in the case of Cu, C-horizon concentrations may
be slightly higher.

The relative proportion of metal held in labile phases,
extracted by the hydroxylamine leach, is consistently higher
for Pb than for Cu (Fig. 12b). Soil profile patterns are similar
with ratios generally decreasing from a maximum at the top
of the section. This pattern shows little relationship with the
organic matter content (Fig. 12b). Ratios above approximately
25 cm for Cu and 45 cm for Pb are higher than ratios from
samples at the base of the profile, which, theoretically,
represent the natural or background geochemical signature.
Consequently, it is proposed that the labile portion of metal
(over background) in the upper part of the profile represents
smelter-related metal loading. In the uppermost sample, the
labile metal portion attributed to smelter contamination is
small and amounts to 24 ppm Cu (26% total Cu concentration)
and 6 ppm Pb (33% total Pb concentration).

Discussion on metal mobility

Near smelters, enhanced metal accumulation in humus
results from atmospheric fallout of stack emissions and fugi-
tive dust, and the decomposition of plant material. Because
Cu is an essential element for plant growth, it is naturally
enriched in humus through the biogeochemical cycle. On the
basis of speciation studies, Stevenson and Fitch (1981) con-
cluded that anthropogenic Cu is retained primarily in the
organically bound component of humus as a result of
complexation of organic matter with fluvic and humic acid.
Copper is known to be one of the least mobile trace metals in
soils (Adriano, 2001) and, in unpolluted areas, only a very
small fraction of the total metal is present in labile species
(Bernard et al., 1986). In the Rouyn-Noranda area, Cu is
retained primarily in non-labile phases of humus except at
sites within 10 km of the smelter, where the metal is largely
held in the labile soluble organic phase extracted using
sodium pyrophosphate digestion (Fig. 10). Other researchers
have found that the relative proportion of Cu retained in solu-
ble phases of humus increases with increasing total concen-
tration; they have concluded that considerable downward
leaching of Cu can occur in acidic mineral soils with high
total concentrations in humus (Räisänen et al., 1997; Sauvé
et al., 1997).
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At polluted sites, the relative percentage of Pb retained in
soluble phases of humus varies directly with total Pb concen-
trations (Fig. 10; Colbourn and Thornton, 1978; Kabala and
Singh, 2001). Underlying mineral soil horizons are presumed
to be the final sink for Pb due to re-immobilization by adsorp-
tion on amorphous organo-mineral grain coatings or accumu-
lated colloidal organic matter (Wang and Benoit, 1996). This
hypothesis is supported by the speciation studies of soils in
the Rouyn-Noranda area. Here, results indicate that the rela-
tive percentage of mobile Pb in B-horizon diamicton soils
decreases with increasing distance from the smelter (Fig. 11),
suggesting that labile Pb is derived primarily from contami-
nated humus. In soils developed on glaciolacustrine sediment,
the relative percentage of mobile Pb decreases with depth to
approximately 45 cm (Fig. 12), implying anthropogenic
metal accumulation associated with the B horizon only. On
the other hand, Semlali et al. (2001) hypothesized that Pb
may migrate to deeper horizons as fine organic and organo-
mineral constituents associated with the clay-sized fraction
and may ultimately be leached out of the soil.

SUMMARY

The regional distribution of trace elements in soils near the
Horne smelter at Rouyn-Noranda, Quebec, indicates metal
loading in humus and B-horizon soils resulting from
smelter-related particulate emissions. In humus, the level of
enrichment decreases with distance from the point source
depending on the element and dominant wind directions,
with maximum enrichment up to 180 times background for
Cu and 96 times background for Pb. The total smelter-derived
metal load for Cu and Pb was calculated using a three-
parameter non-linear radial decay model (Bonham-Carter
and McMartin, 1997), based on background values given in
Table 2. Assuming an average humus depth of 5 cm and den-
sity of 0.2 gm/cm³, total Cu and Pb in humus (to 1000 km) is
estimated to be 7940 and 10 696 tonnes, respectively. Data
provided by Noranda, Inc. (see Henderson et al., 2002, Table 1)
indicate that 5080 tonnes of copper and 40 102 tonnes of lead
were emitted from the smelter stack between 1965 and 1998.
This represents only a fraction of the total historical emissions,
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as the facility has been in operation since 1927. Nevertheless, it
does indicate that a much larger proportion of emitted copper
is retained within humus compared to lead, and suggests that
lead is either more readily mobilized to lower soil horizons,
including other compartments of the enviroment, and /or
subjected to long-distance transport (Banic et al., 2002).

