Cases and solutions

The chemical and physical
characteristics of heavy metals
in humus and till in the vicinity
of the base metal smelter

at Flin Flon, Manitoba, Canada

P. J. Henderson -

Abstract Trace element geochemistry of humus
(<0.425 mm) and till (<0.002 mm) collected in the
Flin Flon-Snow Lake area, northern Manitoba and
Saskatchewan, provides a regional context for as-
sessing smelter contamination in the environment.
The area includes a Cu-Zn smelter known to dis-
charge As, Cd, Cu, Fe, Hg, Pb, and Zn. In this
study, sequential extraction analyses, scanning elec-
tron microscopy and x-ray diffraction analyses were
used on a suite of samples to determine: (1) the
chemical and physical characteristics of heavy me-
tals in surficial sediments related to distance from
the smelter, (2) criteria for assessing the relative
contribution of these metals from natural and an-
thropogenic sources, and (3) the potential of these
metals for remobilization in the environment.
Humus geochemistry reflects the anthropogenic
and natural component of heavy metal concentra-
tions. Smelter-related elements show anomalously
high values adjacent to the smelter, decreasing with
distance until background values are reached at
70-104 km, depending on the element. In humus,
Zn is associated primarily with labile phases; Hg
with non-labile phases. Adjacent to the smelter,
high proportions and concentrations of Zn and Hg
in non-labile phases, indicative of smelter-derived
particulates, are confirmed by SEM examination.
The particles occur as spheres, irregular grains, and
with organics. With increasing distance from the
smelter, the geochemical response to bedrock com-
position is more obvious than the anthropogenic
input.

Till geochemistry reflects the natural variation im-
posed by bedrock composition. At highly contami-
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nated sites (<3 km from the smelter), increased
percentages of smelter-related elements in labile
phases suggests heavy metals are leached from hu-
mus to the underlying sediment.

Key words Heavy metals - Base metals - Smelter
Anthropogenic contamination - Chemical
partitioning - Soil - Particulate emissions

Introduction

Interest in the distribution of heavy metals in soils is
based on environmental concerns associated with the ef-
fects of high concentrations on human and animal health.
Variations in the abundance of these metals in the surfi-
cial environment can be related to both natural and an-
thropogenic sources (Kabata-Pendias and Pendias 1983;
Rasmussen 1996). Distinguishing between these two
sources is difficult; however, the information is essential
for the formulation of realistic industrial emission stand-
ards and environmental controls. One method of address-
ing the problem is to examine the chemical and physical
signature of heavy metals in areas where anthropogenic
emission is known to be the primary source of metal en-
richment. In this paper, the extent and nature of heavy
metal distribution will be examined in soils affected by
smelter contamination.

Metal smelters and thermal electric plants are well known
as point sources of heavy metal contamination with me-
tals emitted from these facilities decreasing in concentra-
tion with distance from the source (Davies 1983). This
distribution pattern has been mapped in foliage, and or-
ganic and surface mineral soils of forested areas (Freed-
man and Hutchinson 1980; Hogan and Wotton 1984); in
peat (Zoltai 1988); and lake sediments (Jackson 1978;
Jackson and others 1993). There are few comprehensive
detailed studies, however, on the physical and chemical
characteristics of heavy metals derived from industrial
contamination and on their potential availability to biota.
In this study, the forms of Zn, Hg, and Ni will be exam-
ined in humus and till collected at varying distances from
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the base metal smelting complex operated by Hudson
Bay Mining and Smelting Corporation at Flin Flon, Mani-
toba (55°N, 102°W), as a basis for assessing metal mobili-
ty and outlining criteria for the recognition of smelter-re-
lated contamination in the terrestrial environment.

The study area (Fig. 1) is ideally suited for examining the
distribution of smelter contamination because it has been
subjected to atmospheric deposition of particulate emis-
sions for nearly 60 years and is remote from any signifi-
cant industrial center. In addition, a comprehensive geo-
chemical database for humus and till is available for the
region as a result of a surficial geological mapping and
geochemical prospecting project conducted in the Flin
Flon-Snow Lake area, northern Manitoba and Saskatche-
wan (99° W-103° W longitude; 54°N-55°15"N latitude) by
the Geological Survey of Canada and Manitoba Depart-
ment of Energy and Mines (Fig. 1; Henderson 1995;
McMartin and others 1996; McMartin and others 1998).
Humus and the underlying sediment, predominantly till,
were sampled at more than 2000 sites over 36000 km?
and analysed geochemically for a suite of major and trace
elements. This database provides the context to assess the
effects of prolonged smelter emission contamination in
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Fig. 1
Location map of the regional study area showing generalized
bedrock geology, major glacial landforms and ice flow
directions
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the terrestrial environment, in an area where the natural
geological variation in heavy metal concentrations is well
known.

To characterize dispersal from the smelter, humus and
till samples collected at varying distances from the stack,
as well as from several soil profiles, were subjected to
chemical partitioning through the application of sequen-
tial extraction techniques. In addition, the mineral com-
position of the non-organic portion of both humus and
till was determined by x-ray analyses, and the size, com-
position and morphology of metal bearing particulates
were characterized with a scanning electron microscope
(SEM).

Regional setting

The area is situated at the margin of the Precambrian
Shield (Figs. 1 and 2). It is underlain by rocks of four
distinct geological terranes (Ashton 1987; Syme and oth-
ers 1993; Stern and Lucas 1995). Slightly metamorphosed
volcanic and sedimentary rocks and associated intrusions
of the Flin Flon-Snow Lake greenstone belt outcrop in
the central part of the area. The Attitti Block, which
forms the northwestern extension of this belt, is com-
posed of the highly metamorphosed equivalent of green-
stone belt lithologies (Ashton and others 1995). In the
north, the area is underlain by rocks of the Kisseynew
Domain which consist of gneisses and associated intru-
sions. To the west, the greenstone belt is in tectonic con-
tact with a geologically complex association of generally
highly metamorphosed supracrustal and plutonic rocks
that range widely in composition, the Hanson Lake
Block. Unmetamorphosed Paleozoic dolostones and mi-
nor sandstones unconformably overlie the Precambrian
rocks in the southern half of the area.

The area has a high potential for gold and base metal mi-
neralization, particularly within the Flin Flon-Snow Lake
greenstone belt. Gold occurs in sulphide-bearing fracture
zones that may or may not be quartz-filled. Base metal
deposits are essentially of two types: volcanic massive
sulphide (VMS) deposits of Cu-Zn, and porphyry-style Cu
mineralization in a volcanic vent setting. In the Flin Flon
area, mines have been developed in large Zn deposits and
smaller Cu or Cu-Zn deposits. Extensive Cu and Zn mi-
neralization has also been exploited in the Snow Lake
area.

The area has been glaciated by ice flowing from two dis-
persal centers: one located in the District of Keewatin,
the other located in Hudson Bay (Dyke and Prest 1987).
The dominant ice flow indicators in the northern and
western part of the area indicate flow to the south-south-
west from the Keewatin dispersal centre (Fig. 1). In the
southeastern part of the study area, ice flowed west-
southwestward from the Hudson dispersal centre. Tills
deposited by these glaciers primarily reflect local bedrock
composition (Henderson 1995; McMartin and others
1996). During ice retreat, the entire area was inundated



103°00'W

55°15'N

54°00'N

103°00'W

Fig. 2
Location of transect sites, sections, and background sites.
Bedrock geology simplified from Broome and others (1995)

by proglacial Lake Agassiz (Teller and Clayton 1983;
Schreiner 1984). As a result, deposits of glaciolacustrine
clay occur in topographic depressions of the Shield and
as thick blankets, overlain by peat, in Paleozoic terrane.
The area is forested by a mixed coniferous deciduous
boreal community comprising jack pine, black spruce,
white spruce, trembling aspen, balsam poplar and speck-
led alder (Hogan and Wotton 1984). At Flin Flon, the
dominant winds are southeastward and southwestward,
with strong north-northwestward and southward compo-
nents (Environment Canada 1990).

