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Abstract The mobility of metals in surficial soils is 
among many factors controlled by the solubility of par-
ticulate matter (PM) deposited on their surface. This 
paper shows that the deposition of smaller, more solu-
ble, Cu-, Zn- and Pb-bearing PM likely led to a higher 
mobility of these elements in finer textured soils with 
higher pH than in more acidic coarser textured soils 
with higher proportions of organic matter and gravel. 
This paradox (and novelty) is unraveled in the smelter-
impacted soils of Flin Flon, Manitoba, Canada where 
the wet and dry deposition of particulates emitted by the 
smelter led to a smelter-shadow effect in close proximity 
to the smelter. Two pedons, one within and one outside 
of the smelter shadow are sampled parallel to the pre-
vailing NW-SE wind direction. Leaching experiments 
and chemical, mineralogical, and textural analyses of 
these soils indicate a higher mobility of Cu, Pb and Zn 
in a limed soil within the smelter shadow and a higher 
mobility of As in an acidic soil immediately outside of 
the smelter shadow. The former observation is likely a 
result of the enhanced wet deposition of smaller more 
soluble Cu-, Pb- and Zn-sulfate and arsenate particles 

closer to the smelter. The latter observation is explained 
with the depletion of Fe-(hydr)oxides in the surficial 
soils under acidic pH conditions. The leaching experi-
ments also show that the proportions of As, Cu, Pb and 
Zn in colloidal fractions increase in the sequence of Zn 
≤ As < Cu < Pb, reflecting the affinity of these metals 
towards mineral and organic matter surfaces. 

Keywords Metal mobility · Smelter · Contaminated 
soils · Colloids · Leaching · Shadow effect

1 Introduction

Soils are vital components of our lives, and with 
an increasing global population and the consequent 
demands placed on arable land, a reduction in the abun-
dance of healthy and productive soils is fast becoming 
a reality. Acidification of soils (i.e., pH < 5.5) and the 
emission of metal-bearing particulate matter (PM) from 
industrial processes are detrimental to crop produc-
tion and lead to increased soil degradation (Freedman 
& Hutchinson, 2011; Ritchie, 1994; Samac & Tesfaye, 
2003). In particular, emissions of sulfuric acid, sulfur 
dioxide, and PM have created technogenic landscapes 
on a worldwide scale (Koptsik, 2014), notable examples 
of which include areas in southern Italy (Terzano et al., 
2007); southwestern Spain (Chopin & Alloway, 2007); 
the Kola Peninsula, Russia (Gregurek et  al., 1998); 
Zlatna, Romania (Williamson et  al., 2012); the United 
States of America (e.g. Colorado and Montana (Burt 
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et  al., 2011; Burt et  al., 2003); and Canada (Sudbury, 
Ontario (Meadows & Watmough, 2012) and Flin Flon, 
Manitoba (Zoltai, 1988)).

Many of the technogenic landscapes are products 
of smelter activities. Smelters are considered point 
sources of metal(loid) pollution where the concen-
tration of emitted elements commonly decreases 
in surficial environments with distance from the 
source and with depth in the soil (Briffa et al., 2020). 
Although the smelter emissions disperse in all direc-
tions, zones of high metal contamination are often 
elliptical and elongated in the prevailing wind direc-
tion (McMartin et  al., 1999; Zoltai, 1988). In some 

cases, the height of the smelter stack combined with 
moderate-strong winds give rise to a shadow effect 
(Caplette et al., 2015; de Caritat et al., 1997), which 
results in a lower degree of contamination near the 
smelter stack (Fig. 1a). This contamination shadow is 
followed by a sharp increase at a fairly small distance 
from the stack, usually 100s of m to a few km, after 
which there is a gradual decrease of the metal(loid)s 
in the geological medium (soils, lakes, rock coatings) 
with distance to the smelter (de Caritat et al., 1997).