At increasing depth in the soil profile, the anthropogenic
input becomes more difficult to differentiate from local varia-
tions in metal content due to site-specific factors. This is espe-
cially true for soils developed on diamicton where, even near
the smelter, geogenic factors, such as bedrock mineraliza-
tion, may enrich metal concentrations above normal back-
ground values. Using B:C-horizon concentration ratios to
minimize geogenic factors, B-horizon Cu and Pb enrichment,
likely smelter related, is most convincingly evident in soils
developed in glaciolacustrine sediment (Fig. 8, 9). In these
soils, B-horizon Cu and Pb enrichment near the smelter can
be over 10 times background. The level of enrichment for
both metals decreases with depth in the soil profile and dis-
tance from the smelter; however, some sites near the smelter
show no enrichment (Fig. 9). From these results, it is evident
that factors influencing B-horizon smelter-related metal
loading include parent material and metal concentrations in
humus (i.e. distance from smelter).

Metal mobility was assessed using sequential extraction
analyses on humus and selective extractions for B- and
C-horizon soil samples. In humus, Cu is held primarily in
non-labile phases (extracted using the KCl-HCl digestion)
and Pb resides in soluble phases (extracted using a sodium
pyrophosphate digestion) (Table 1). The relative proportion
of both Cu (~40%) and Pb (~70%) retained in the soluble
phases of humus is higher within 10 km of the smelter than at
sites more removed from the source, which suggests that total
metal concentration in humus is a factor affecting metal
mobility.

Labile metal in humus is presumed to be mobile and,
consequently, easily leached to lower soil horizons. Ratios
between metal concentrations extracted using various selective
leaches (hydroxylamine hydrochloride: multi-acid digestion) in
B-horizon diamicton soils support this hypothesis. The ratios
indicate that the relative proportion of Cu and Pb retained in
the labile phases of B-horizon soils decreases with distance
from the smelter, following the trend toward decreasing labile
Cu and Pb concentrations in humus (Fig. 11). Conversely, no
direct relationship is evident between B-horizon metal enrich-
ment (as seen in B:C-horizon concentration ratios based on
aqua regia digestion) and distance from the smelter for soils
developed on diamicton as parent material (Fig. 6, 8). These
data imply that although the relative proportion of labile
metal in B-horizon soils is enhanced by smelter-related metal
loading, B-horizon metal enrichment in diamicton soils is not
entirely smelter related. For Cu, B-horizon enrichment and
metal mobility may be the result of both anthropogenic load-
ing and geogenic factors related to local known copper
mineralization. The geochemical response to weathering of
sulphide minerals derived from mineral deposits or smelter
particulate would likely be similar. For Pb, enrichment near
the smelter is due to anthropogenic sources, since the geogenic
Pb component is low in both bedrock and soils of the area.

In soils developed on glaciolacustrine sediment, local
bedrock mineralization is not a significant influence on metal
concentrations. Elevated Cu and Pb values in the B horizon,
at sites within 40 km of the smelter, indicate smelter-related
metal retention up to 10 times background (Fig. 7, 9).
Concentration ratios, determined from hydroxylamine
hydrochloride and multi-acid digestions, for samples from
a glaciolacustrine soil profile 13 km from the smelter, indi-
cate a higher proportion of labile Cu and Pb in the upper 25
and 45 cm, respectively, of the profile than at the base (Fig. 12).
The labile portion of metal in the upper part of the section is
attributed to smelter emissions.

CONCLUSION

Results from the study indicate that smelter-derived metals
are retained primarily in humus. Both Cu and Pb are mobi-
lized from the contaminated humus to lower soil horizons at
sites near the smelter at Rouyn-Noranda. As the degree of
metal loading in humus decreases with distance from the
smelter, so does the relative proportion of metal retained in
labile phases of B- and, possibly, C-horizon sandy soils (Fig. 11).
For Pb, this relationship suggests downward leaching of
metal from the contaminated humus throughout the soil pro-
file. For Cu, similar leaching processes must be occurring,
but it is more difficult to differentiate the anthropogenic com-
ponent from geogenic sources related to local mineralization.
Both metals are retained in B-horizon soils developed on
fine-grained glaciolacustrine sediment at some highly con-
taminated sites (Fig. 7, 9). This enrichment must be anthropo-
genic, since no direct relationship exists between sediment
composition and the underlying bedrock. In the Rouyn-
Noranda area, the main factors influencing smelter-related
metal loading in soils include the soil horizon, parent material,
distance from the smelter source, chemical states of the met-
als in soil horizons, and related factors such as soil pH and
organic matter content.
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