Smelter history and nature of
emissions

The base metal mining and smelting complex at Flin Flon
produces Zn, Cu and Cd metals on site, in addition to Pb
concentrates and Au, Ag, Se, and Te by-products which
are recovered and refined off-site (Franzin and others
1979). Since the early 1930’s, the complex has processed
ore from local mines, undergoing many changes during
that time to improve processing and comply with envi-
ronmental standards. As a result, particulate stack emis-
sions have decreased from an average of 13.983 tons/day
in 1985 to 0.914 tons/day in 1995 (Hudson Bay Mining
and Smelting Company 1995). Nevertheless, the cumula-
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tive effects of emissions up to several kilometers from the
smelter has resulted in high tree mortality, reduced
growth, reduction in species diversity and soil erosion
(Hogan and Wotton 1984).

Presently, the majority (90%) of stack dust escapes from
the smelter baghouse (Salomon de Friedberg 1993), how-
ever, prior to recent modifications, emissions were de-
rived equally from the Zn precipitator (48%) and smelter
baghouse (48%; R. Tardiff, HBMS, pers. comm.). Chemi-
cal analyses of these smelter dusts indicate high concen-
trations of Zn, Fe, Cu, Pb, Cd, and As, with low to trace
amounts of Hg, Cr, Co, Ni, and Mn (Hudson Bay Mining
and Smelting Company 1995). Analyses of archived dusts
from the smelter baghouse and Cu and Zn precipitators
indicate that retained particles are predominantly in the
fine to medium silt size range (0.002-0.031 mm). These
dusts vary in composition, but consist largely of angular
and spherical particles of Cu, Zn, Fe sulphates and, to a
lesser extent, oxides and sulphides commonly containing
trace amounts of Pb, As and/or Cd. These results differ
from those of Chen and Pint (1980) who report that more
than 97% of the dust from the smelter baghouse contains
<0.001 mm sized grains of ZnO, and possibly hydrous
(Zn, Pb, Fe, Cu) sulphates/arsenates. The remaining 2-3%
consists of 0.001-0.02 mm spherules of Cu metal (fre-
quently with a Cu,S rim), sulphides containing Cu, Fe
and/or Zn, silicates [for example: (Fe), (Fe, Zn, Cu), (Fe,
Zn, Cu, Ca), (Fe, Zn, Pb, Al, K) and (Fe, Zn, Cu, Al, K)],
and oxides of Zn, Fe, Cu, and/or Pb, in addition to angu-
lar grains of SiO,, CuFeS,, CusFeS,, (Zn,Fe)S, PbS, and
silicates of varying composition [for example: (Zn, Al
Ca), (Fe, Zn, Cu), (Ca, Al), and (Fe, Zn, Ca, Mg)] (Chen
and Pint 1980).
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Previous work

The regional distribution and deposition of smelter emis-
sions in the surface terrestrial environment near Flin
Flon has been examined using differing sampling media.
By analysing rain and snow collected over several sea-
sons, Franzin and others (1979) showed that the smelter
at Flin Flon is a source of airborne Zn, Cd, Pb, As, and
Cu. Zoltai (1988) showed that peat collected in bogs and
fens was enriched in these smelter-related elements up to
100 km SSE from the smelter. Both studies concluded
that the maximum radius of deposition varied depending
on the element. Franzin and others (1979) calculated dis-
tances of contamination ranging from 33 to 217 km, such
that the radius of Zn>Pb>As>Cu, while Zoltai (1988)
concluded that the radius of Cu = As>Zn>Pb. Hender-
son and McMartin (1995) showed that Hg enrichment in
humus was related to smelter emissions and extended
over 40 km from the stack. Hogan and Wotton (1984)
also found elevated values of Cu, Pb and Zn in the upper
organic layers of material on the forest floor (LFH layer)
more than 40 km south and southeast from the smelter
stack with 50-60% Zn and 20-35% Cu retained in a bio-
available form.

The regional geochemical data and geochemical maps for
humus and till collected in the Flin Flon-Snow Lake area
(Fig. 2) have been published in Henderson (1995) and
McMartin and others (1996). Geochemical maps for hu-
mus exhibit a “bull’s eye” pattern, centered on the Flin
Flon smelter, for As, Cd, Cu, Hg, Pb, and Zn. For these
elements, concentrations are anomalously high at the
center of the area, and decrease with distance from the
smelter, such that the log-concentration of the heavy me-
tal decreases directly with the log-distance from the
smelter until regional background concentrations are
reached (McMartin and others 1998). Estimates of re-

Table 1
Distance to background (km) for smelter-related elements in
humus. Using various estimations for background values,
distances for columns B-D are calculated following the
regression trendline y=cx ~®, where y is the estimated
background concentration, x the distance from the smelter, and
c and b variables of the specific trendline for that element
(McMartin and others 1996)

gional background determined statistically as the median
value after the elimination of most contaminated samples
(Table 1; Column C) indicate that distance-to-background
ranges from 70 to 104 km, with the radius of
As>Cu>Hg>Zn>Pb>Cd. These results are similar to
those of Zoltai (1988) and represent the maximum dis-
tance for recognition of smelter-related contamination,
associated with each element, assuming an annular distri-
bution pattern. It is evident from the geochemical maps,
however, that the radius of recognizable contamination in
humus varies with direction, extending further in the
southeast, southwest, and northwest, consistent with the
prevailing winds in the area (McMartin and others 1998).
These maps also show that concentrations of trace ele-
ments less evident in smelter emissions (Ni, Co, Cr) were
generally lower in humus than till and that the distribu-
tion in humus did not form a “bull’s eye” pattern.

In the clay-sized fraction (<0.002 mm) of till, concentra-
tions of all smelter-related elements were commonly low-
er than in humus with the distribution pattern relating
primarily to bedrock composition modified by the effects
of glacial erosion, transport, and deposition (Henderson
1995; McMartin and others 1996; McMartin and others
1998).

Methods

Field procedures

Based on distance from the smelter and stratigraphic
context, humus and till samples from 23 sites in the re-
gional geochemical survey were selected for detailed mi-
neralogical, geochemical and physical analyses. On a re-
gional basis, 3-kg till samples were collected from below
the B soil horizon either from exposed sections or pits
hand dug to bedrock or 1 m maximum depth. In addi-

[A - background estimated visually from trendline plot of all
samples (McMartin and others 1996); B - background taken as
median value of geochemical results for all humus samples in
database (n=1624); C - background taken as median value for
all samples >50 km from smelter (eliminates highly
contaminated samples) (n==829); D - background taken as
median value for all samples >75 km from smelter (eliminates
most contaminated samples) (n=>538)]

Element A B

C D

Background Distance to Median value

Distance to

Median value Distance to Median value Distance to

(estimated) background (all samples) background (>50 km) background (>75 km) background
As (ppm) 4 64 6 42 2.5 104 2.5 104
Cd (ppm) 1 70 1.5 51 1 70 0.5 121
Cu (ppm) 30 66 36 58 20 90 17 101
Hg (ppb) 200 81 300 51 190 85 180 91
Pb (ppm) 50 54 56 49 34 76 28 90
Zn (ppm) 150 56 172 51 84 84 68 97

x=65.2 km x=50.4 km x=284.8 km x=100.5 km
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tion, two excavated till exposures were sampled vertically
at 10-50-cm intervals.