After deposition, the metal(loid)-bearing PM 
mixes with soil constituents such as leaves, plant lit-
ter and mineral grains (Jadoon & Schindler, 2022; 

Fig. 1  Smelter-shadow and sampling area (a) the smelter-
shadow effect: distance in kilometer from the smelter versus 
deposition of particulate matter (PM) in kg  km-2; (b) Map of 
Canada indicating the location of Flin Flon (blue spot) within 
Manitoba (red coloured); (c) Prevailing wind directions in 
Flin Flon, Manitoba from 1927-1990; arrow lengths represent 

frequency of wind blowing in that direction, arrow widths 
represent average wind speed; modified from McMartin et al. 
(1999), data from Environment Canada (1993); (d) satellite 
image indicating the location of the sampling sites along a 
NW-SE transect
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Lanteigne et al., 2012; Mantha et al., 2019). During 
this process, PM weathers and its constituents leach 
into the deeper part of the soil as ions or as a com-
ponent of the colloidal fraction (Jadoon & Schindler, 
2022; Mantha et  al., 2019; Schindler et  al., 2022; 
Sterckeman et  al., 2000). Among many factors, 
the weathering of deposited PM is predominantly 
controlled by climatic conditions, the physical and 
chemical properties of a soil, the type and solubil-
ity of emitted PM and the degree of acidification 
and neutralization potential of the soil (Bataillard 
et  al., 2003; Carrillo‐González et  al., 2006; Ettler 
et  al., 2008; Koptsik, 2014; Lanteigne et  al., 2014; 
Lanteigne et al., 2012; Schindler et al., 2016).

Remediation efforts applied to smelter-affected 
landscapes have the overarching goals of reduc-
ing the mobility and bioavailability of metals (e.g., 
free Al, Zn, Cu and Pb) by fixing them into adsorp-
tion complexes, less-soluble compounds, and plant 
material (Koptsik, 2014). A key example of where 
a successful chemical and phyto-remediation of 
acidic metal(loid)-rich soils has been carried out 
is in the vicinity of the smelter centers in Sud-
bury, Ontario, Canada (Winterhalder, 1995, 1996; 
Wren,  2012). Remediation efforts have included 
liming and fertilization, followed by sowing of a 
grass–legume mixture (Winterhalder, 1995). Simi-
lar remediation efforts like these have resulted in 
the worldwide reduction of (semi-) barren land-
scapes and a general decrease in soil acidity and 
metal mobility (Koptsik, 2014).

This study compares the mobilities of metals 
between pedons of a remediated (limed) and non-
remediated site at the smelter-impacted area of Flin 
Flon, Manitoba, Canada. It shows that the mobility 
of some of the emitted metals can be still higher in 
a pedon of a remediated than non-remediated site as 
the mineralogical composition of the soils and the 
average solubility of the PM deposited at these sites 
have a greater effect on metal mobility than soil pH.

1.1  Previous Studies in the Smelter-impacted Area of 
Flin Flon, Manitoba, Canada

The town of Flin Flon is located along the Man-
itoba-Saskatchewan border, in western Canada 
(Fig.  1b). Here, Au-Cu-Zn ore veins were discov-
ered in 1913-1915 and mining of predominantly 
Zn commenced in 1930 (Mochoruk, 2004). Early 
smelter emissions were released by two short 
stacks and averaged 7150 tons/year of PM between 
1940 and 1974. These emissions were reduced to 
approximately 6834 tons/year with the construction 
of a single, taller stack in 1974 (McMartin et  al., 
1999). Emissions were reduced by over 90% to 632 
tons/year in 1995 and remained constant until the 
closure of the smelter in 2010 (Eckley et al., 2015; 
Intrinsik, 2010; McMartin et al., 1999).

The smelter emission consisted predominantly of 
Zn, Fe, and Pb, with lesser quantities of As, Cu, Cd, 
and Hg, and trace amounts of Ag, Al, Mg, Mn, Se, Sb, 
Ni, Cr, and Co (Henderson et al. 1998 and McMartin 
et al. 1999). The ratios between the total emissions of 
the elements [in tons] remain relatively constant over 
time with for example Zn : Cu ratios of 18.3 and 17.5 
during the time spans of 1931-1974 and 1975-1995, 
respectively (Table 1). Chemical analyses of retained 
smelter dust in the smelter baghouse and in the Cu 
and Zn precipitators indicated the occurrence of fine 
to medium silt size range (2–31 mm) particulates pre-
dominantly composed of Cu, Zn, Fe and S with traces 
of Pb, As, and Cd (Henderson et al., 1998; McMartin 
et al., 1999).