Approximately 50-100 g humus was collected from di-
rectly over or adjacent to the till sample (Henderson
1995; McMartin and others 1996). The well decomposed,
dark organic part of the soil horizon (H) was preferen-
tially sampled for humus (Agriculture Canada 1987). At
some sites, however, partially decomposed forest litter
and mineral soil (Ah) may constitute part of the sample,
since organic soil horizons in the region are generally
thin (5-7 cm). In this paper, the term “humus” will be
used to represent all samples from the upper organic-rich
part of the soil horizon, although those containing <30%
organic matter cannot strictly be regarded as humus (Ag-
riculture Canada 1987).

Analytical procedures

Sample preparation
Humus samples were air-dried and sieved to <0.425 mm;
the clay-sized fraction (<0.002 mm) of till was separated
by centrifugation and decantation (Lindsay and Shilts
1995). In addition, the silt and clay-sized fraction
(<0.063 mm) of till for some samples was separated by
dry sieving (Henderson 1995).

Standard geochemical analyses
All size fractions were analysed geochemically for Ag, Al,
As, Ba, Bi, Ca, Cd, Co, Cr, Cu, Fe, Hg, K, La, Mg, Mn,
Mo, Na, Ni, P, Pb, Sb, Sc, Sr, Ti, V, and Zn using induc-
tively coupled plasma atomic emission spectrometry
(ICP-AES), following nitric-aqua regia digestion. Mercury
in humus (<0.425 mm) and the clay-size fraction
(<0.002 mm) of till was analysed by cold vapour atomic
absorption spectrometry (CV-AAS) following aqua regia
digestion. Analyses of duplicate samples and laboratory
standards were used to monitor analytical accuracy and
precision (Henderson 1995; McMartin and others 1996).

Loss-on-ignition (percent LOI)
The total organic content of humus (<0.425 mm) was
determined by heating a small portion of the oven dried
sample to approximately 550 °C for one hour. The result-
ing weight loss, expressed as a percentage of the dry
weight, provides an estimate of the amount of organic
matter in the sample (Sheldrick 1984). A correlation
(r=0.52) exists between percent LOI and total soluble or-
ganic content determined geochemically using the sodi-
um pyrophosphate leach (see section below, Sequential
extraction analyses).

X-ray diffraction (XRD)

The mineralogy of till (<0.002 mm) and the inorganic
fraction of humus (<0.425 mm) was determined using a
Philips PW1710 automated powder diffractometer equip-
ped with a graphite monchromater, CoKa radiation at
40 kV and 30 mA. The samples were also x-rayed follow-
ing saturation with ethylene glycol and heat treatment
(550°C). To remove organic material from humus prior
to analyses, samples were pre-treated with 30 percent hy-
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drogen peroxide, washed with distilled water, and dried
at room temperature (Sheldrick 1984).

Sequential extraction analyses
The sequential extraction scheme used to analyse the
< 0.425 mm fraction of humus and the <0.002 mm frac-
tion of till is summarized in Table 2. A detailed descrip-
tion of methodology and quality control is presented by
Hall and others (1996). Humus samples were initially
leached with sodium pyrophosphate (Na,P,0;) to extract
the “soluble organic” component (humic and fulvic com-
plexes) prior to sequential extraction of the “insoluble re-
sidue” (humin and mineral matter). Solutions derived
from the application of the leaches were analysed by
flame atomic absorption spectrometry (AAS) for Cd, Co,
Cu, Fe, Mn, Ni, Pb, and Zn; Hg was analysed by vapour
generation (ICP-MS); As by quartz tube AAS after hy-
dride generation.
Sequential extraction has been used in exploration and
environmental geochemistry to determine element resi-
dence sites (Chao 1984). The technique differentiates be-
tween elements held in “labile” or secondary phases [sol-
uble organic matter, adsorbed/exchangeable/carbonate
(AEC), and amorphous Fe/Mn oxyhydroxide phases)
from those more strongly held in “non-labile” phases
(crystalline Fe oxide, sulphide/“less soluble” organic, and
silicate/residual crystalline phases; Table 2]. Selectivity is
not perfect and extraction efficiencies vary depending on
the chemicals employed, the length of treatment, and se-
diment-to-extractant ratio (Hall and others 1996).

[Soluble Organic] [Insoluble Residue |

Y

0.1M Na4P207 ;1h
confinuous extraction
repeated.

Sequential Extraction

Extractant Phase dissolved

1M NaO Ac.HoAc: pH 5

Adsorbed and exchangeable
metals, carbonates (AEC)

Labile Phases

0.25M NH,OH.HCl in
0.25M HCI

Amorphous Fe/Mn
oxyhydroxides

1M NH,OH.HCI in 25%
HoAc

Crystalline Fe oxides

(e.g. haematife, goethife,
magnetite, maghemite,
lepidocrocite)

Non-labile Phases

KCIO4/HCI for 0.5h, Sulphides, "less soluble”

followed by 4M HNOg at | ©"9onic matter
90°C
HF/HCIO 4/HNO3/HCI Silicates, residual crystalline,

refractory minerais

Table 2
Sequential extraction scheme (modified from Kaszycki and Hall
1996)
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Scanning electron microscope
Humus (<0.425 mm fraction) and till (<0.002 mm and
<0.063 mm fraction) samples were examined under the
scanning electron microscope (SEM) using grain mounts
prepared by sprinkling sample material onto a carbon-
impregnated tape. Grain mounts were carbon-coated pri-
or to examination. A Leica Cambridge Stereoscan S360
SEM equipped with an Oxford/Link eXL-II energy-disper-
sion x-ray analyzer, Oxford/Link Pentafet Be window/
light element detector, and an Oxford/Link Tetra back-
scattered electron detector was used. Samples were scan-
ned using the backscattered electron imaging mode speci-
fically to identify grains with elements of high atomic
number.

Results

The samples selected for detailed chemical, mineralogical
and physical analyses are from 23 sites in the regional
geochemical survey. These sites are located at varying
distances from the smelter and represent two transects
extending from the point source, and two “background”
locations (Fig. 2). The first transect (Sites 1-10) extends
82 km NNW from the smelter across metasedimentary
and metavolcanic rocks of the Flin Flon greenstone belt
(Sites 1-3), the Attitti Block of the Flin Flon terrane
(Sites 4, 5, 8, and 9), gneisses and associated intrusive
rocks of the Kisseynew Domain (Sites 6 and 7), and

gneissic and supracrustal rocks of the Hanson Lake Block
(Site 10). The second transect (Sites 11-20) extends

40 km SSW from the smelter. Sites 11-17 are underlain
by rocks of the Flin Flon greenstone belt and Sites 18-20
by Paleozoic carbonate rocks.

The two background sites overlie Paleozoic bedrock
(Fig. 2). Background site 1 is located 74.8 km SSE from
the smelter. At this site, humus overlies glaciolacustine
clay and a locally derived, moderately calcareous till.
Background site 2 is located 160.4 km southeast of Flin
Flon in an area of highly calcareous till.

Mineralogy and organic content
Humus represents the organic-bearing mineral-rich sur-
face horizon of the soil profile and includes varying
amounts of material derived from the smelter through at-
mospheric deposition. The relative proportion and com-
position of the organic and mineral component will affect
humus geochemistry since certain phases have a tendency
to scavenge trace metals (Rose and others 1979; Varskog
and others 1993). In this study, the total organic content
(percent LOI) of humus (<0.425 mm fraction) varies
from 22.72 to 92.15 percent (Table 3; Fig. 3). The inor-
ganic component of the samples consists primarily of
common rock-forming minerals (quartz, plagioclase, po-
tassic feldspar), with trace amounts of amphibole, mica
and chlorite, particularly at sites in the Flin Flon green-
stone belt. Dolomite is abundant at sites overlying Paleo-
zoic bedrock.
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The clay-size fraction (<0.002 mm) of till comprises
quartz, plagioclase, potassic feldspar, and abundant to
moderate amounts of mica, chlorite, kaolinite, and smec-
tite (possibly montmorillonite). Locally, trace to moder-
ate amounts of amphibole occur in samples overlying
greenstone belt rocks. As with humus, dolomite and cal-
cite are present in tills overlying Paleozoic terrane.

Geochemical composition
All transect sites and Background Site 1 lie within the
zone of recognizable smelter contamination in humus for
smelter-related elements defined by the regional database,
except for Cd and Pb (Table 3; cf. Table 1, column C). In
humus, total concentrations near or less than background
values occur at Site 9 for As, Site 10 for As and Hg, Site
20 for Hg and Zn, and Background Site 1 for Hg. On a
site-to-site basis, differences between actual heavy metal
concentrations and those predicted from the regional dis-
tribution (McMartin and others 1998) are to be expected
given the complex interplay of factors controlling atmos-
pheric deposition of smelter emissions and humus geo-
chemistry (Rose and others 1979).
In humus, total concentrations of all smelter-related ele-
ments decrease with distance from the smelter (Table 3)
and, as illustrated by the distribution of Zn and Hg
(Fig. 3), are independent of total organic content (percent
LOI) (Zn, r=0.23; Hg, r=0.33). In the case of Zn, sam-
ples collected within 5 km from the smelter are enriched
to a maximum of 94 times the regional background val-
ue, at 10 km approximately 40 times, at 20 km 16 times,

Table 4

at 40 km 5 times, and at 80 km only 1.6 times regional
background. Mercury, on the other hand, is enriched in
humus as much as 500 times the regional background
value at sites <5 km from the smelter and drops to ap-
proximately 6 times at 10 km; 4 times at 20 km; and 1.5
times at a distance of 40 km from the smelter (Table 3;
cf. Table 1, Column C). In general, concentrations of all
smelter-related elements in humus exceed those in till, al-
though exceptions are present for As, Cu, and Zn at sev-
eral sites (Table 3). Concentrations of trace elements un-
related to smelter emissions (Ni, Cr) are consistently low-
er in humus than till, with the exception of Ni at Site 10
(Fig. 3). This site is located in the Hanson Lake Block
and anomalous values in both humus and till may be as-
sociated with the presence of Ni-rich mafic dykes
throughout the area (Ashton 1989).

In till, concentrations of smelter related elements show
no direct relationship to distance from the smelter

(Fig. 3). Values are less variable than in humus, fluctuat-
ing around regional background (McMartin and others
1996).

Chemical speciation
Chemical partitioning in humus and till was achieved
through selective, sequential extraction analyses. For the
purposes of discussion, phases determined through the
application of this technique, are grouped: for humus,
into the soluble organic phase (humic and fulvic com-
plexes), and the relatively labile and non-labile compo-
nents of the insoluble humus residue (humin and mineral

Relative distribution of heavy metals in various phases of humus and till

Humus Soluble organic phase Insoluble residue
(% of total concentration)
% Labile % Non-labile

Element Average Max-Min Average Max-Min Average Max-Min
As 16 34- 6 43 68-23 57 77-32
Cd 45 73- 7 63 89-14 37 86-11
Cu 32 50-16 50 68-30 50 68-32
Hg 18 40- 5 2 4-<1 98 100-96
Ni 24 60- 0 38 75- 6 62 94-25
Pb 49 75- 9 65 83-51 35 49-17
Zn 54 78- 9 23 49- 7 77 93-51
Till Insoluble residue

% Labile % Non-labile
Element Average Max-Min Average Max-Min
As 19 30- 9 81 91-74
Cd 64 88- 5 36 95-12
Cu 33 54-15 67 85-49
Hg 14 27- 5 86 95-73
Ni 17 35- 6 83 95-65
Pb 42 100-14 58 86- 0
Zn 31 75-18 69 83-25
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matter), and for till, the labile and non-labile phases (Ta-
ble 2).

Partitioning effects differ depending on the element and
the sample medium (Table 4). Based on the phase distri-
bution of trace elements in humus in relation to organic
content, three broad categories have been recognized:

1. Smelter-related elements having a strong correlation
between the proportion associated with the “soluble or-
ganic” phase and the total organic content (percent LOI)
(Zn, Pb, Cd, and Cu);

2. Smelter-related elements having no such correlation
(As, Hg); and

3. Non-smelter-related elements for which concentrations
in humus are low for all phases (Co, Ni).

Sequential analytical results are discussed for three ele-
ments representative of each category (Zn, Hg, Ni): Zn
and Hg are of environmental significance, whereas Ni is
not characterized as an important trace metal emitted
from the Flin Flon smelter (Table 5).

NNW TRANSECT

Cases and solutions

Zinc Partitioning
Humus Zinc concentrations in all phases decrease gener-
ally with distance from the smelter (Fig. 4a). The highest
percentage of Zn is associated with the soluble organic
phase, for most sites (Table 4; Fig. 4b), and a correlation
is present between the percent Zn in that phase and per-
cent LOI (Fig. 5a). A significant component of Zn in hu-
mus must also reside in the insoluble residue, however,
because no correlation exists between total Zn concentra-
tions and percent LOI (Fig. 5b),.
In the insoluble humus residue, the ratio of Zn in labile
to non-labile phases increases generally with distance
from the smelter (Figure 4b). Close to the smelter, the re-
lative proportion of Zn in the non-labile phases is high
(Table 5), attaining >90% at sites within 3 km from the
smelter (Sites 1 and 11). This spatial distribution suggests
that Zn concentrations near the smelter are strongly in-
fluenced by smelter-derived particulates, such as Zn-rich
silicates and Fe-oxides (Chen and Pint 1980), which
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Table 5
Relative proportion of Zn, Hg and Ni in the soluble organic phase of humus and the insoluble portion of humus and till collected
from transect and background sites