The impact of the smelter emissions on local 
lakes and fish populations were first investigated by 
(Loon & Beamish, 1977), (McFarlane and Franzin, 
1978) and (McFarlane & Franzin, 1980). (Franzin 
et  al., 1979) quantified the total metal-deposition 
on the surficial soils and (Outridge et  al., 2011)) 
observed the partial drainage of the metal(loid)s 
from the soils to the local watershed during spring 

Table 1  Total emissions in tons [t] of the metal(loid)s Zn, Pb, Cu and As by the smelter in Flin Flon, Manitoba, Canada during the 
time spans of 1931-1974 and 1975-1995

* data from McMartin et al. 1999

metal emissions [t]* Zn Pb Cu As Zn : Pb ratio Zn : Cu ratio Zn : As ratio

1931-1974 88505 15826 4827 2783 5.6 18.3 31.8
1975-1995 42229 7431 2409 1284 5.7 17.5 32.9
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snowmelt. Furthermore, (Zoltai, 1988) character-
ized the distribution of metals in peat bogs around 
the smelter and (Percival & Outridge, 2013) inves-
tigated the mobility of Zn, Cu, Pb, As, and Cd in 
lake sediments. (Henderson & McMartin, 1995) and 
(McMartin et al., 1999) studied the spatial distribu-
tion of the emitted metal(loid)s in soils with dis-
tance to the smelter and with depth at various sites. 
These studies showed an exponential decrease in the 
concentrations of As, Cd, Cu, Pb and Zn with dis-
tance to the smelter, whereby the volatile elements 
Hg, As, Cd and Pb were transported farther in air 
than Zn, and Cu before being deposited (Henderson 
et  al., 1998; McMartin et  al., 1999).They further 
showed that the smelter-emitted metalloids were 
accumulated in the upper humus-rich layers of the 
surficial soils in which they occurred above back-
ground levels to average distances of 70 to 104 km 
from the smelter.

The speciation of Zn in organic-rich soils around 
the smelter was characterized using Scanning Elec-
tron Microscopy (Henderson & McMartin, 1995), 
X-ray absorption spectroscopy and X-ray fluores-
cence mapping (Hamilton et al., 2016). These studies 
showed that franklinite, a Zn-spinel  (ZnFe2O4) is the 
most common Zn-bearing phase in the surficial soils 
and that Zn is predominantly sorbed to Fe- and Mn-
oxides. As the smelter was one of the largest emitters 
of Mercury (Hg) in North America (Environment 
Canada National Pollution Release Inventory), the 
distribution of Hg in humus surficial- and lake-sed-
iments and its emission before and after the smelter 
closure were studied by (Henderson et  al., 1998) 
(Eckley et al., 2015) and (Wiklund et al., 2017).

1.2  Detailed Objectives

Previous studies focused on the metal(loid) concen-
trations in soils with distance to the smelter and on 
the overall dimensions of the smelter impact zone 
(Henderson et  al., 1998; McMartin et  al., 1999). As 
these studies used large sampling intervals ranging 
from 2 km to over 4 km, they could not resolve any 
smelter-shadow effect and its impact on the deposi-
tion of different types of PM. Furthermore, pedons 
collected in these studies were sampled in 10–50 cm 
intervals and only in non-remediated soils outside of 
the smelter shadow (Henderson et al., 1998; McMar-
tin et al., 1999).

The identification of a smelter-shadow effect, 
its influence on the deposition of metal(loid)s and 
the effect of types of emitted PM on the mobility of 
metal(loid)s such as Zn, Cu, As and Pb requires high-
resolution sampling and characterization of surficial 
soils ranging from 500 m intervals along a transect, to 
1.5-5 cm in pedons and to the micrometer-scale at the 
individual soil grain level. The detailed objectives of 
this multi-scale study are to investigate whether:

 I. a smelter-shadow effect occurred around the for-
mer Zn-smelter in Flin Flon Manitoba, Canada 
(Fig. 1a);

 II. the mobility and sequestration of Zn, Cu, Pb, 
and As in soils at a remediated and non-remedi-
ated site inside and outside the smelter shadow 
are different, respectively.