Humus Zn partitioning Hg partitioning Ni partitioning
Transect % Soluble Insoluble residue % Soluble Insoluble residue % Soluble Insoluble residue
Site no organic organic organic
% Labile % Non-labile % Labile % Non-labile % Labile % Non-labile
NNW Transect
1 30.7 6.6 93.4 6.0 2.9 97.1 15.0 5.9 94.1
2 58.1 13.0 87.0 6.0 1.0 99.0 12.0 18.2 81.8
3 77.5 12.4 87.6 10.0 1.3 98.7 60.0 76.0 25.0
4 53.8 10.5 89.6 16.4 2.0 98.0 40.0 33.3 66.7
5 60.7 234 76.6 24.6 2.9 97.1 57.1 33.3 66.7
6 71.4 25.5 74.6 23.9 2.1 98.0 38.1 46.2 53.8
7 69.1 22.0 78.0 19.9 3.2 96.8 0.0 50.0 50.0
8 47.7 49.1 50.9 23.2 2.7 97.5 31.6 53.8 46.2
9 56.2 27.0 72.9 9.8 1.7 98.4 0.0 62.5 37.5
10 19.9 47.7 52.3 26.1 5.4 94.7 20.5 62.1 379
SSW Transect
11 8.5 8.2 91.8 39.3 3.8 96.2 0.0 10.0 90.0
12 67.0 12.0 88.0 15.5 1.7 98.3 35.0 23.1 76.9
13 354 13.0 87.0 17.0 2.1 97.9 16.7 30.0 70.0
14 56.0 25.8 74.2 5.4 0.6 99.4 0.0 30.0 70.0
15 66.9 13.4 86.6 20.6 2.1 97.9 57.1 33.3 66.7
16 69.3 26.7 73.3 9.4 1.0 99.0 6.7 35.7 64.3
17 63.7 19.5 80.4 18.7 2.0 98.0 11.1 50.0 50.0
18 64.3 36.5 63.5 16.1 4.0 96.0 0.0 40.0 60.0
19 54.2 25.0 75.0 16.0 3.1 96.5 47.1 44 .4 55.6
20 41.9 44.0 56.0 30.9 4.4 95.6 30.4 31.2 68.8
Background
1 43.7 40.5 95.5 10.7 3.4 96.6 5.3 44.4 55.6
2 30.0 28.6 71.4 18.4 1.9 98.1 0.0 20.0 80.0
Till Zn partitioning Hg partitioning Ni partitioning
Transect % Labile % Non-labile % Labile % Non-labile % Labile % Non-labile
Site no.

NNW Transect

1 54.9 45.1 5.4 94.6 13.4 86.6

2 35.1 64.9 8.3 91.7 26.0 74.1

3 29.2 70.8 19.5 80.6 13.1 86.9

4 insufficient sample material for analyses

5 insufficient sample material for analyses

6 insufficient sample material for analyses

7 22.7 77.3 13.6 86.5 7.8 92.2

8 17.9 82.1 14.0 86.0 6.6 93.4

9 24.8 75.2 24.5 75.5 8.2 91.8
10 16.9 83.1 20.9 79.1 10.4 89.6
SSW Transect
11 75.3 24.7 11.2 88.8 35.3 64.7
12 25.7 74.3 10.0 90.0 19.1 80.9
13 38.6 61.4 20.2 79.8 24.2 75.8
14 35.0 65.0 12.6 87.4 27.8 72.2
15 17.8 82.2 27.3 72.7 5.5 94.5
16 19.1 80.9 4.6 95.4 17.3 82.7
17 27.9 72.1 12.0 88.0 9.0 91.0
18 31.3 68.7 5.9 94.1 28.4 71.6
19 18.2 81.8 14.6 85.4 9.9 90.1
20 35.5 64.5 8.5 91.5 28.3 71.7
Background

1 23.3 76.7 6.9 93.1 6.2 93.8

2 22.9 77.2 11.0 89.1 25.6 74.4
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would be expressed geochemically in the residual crystal-
line and crystalline Fe-oxide phases of the non-labile
component of the insoluble humus residue. Definitive
linkages between this component and smelter-derived
particulates through geochemical analyses is difficult, es-
pecially at sites more removed from the smelter, since
naturally occurring minerals also contain these trace ele-
ments. Chemical partitioning in humus from the Snow
Lake area, >120 km from the smelter (Fig. 2), where total
Zn concentrations approximate regional background (Ta-
ble 1), also shows a high proportion of Zn in non-labile
phases (Kaszycki and Hall 1996). There, partitioning in
the insoluble humus residue is interpreted to reflect the
mineralogy of underlying till.

The proportion of Zn in the labile component of the in-
soluble humus residue generally increases with distance
from the smelter (Figure 4b; Table 5). The higher relative
influence of these labile phases in partitioning indicates
that Zn concentrations are increasingly affected by sec-
ondary chemical processes (such as weathering, altera-
tion, etc.) at sites removed from the stack. These second-
ary processes may only be recognizable with distance
from the smelter when the rate of chemical weathering
exceeds the rate of clastic deposition from the smelter.
Low Zn concentrations (24 ppm; Table 3) at Background
Site 2 are characteristic of humus overlying Paleozoic ter-
rane (McMartin and others 1996; McMartin and others
1998). Geochemical differences among phases cannot be

Cases and solutions |

distinguished at these low concentrations, due to analyti-
cal imprecision near lower detection limits.

Till Zinc partitioning in till appears to be related, at

least in part, to distance from the smelter (Fig. 4c). Near

Flin Flon (Sites 1 and 11), total Zn concentrations are el-

evated compared to other transect samples, with Zn re-

siding primarily in labile phases (Table 5). The Zn en-
richment and its phase distribution may result from:

1. Geological enrichment associated with the greenstone
belt near Flin Flon. Sites along the SSW transect lie
down-ice from Zn-Cu mines, and Zn enrichment in la-
bile phases may result from oxidation of sulphide mi-
nerals derived from mineralized zones.

2. Smelter contamination. Sites near the smelter are
characterized by poorly developed humus (LOI aver-
ages 23%) with anomalously high Zn concentrations.
Zn enrichment in labile phases of till may result from
downward leaching because of the lack of a well devel-
oped organic horizon or, more directly because of the
high level of contamination in humus at these sites.
This possibility will be considered further by examin-
ing vertical sections through till.

The relative proportion of Zn in labile phases of till is

also higher than average at other sites close to the smelt-

er (2, 3, 13, and 14), and in carbonate-rich tills (18 and

20) near the southern end of the transects. Since an aver-

age of 69% Zn in humus is retained in easily leached

forms at distances >3 km from the smelter, the phase
distribution at these sites may also result, at least in part,
from leaching from contaminated humus. In general,
however, Zn partitioning in till is similar to that observed
in the Snow Lake area (Kaszycki and Hall 1996) where it
has been interpreted to represent the geochemical re-
sponse to bedrock composition and glacial erosion and
transport.

Mercury partitioning
Humus Mercury concentrations in all phases of humus
decrease with distance from the smelter (Fig. 6a). Unlike
Zn, Hg concentrates primarily (>95%) in the non-labile
component of the insoluble humus residue (Table 5;
Fig. 6a) and, consequently Hg partitioning in humus is
related either to Fe-oxide, sulphide, and silicate minerals,
such as those emitted from the smelter, and/or bound
with “less soluble” organic material (Table 2). The proba-
ble influence of smelter-derived particulates on total Hg
concentrations is particularly apparent at sites within
3 km of the smelter (1 and 11), where Hg concentrations
exceed 10000 ppb in non-labile phases. At all sites, how-
ever, the strong association of Hg with this non-labile
component indicates that Hg is less mobile in the surface
environment than Zn.
The ratio between labile and non-labile components of
the insoluble humus residue is low because of the over-
whelming proportion of total Hg associated with non-la-
bile phases. With the exception of sites <3 km from the
smelter (Fig. 6b), the relative proportion of Hg in the la-
bile component tends to increase with distance from the
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of smelter-derived particulate matter associated with the
non-labile component of the insoluble humus residue
with distance from the smelter, however, no similar trend
is evident in the SSW transect. High total Hg concentra-
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tions (>1000 ppb) in the soluble organic phase at Site 11
(<2 km from the smelter) augment concentrations in the
labile component of the insoluble humus residue, and
further indicate the potential for significant amounts of
Hg to become mobile in those highly contaminated areas
adjacent to the stack.