The data gained from these characterizations will 
be subsequently used to evaluate whether different 
types of PM deposited on surficial soils within and 
outside the smelter shadow affected the mobility of 
elements in the surficial soils.

2  Experimental

2.1  Sampling

High-resolution samplings of surficial soils were con-
ducted along a transect of 5.5 km, with two detailed 
pedons being sampled in small defined depth incre-
ments. The transect followed the prevailing NW-SE 
winds and thus the reported highest concentrations 
of metal(loid)s in the soils around Flin Flon (Fig. 1c; 
(Zoltai, 1988), (McMartin et  al., 1999; Percival & 
Outridge, 2013)). Starting at a distance of one km 
from the smelter stack (due to the private property 
around the smelter), nine surficial samples were taken 
along a transect at 500 m (± 80 m) intervals (Fig. 1d). 
Sampling sites were in smaller or larger depressions 
on the bedrock of the Canadian shield (Fig.  1d). In 
addition, one sample was taken approximately 3 km 
further down the transect from the penultimate sam-
ple to determine the extent to which trends in con-
taminant distribution continue along the transect 
(Fig.  1d). Surficial samples were collected with a 
spade to a depth of 5 cm. Pedons were taken at the 
first and seventh sampling site at distances of about 
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1  and 4 km from the smelter stack. These sampling 
sites are characterized by a large depression in a for-
est and a small depression on top of a bedrock pla-
teau, respectively. Pedons were collected to a depth of 
30 cm (note that the bedrock occurred at 28 cm depth 
in the second pedon), in 1.5 cm increments for the 
first five samples and 5 cm for the subsequent sam-
ples. Samples were transported in sealed containers 
to the University of Manitoba, dried at 80°C for 72 
hours, and subsequently stored under dry conditions.

2.2  Sample Preparation and Analysis

2.2.1  Bulk Soil Analysis

Soil pH was measured on the field-moist soil samples 
at the University of Manitoba Environmental Nano 
Geoscience facility within 24 hours of sample collec-
tion. Two grams of sample were mixed with either 10 
mL deionized Milli-Q® water or a 0.01 mol/L  CaCl2 
solution. Samples were agitated for 20 minutes, 
allowed to settle for an additional 20 minutes, with 
soil pH being measured using a Fisher Scientific Acc-
umet Basic AB15 pH meter, calibrated using buffer 
solutions with pH 4.00, 7.00 and 10.00.

The samples were sent for bulk geochemical anal-
ysis to the ALS Labs in Vancouver, BC, Canada. 
Samples were digested using a four-acid digestion 
and analyzed by inductively coupled plasma atomic 
emission spectroscopy (ICP-AES). Quality control 
included certified reference materials, duplicates and 
blanks which were analyzed after every tenth sample.

The total carbon content was determined by com-
bustion in an induction furnace at 1000 °C, with 
infrared quantification of evolved carbon dioxide. 
The organic carbon content was determined through 
dissolution of inorganic carbon compounds using 
a 25% HCl solution, followed by quantification the 
organic residue using the induction furnace. The 
inorganic carbon content was calculated by the differ-
ence between the total carbon and the organic carbon 
content. The results of these analyses are listed in the 
supplementary data S1.

2.2.2  Leaching of the Surficial Horizons 
in the Pedons with Simulated Rainwater

Leachates of the surficial soil samples in the pedons 
1 and 2 were collected in flow-through experiments 

using hollow plastic tubes. Prior to both runs, the 
tubes were rinsed with ethanol and ultrapure water. 
The tubes were subsequently filled with 3 cm of 3 
mm diameter plastic, followed by 5 cm of dried soil 
samples.

A 0.02 mM  CaCl2 solution (ionic strength = 6 x 
 10-5), simulating the ionic strength (I) of rainwater 
(I ~ lower  10-5 range Salve et al., 2008), was passed 
through the column at an approximate rate of 0.8 mL 
 h−1 until 50 mL was collected in a flask below the col-
umn. The leachates were subsequently filtered with a 
20 nm filter in order to separate the majority of the 
colloids from the true dissolved fraction. Unfiltered 
samples were digested with nitric and hydrochloric 
acids to dissolve the colloidal fraction. Filtered sam-
ples were preserved with addition of 0.3 ml ultrapure 
nitric acid. Total metal concentrations of the filtered 
and unfiltered samples, together with duplicates and 
blanks, were analyzed by ICP-MS at ALS Winnipeg. 
The results of these analyses are listed in Table S2.

2.2.3  Powder X‑Ray Diffraction

A small handheld magnet was used to yield fractions 
of selected soil samples enriched in sulfides and Fe-
bearing spinels relative to quartz. These fractions 
were ground with an agate mortar and pestle to an 
average grain size of 20 µm for analysis with a Sie-
mens D5000 Diffractometer using a current and volt-
age of 40 mA and 40 kV, respectively. X-ray powder 
diffraction patterns were recorded over a 2Ɵ range of 
5-60° with a step size of 0.02° and a dwell time of 1 
s.,  Phase identification was conducted with the soft-
ware Crystallographica Search-Match. All diffracto-
grams are shown in the supplementary data S3.

2.2.4  Scanning Electron Microscopy

Surficial soil material from 0-1.5 and 1.5-3 cm 
depth from the pedons 1 and 2 and from 0-5 cm 
at 3.7 km from the smelter stack were embedded 
into epoxy pucks and prepared for SEM examina-
tion using an FEI Quanta FEG 650 SEM using an 
accelerating voltage of 15 kV and a beam current 
of 1 nA. Soil grains and organic particles were ana-
lyzed in both backscatter and secondary electron 
mode, with elemental distributions being recorded 
with the TEAMS SEM-EDS software. The chemical 
compositions of areas and points were determined 
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semi-quantitatively using the ZAF method (i.e. no 
external standards were used).

2.2.5  Identifications of the Soils and Grain Size 
Distribution

The identification and the grain size distribution of 
the surficial soil samples at depths of D = 1.5-3 cm 
and 4.5-6 cm at both pedons were determined using 
the Canadian Foundation Engineering Manual,  3rd 
Edition and using the American Society for Testing 
and Materials standard sieves with the mesh openings 
of 4 mm, 2 mm, 1.4 mm, 1 mm, 425 µm, 355 µm, 250 
µm, 125 µm, 75 µm and 63 µm. The plots are shown 
in supplementary data S3.

3  Results

The surficial soils (0-5 cm) along the transect are 
gray/dark gray (10R 6/1, 10R 6/2, 10R 4/1) to very 
dark grayish brown (10R 3/2) near the smelter (< 6 

km) and dark/very dark greyish brown (10R 4/2, 10R 
3/2) to very dark brown (10R 2/2) towards end of 
transect (6-9 km from the smelter). The soil materials 
are mainly composed of quartz and minerals of the 
feldspar and plagioclase group with minor amounts of 
chlorite-, clay- and spinel-group minerals. The soils 
are acidic with pH values varying between pH 3.5 
and 5.0. The pH values are higher closer and farther 
away from the smelter with a minimum of pH 3.7 at 
around 4 km  (CaCl2) from the smelter stack (Fig. 2a). 
The total concentrations of (Ca+Mg) depict a simi-
lar trend with distance to the smelter. Here, higher 
concentrations occur closer and farther from the 
smelter with a minimum between 3 and 4 km from 
the smelter (Fig. 2b).

The major contaminants Zn, Cu, As and Pb display 
opposite trends to the observed pH and (Ca+Mg) 
concentrations. Their change in concentration (in the 
upper 5 cm) with distance to the smelter shows a typi-
cal profile for a smelter-shadow effect with lower con-
centrations closer and farther away from the smelter 
(Fig. 2c-f). However, the locations of their maximum 

Fig. 2  Contact pH and distribution of elements along the tran-
sect with distance to the smelter. (a) contact pH value, (b) the 
sum of the concentrations of Ca and Mg; (c) Zn, (d) Cu, (e) As 

and (f) Pb; the locations of the pedons 1 and 2 are indicated 
with a red and green-coloured circle, respectively
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concentrations differ as the peak concentration for (a) 
As occurs at ~2 km, (b) Zn at ~3 km and (c) Cu and 
Pb at ~3.5 km (Fig. 2c-f). Note that these plots dis-
play the average concentrations of As, Cu, Pb and Zn 
in the upper three layers (0-1.5, 1.5-3 and 3-4.5 cm) 
of the pedons at 1 and 4 km from the smelter.