Till - Total Hg concentrations in till are low (Table 3;
Fig. 6¢). As with Zn, Hg enrichment in labile phases is
present at sites near the smelter (Sites 1 and 11) possibly
as a result of downward leaching of heavy metals from
anomalous concentrations in humus, and/or geological
enrichment associated with mineralization near Flin
Flon.

Over 73% Hg is held in the non-labile component of till
(Table 5), particularly the crystalline Fe oxide (average
65%) and the sulphide/“less soluble” organic (average
21%) phases. In the latter phase, Hg is likely bound with
either phyllosilicate minerals or organic material since
sulphide minerals are absent in till due to weathering
(Kaszycki and others 1996). The proportion of Hg in the
labile component varies from 5 to 27% and is unrelated
to total Hg concentrations.

Ni partitioning
Humus - No evidence of smelter-related contamination
is indicated by Ni distribution in humus because of low
total concentrations (Table 3) and the inherent analytical
imprecision (Table 5). In general, Ni resides primarily in
the non-labile component of the insoluble humus residue.
At Site 10, total Ni values exceed 160 ppm reflecting a
similar enrichment in till (Table 3). Nickel in humus at
this site is predominantly in the labile component of the
insoluble humus residue, which suggests that enrichment
may result from geological and biological factors asso-
ciated with Ni-rich mafic dykes in the area.

Till - Nickel concentrations in till are higher than in hu-
mus (Table 3) and primarily reflect clastic dispersal from
bedrock sources. An average of 83% of total Ni in trans-
ect and background samples is associated with the non-
labile component, particularly the sulphide/”less soluble”
organic phase. With some exceptions, the percentage of
Ni in the more labile component is higher in till samples
overlying the Flin Flon greenstone belt and the Hanson
Lake block (Site 10). This may be a function of the gen-
erally elevated trace element concentrations associated
with these rocks (McMartin and others 1996) and the re-
sulting effects of weathering of sulphides and other Ni-
rich minerals derived from greenstone belt lithologies.

Partitioning in soil profiles

Two soil profiles, varying in distance from the smelter
and in geological context (Fig. 2), were examined in order
to assess the geochemical effects of soil forming proc-
esses, and the extent of downward leaching of smelter-re-
lated elements (Fig. 8). Section A represents a shallow
hole (1 m) dug to bedrock (Site 12) 8.75 km SSW of the
smelter stack. The area is underlain by mafic volcanic

Cases and solutions

rocks of the Flin Flon greenstone belt which contain gold
mineralization. Section B is a 5.3-m-high section overly-
ing Paleozoic dolostone, 42.5 km SE of Flin Flon, in an
area where heavy metal concentrations in humus ap-
proach background values. Both sections represent a sin-
gle till unit.

Section A Brunisolic soils are the commonest soils in
the study area, developing mainly on glaciofluvial and
glacial till deposits (Acton and Padbury 1984). From the
results of Fe analyses, the B-horizon can be seen to ex-
tend to approximately 45 cm depth (Fig. 8a).

Humus is enriched in Hg and Zn compared to till. In till,
Hg and Zn concentrations are elevated near the top of
the soil profile, decrease with depth in the B-horizon, and
stabilize below this zone. Nickel concentrations, on the
other hand, are depleted in humus and the B-horizon of
till. Below 45-cm depth, values for all elements approach
background levels for Shield-derived till (McMartin and
others 1998).

In Section A, over 70% Zn (4624 ppm) and 16% Hg

(473 ppb) in humus is retained in an easily leached form
and, consequently, may be mobilized within the soil pro-
file. The high proportion of Zn associated with the labile
component of till at 5-cm depth (Fig. 8a) suggests down-
ward leaching occurs to that depth, at least. Below 25 cm,
however, the distribution of Zn among phases does not
change with depth. Because Ni partitioning is similar to
Zn, and Hg partitioning shows no variation with depth,
there is no evidence to support downward leaching below
25 cm, based on the results of sequential extraction ana-
lyses. Based on total concentrations, however, the enrich-
ment of Zn and Hg, as opposed to the depletion of Ni, in
B-horizon tills suggests that Zn and Hg contamination
may occur within the section to a depth of 45 cm, at
least. Soil profiles from geologically similar terrane in the
Snow Lake (Kaszycki and others 1996) and Naosap Lake
areas (McMartin and others 1996), located >120 and
>40 km from the smelter, respectively, are characterized
by a depletion in most trace element concentrations in
the B-horizon relative to the underlying material.

Section B In Section B, till is enriched in Paleozoic car-
bonate detritus and, consequently, the concentrations and
distribution of trace elements differ from the previous
section (Fig. 8a). Because the section is located >40 km
from the smelter, Zn and Hg concentrations in humus
are only slightly enriched compared to regional back-
ground (McMartin and others 1996) and the underlying
till. The upper 20 cm of the soil profile is leached of car-
bonate, and metal concentrations tend to be enhanced;
from 30- to 100-cm depth carbonate is reprecipitated,
and trace metal concentrations are relatively depleted; be-
low 100 cm, till is essentially unweathered (Fig. 8b). The
B-horizon extends to approximately 40-cm depth.

No evidence for downward leaching of smelter-related el-
ements is provided by sequential extraction analyses.
Above 80-cm depth, less than 20% of the total metal con-
centration of all elements resides in the labile component
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Trace element concentrations and partitioning of samples from
vertical profiles: Section A Shield-derived till; Section B
Paleozoic-derived till (Fig. 2)

of till (Fig. 8b), whereas below 80 cm, the percent asso-
ciated with these phases increases and partitioning
among phases stabilizes, particularly for Zn. At the base
of the section, the percent Hg and Ni associated with the
non-labile component of till increases as might be ex-
pected in the essentially unweathered C-horizon.
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residual silicate phases

From the profiles, vertical variations in trace metal con-
centrations appear to result primarily from soil-forming
processes, although evidence for downward leaching of
smelter-related elements from humus is indicated in the
B-horizon of Section A. More extensive leaching may oc-
cur at those heavily contaminated sites (sites 1 and 11,
see previous section) within 3 km from the smelter, based
on the high proportions of Zn and Hg in the labile com-
ponent of till (Figs. 4 and 6). Similar conclusions were
reached by Hogan and Wotton (1984) and Freedman and
Hutchinson (1980).



SEM examination of particulate matter
Humus and till samples were examined qualitatively un-
der the scanning electron microscope to determine the
size, morphology and composition of particles enriched
in heavy metals and to validate the results of metal spe-
ciation studies by sequential leaching. Samples from Sites
1, 7, 10-12, and 17 of the transects, Background Site 2
and Section B were examined.

Humus
In humus, smelter-related heavy metal particles were
found at all sites. These particles occur as spheres, amal-
gamations of spheres, angular grains, and within organic
material. Heavy metals may also occur as grain coatings.
All particles examined were >0.001 mm diameter. Results

Table 6

Cases and solutions

of SEM examination of samples from the NNW transect
and Background Site 2 are summarized in Table 6.

Spherical particles The formation of spherical particles
has been associated with natural geological processes,
such as volcanism (Meeker and Hinkley 1993), lightening
strikes (Essene and Fisher 1986) and cosmic dust (Mur-
rell and others 1980; Blanchard and others 1980; Bi and
Morton 1995), as well as anthropogenic processes, such
as smelting activities (Dunn and others 1993). In general,
spheres formed by natural processes differ in composi-
tion, texture and size from those observed in humus in
the Flin Flon area. The composition of spherical particles
examined in this study closely approximates smelter dust
from the local plant (Chen and Pint 1980) and, conse-

Size and composition of particulate matter enriched in heavy metals in humus from selected sites along the NNW transect and

Background Site 2 (Fig. 2)

Particle type

Site Spherical particles Discrete grains
Size (w) Composition Comments Size (w) Composition Comments
NNW Transect
1 20 Fe, Si, Al, O; minor 47 Fe, Zn, O rectangular, angular grns;
Zn, Cu; trace Pb Rice crispy texture
26 Fe, O; minor Cu 18.5 Fe, Si, O; minor Zn, Al irregular, discrete grain
27 Zr, Si, O 2.5 Ag
2.5 Fe, Zn, Si, Al, O attached to large 4 Fe, Cr
sphere
9.7 Si, Al, O; minor K; 2.25 Ba, S, Pb with large grain
trace Zn, Fe 2.5 Fe, O
35 Si, AL, O 1.75 Pb, Si, O; minor Al, Mg
20 Si, Al, O; minor Zn 6.5%x15 Pb, Ba, S
7 80 Si, O, Al fragmented crust 12 Fe, O
45 Zn, Si, Al, O; Fe, Si, Ca, Al; minor K
minor Pb, Cu, Fe
36 Si, Al, O; minor Na, Ca Si, AL, K, O
43 Si, Al, O; minor Ca, Fe, O in agglutinated mass
K, Fe, Na, Si, O Si, Ca, Mg, Fe, O
Fe, Ti, O
Ce, La, Si, O (x2) monazite
Si, Al, Mg, Fe, Ca, O
10 6 Si, Al; minor O Si, Al, O; minor Fe, Ca,
K, Mg
6.4 Si, O; minor Al
4.75 Si, O Si, O, Zn
5.5 Fe, Si, O Fe, O; trace Cr
4.5 Si, O; Fe (x2) Zr, Si, O (x2) zircon
4 Si, O; trace Al (x2) Ce, La, P, O; Si, Al monazite
Fe, Si, O
Background Site
2 5.3 Si, O
5 Si, O organic coating
8 Si, O; minor Al, C. K;
trace Mg, Fe
4.5 Si, O; minor Al, Ca, Fe;
trace Mg
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Fig. 9
SEM secondary electron images showing morphology and
composition of spherical particles in humus collected at varying
distances from smelter:
a Heavy metal rich particle collected approximately 2 km SSW
from smelter. Note microsphere (5 w diameter) in lower left
corner of photo.
b Hollow sphere composed of Si, Al O, with minor Mg, Fe, Na
and Mn collected 82 km NNW of stack. Note microsphere (5 w
diameter) in SW quadrant of photo

quently, they are interpreted as originating from the
smelting process in the Flin Flon area.

Distinctive spherical particles were present in all humus
samples examined. The particles tend to decrease in size
and vary in composition with distance from the smelter
(Table 6). Heavy metals, particularly Fe and Zn, and to a
lesser extent Cu, are the major components of those
spheres found closest to the smelter (Fig. 9a). At these
sites, there is a broad inverse relation between sphere
size and heavy metal content. Over 30 km from the stack,
sphere composition is similar to glass (Si, O, Al) and
trace metals occur as minor or trace constituents. At sites
>40 km from the smelter, hollow and/or partially disinte-
grated (or malformed prior to deposition) (Fig. 9b)
spheres and glassy microspheres (averaging 0.005 mm di-
ameter) are common. Microspheres are also present in
humus >160 km from the smelter, although they are rare
and depleted in heavy metals. The general relationship
between size, composition, and distance from the smelter
indicates density sorting of spherical particles from the
smelter stack.

Angular grains Grains in humus include metal particu-
lates, oxides and sulphides similar in composition to
those observed in smelter dust (Chen and Pint 1980). Al-
though quantitative studies have not been made, the
number of heavy metal grains in humus appears highest
at sites within 30 km of the stack. At sites <3 km from
the stack, heavy metal grains dominate the proportion of
all particles in humus attributed to smelting activities.
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Few angular grains with the composition and/or texture
that could be linked to smelter emissions were found in
humus at distances >30 km from the stack.

The distribution, size, and composition of angular grains
enriched in heavy metals is summarized in Table 6. Iron
occurs as an oxide, either solely or with Zn or Ti, as a
sulphide with Cu, and, less commonly, as a silicate with
Zn or Cu. At several sites (1, 11 and 12), distinctive Zn,
Fe-oxide grains characterized by a regular geometric sur-
face pattern (Fig. 10) and Zn-sulphide grains exhibiting a
rough, spongy texture and, in one instance, a definite rim
or coating, were observed. Lead occurs, at sites closest to
the smelter, as a sulphide with Ba and/or Fe and Zn, in
regular, prismatic crystal forms. Mercury, in combination
with Se and, in one case, Fe and S, was also observed at
Site 11, closest to the smelter. The Hg-rich grains are
small (<0.01 mm), appear spongy, and may occur as
coatings or crusts on larger grains, or as part of compos-
ite particles consisting of an amalgamation of grains dif-
fering in composition. No particles exhibiting the compo-

Fig. 10
SEM secondary electron image of smelter-derived Zn-rich
particle observed in humus collected 3 km NNW of stack



Fig. 11
SEM mixed secondary and backscattered image showing metal
rich particles and organic material in humus 17 km SSW of
stack

sition, surface texture, and morphology of these grains
were found in till in any size fraction. Common rock-
forming minerals, however, were recognized in both sam-
ple media.

Organic associations Trace elements associated with or-
ganic matter occur primarily as oxides (Fe, O; Fe, Zn, O
with minor Cu) or sulphides (Fe, Cu, S; Fe, Zn, S; Fe, S)
and form particles ranging from 0.002 to 0.005 mm diam-
eter (Fig. 11). Because oxides and sulphides of similar
chemical composition have not been observed in till,
these grains are interpreted as smelter related.

Till
No smelter-related particles were observed in the
<0.002 mm size fraction of till. Their absence may be a
function of grain size because heavy metal particles ob-
served in humus exceed 0.002 mm diameter.
One sphere was observed in the <0.063 mm fraction of
till collected at 0.7-m depth at Site 11, located within
2 km of the stack. The size and composition of the
sphere is similar to those from humus at the same site,
and indicates the possibility of sediment reworking, or,
more likely, the incorportion of heavily contaminated
surface material during sample collection.

Discussion and conclusions

The distribution of smelter-related heavy metals in hu-
mus observed in the vicinity of Flin Flon represents the
historical record of contamination from mining and
smelting activities in the region. Organic soils surround-
ing the smelter serve as a sink for heavy metals released
to the environment as gases, aerosols or dusts from the
smelter stack, ore stock piles and tailings, or during

Cases and solutions

transport. The nature and extent of soil contamination is
the net result of all primary depositional processes, in-
cluding atmospheric fallout resulting from smelting activ-
ities, as well as secondary processes related to chemical
and biochemical reactions associated with the atmospher-
ic transport and deposition of smelter emissions, the de-
composition of plant material, and the weathering of
soils.

The nature and extent of smelter contamination in the
region has varied through time depending on the size
and density of emitted particles, ore composition, emis-
sion control technologies, and wind strength and direc-
tion. Once deposited or incorporated into the terrestrial
environment, however, trace elements derived from min-
ing and smelting activities in the area become part of the
complex assemblage of soil materials, and are subject to
modification by biological, hydrological, and geological
agents associated with soil-forming processes. Emitted
smelter particles, like primary rock-forming minerals, are
chemically weathered, and their elemental components
precipitate in secondary minerals, form complexes with
inorganic and organic surfaces, or remain temporarily in
the soil solution (Sposito 1983).

In the vicinity of Flin Flon, the distribution of smelter-
derived heavy metals in humus forms a bull’s eye pattern
centered on the smelter, with concentrations decreasing
with distance from the smelter. Contaminant pathways in
humus vary with the element and distance from the
smelter, as indicated by the chemical speciation of Zn
and Hg. Zinc partitioning is controlled by several factors
including the total organic content of humus and the rate
of deposition of smelter-derived particulates. Zinc is held
primarily in an easily leached (labile) form, with an aver-
age of 54% in the soluble organic phase of humus at sites
within 50 km of the smelter stack. The remaining Zn is
held in the insoluble humus residue which consists of a
labile and non-labile component. For Zn, the relative pro-
portion in these components indicates that non-labile
phases associated with smelter particulate emissions
dominate the insoluble humus residue within 30 km from
the stack (NNW transect), and decrease in significance
with increasing distance. This geochemical response is
supported by SEM observations indicating density sorting
of smelter-derived particulates from the smelter source.
With distance from the smelter, the relative increase in
Zn in the labile component of the insoluble humus resi-
due reflects the effects of processes associated with chem-
ical leaching and alteration. This suggests that near the
stack the rate of clastic input of smelter-derived particu-
lates exceeds the rate of chemical weathering. Partition-
ing in humus at sites >30-40 km from the smelter pri-
marily reflects bedrock control on till geochemistry such
that the absolute contribution of smelter contamination
on total concentrations of heavy metals becomes harder
and harder to distinguish with distance.

In humus, Hg partitioning is largely controlled by the
composition of the non-labile component of the insoluble
humus residue. An average of 80% of total Hg is retained
in this component and, consequently, Hg is less mobile
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than Zn. The concentration, and, in part, the proportion
of Hg in the non-labile phases decreases with distance
from the smelter suggesting a decreased input of smelter-
derived particulate matter with distance, as confirmed
from SEM observations. Adjacent to the smelter

(<2 km), however, elevated Hg concentrations

(>1000 ppb) in the soluble organic phase, and the labile
component of the insoluble humus residue, indicate the
potential for significant amounts of Hg to be mobilized
at highly contaminated sites.

On a regional scale, the geochemistry of till is a reflection
of bedrock geology, modified by glacial erosion and
transport (McMartin and others 1998). At sites <3 km
from the smelter, however, elevated concentrations of Zn
and Hg in labile phases of till may reflect downward
leaching from humus in areas with high levels of contam-
ination and poorly developed humus, in addition to the
geochemical expression of the mineralization which es-
tablished mining in the Flin Flon area. In a soil profile
located 9 km SSW of the smelter, vertical variations in
total Hg and Zn concentrations provide evidence for the
downward leaching of heavy metals from humus to the
B-horizon (approximately 45-cm depth).

The results of Ni partitioning in this study differ from
those reported from areas adjacent to Cu-Ni smelting fa-
cilities (Adamo and others 1996; Niskavaara and others
1996). In the Flin Flon area, Ni is not associated with
smelter emissions and concentrations in humus are de-
pleted compared to till. Ni exists primarily in a non-la-
bile form in both sample media. In Ni-contaminated ar-
eas, Ni is retained in labile phases of the A,-horizon
(Niskavaara and others 1996), and the non-labile residual
phases (60%) of mineral soils (0-20-cm depth) (Adamo
and others 1996).

Possible criteria for distinguishing
anthropogenic from natural
sources of heavy metal
enrichment

Humus has been regarded as one of the best sampling
media for mapping regional environmental contamina-
tion because of the strong geochemical contrast between
anomalous and background concentrations resulting from
its capacity to accumulate high levels of trace metals
(Steinnes 1984; Niskavaara and others 1996). Determining
the relative proportion of heavy metals in humus derived
from anthropogenic sources, however, requires an appre-
ciation for the ‘natural’ or geogenic component of the
sample medium.

One method of estimating the geogenic component is
based on the calculation of regional background values
for humus (Table 1). These background values vary de-
pending on the element and represent the median con-
centration for the data set after the elimination of most
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contaminated samples, ostensibly the natural background
for humus in the Flin Flon area. The value is subjective
because actual concentrations fluctuate over wide ranges
depending on biological, chemical, and geological factors,
and assumptions are made on the maximum extent of
anthropogenic contamination (McMartin and others
1997). Near the smelter, where concentrations of smelter-
related elements are anomously high, regional back-
ground values serve as good approximations for natural
concentrations, but, with increasing distance from the
source, deviations from background values become more
difficult to interpret. At those sites where total concentra-
tions in humus approach calculated regional background
values, both anthropogenic and natural components of
the surficial material are subjected to weathering proc-
esses with the accompanying formation of secondary mi-
nerals and complexes having indistinguishable geochemi-
cal signatures. SEM observations have shown that smelt-
er-related particles are present in humus at sites

>160 km from the source, and, undoubtedly, gaseous
smelter emissions and particles <0.001 mm diameter are
subjected to transport for greater distances, well beyond
the recognizable zone of smelter contamination defined
in the regional study. Consequently, the relative propor-
tion and maximum extent of anthropogenic contamina-
tion in humus will be difficult to estimate on the basis of
humus geochemistry alone, especially at sites at or near
regional background values.

Other proposed methods for estimating the geogenic
component of humus are based on the geochemical com-
position of the underlying, essentially unweathered, till or
C-horizon material (Steinnes and Njdstad 1993; Niskavaa-
ra and others 1996). In the Flin Flon area, the till (>45-
cm depth) reflects the natural distribution of trace metals
as it relates to bedrock geology, modified by glacial ero-
sion, transport, and deposition. The geochemistry of hu-
mus, on the other hand, results from the complex inter-
action between geochemical, biogeochemical and atmos-
pheric processes and, consequently, reflects both the
geogenic and the anthropogenic component. Simple com-
parisons, such as ratios between trace metal concentra-
tions in humus and till, highlight areas of anomalous an-
thropogenic enrichment, but become less sensitive indica-
tors for distinguishing between the anthropogenic and
geogenic input with distance from the smelter. The diffi-
culty is related primarily to site specific variations in the
composition of the two sample media, since site-to-site
correlations between elemental concentrations in humus
and till are poor to lacking in areas removed (>120 km)
from the immediate effects of smelter contamination
(Henderson 1994; Kaszycki and others 1996).

A realistic estimate of the anthropogenic component of
humus is fundamental to mass balance studies focused
on determining the proportion of total known smelter
emissions that is represented by contaminated soil in the
Flin Flon area. A meaningful calculation would require
knowledge of the distribution of heavy metals within the
organic horizon, an assessment of the rate of weathering
of smelter-derived particles and knowledge of the envi-



ronmental pathways of elements held in easily leached
forms, in order to determine the proportion of material
removed or recycled in the soil horizons. Studies address-
ing these issues are presently underway.
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