3.1  Textural and Chemical Features in the Pedons 1 
and 2

The soils in pedon 1 depict characteristic features 
of a Humic Luvic Gleysol soil overlying till. These 
grayish-dull soils are highly compact and are com-
mon in the glacial landforms of Northern Manitoba 
and Saskatchewan (Lavkulich & Arocena, 2011) 
(Fig. 3a). The soil samples are sand with minor gravel 
and silts and with a mean diameter of 0.66 and 0.93 
mm for the 1.5-3.0 cm and 4.5-6.0 cm depth incre-
ments samples, respectively. The organic C content is 

higher in the surface LFH horizon (29.8 wt%) than in 
the underlying Ahg horizon with a relatively constant 
organic C content (13 to 15 wt%) to D = 6.75 cm.

The sandy soils in pedon 2 show features charac-
teristic of an eluviated Dystric Brunisol soil (CSSC, 
1995) with a bleached Ae horizon in greyish tones 
(10R 6/1) followed by a  light- to reddish-brown B 
horizon (7.5R 7/6) (Sanborn et  al., 2011) (Fig.  3b). 
The soils samples are gravelly sands with traces of silt 
(sand in the less than 2 mm fraction). Below a depth 
of circa 4.5 cm, the horizon samples contain minor 
amounts of clay minerals (XRD, supplementary data 
S3). The textural data for the samples at D = 1.5-3 
cm and 4.5-6.0 cm indicates mean grain sizes of 1.05 
mm and 1.25 mm, respectively. The organic carbon 
content decreases exponentially with depth from 27.7 
wt% in the surface layer to 1 wt% at D = 6.5 cm.

The sampled pedons show different trends in pH 
and (Ca+Mg) concentration with depth. The pH 

Fig. 3  (a)-(b) photographic images of the pedons 1 and 2; 
(c)-(d) change in contact pH-value with depth (measured 
with a  CaCl2 solution); (e) comparison of the distribution of 
the sum of Ca and Mg (in [wt%] with depths in the pedon 1 

(red spheres) and 2 (green spheres); (f) plot of the amount of 
organic versus inorganic carbon (in wt%) in the surficial hori-
zons of pedon 1 (red spheres) and 2 (green spheres) (arrows 
indicate the corresponding changes in depth)
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values of the surficial horizons in pedon 1 are pH = 
4.5-5.0, whereas those in pedon 2 depict pH values of 
pH = 4.0-4.5. However, soil layers at greater depths 
in pedon 1 and 2 show similar pH values, in the range 
of pH = 4.2-4.5 (Fig. 3c and d). Furthermore, all soil 
horizon layers in pedon 1 depict (Ca+Mg) concentra-
tions in the range of 2.0 to 2.3 wt%, whereas those 
in pedon 2 have (Ca+Mg) concentrations of 1.5-2.0 
wt% (Fig. 3e). A plot of the concentrations of organic 
versus inorganic carbon of the soils in the upper parts 
of pedon 1 (D = 0-7.5 cm) and pedon 2 (D=0-18 cm) 
indicates that the top layers of pedon 1 have much 
higher proportions of inorganic versus organic carbon 
(Fig. 3f).

The distribution of Fe and Al in the two pedons 
appear to be linked with the changes in pH. In pedon 
1, maximum concentrations of Fe occur below the 
surficial layer (D = 0-1.5 cm) at the rising limb of 
an increasing soil pH (Fig. 4a, b). At the same depth, 
the concentrations of Al slightly increase and remain 
relatively constant beneath these layers (Fig.  4c). 

In pedon 2, the concentrations of Fe are on average 
much lower than in pedon 1. They depict minimum 
and maximum concentration below the surface (D = 
1.5 – 3cm) and in the layer directly beneath the more 
acidic surficial horizons (D = 5cm), respectively 
(Fig.  5b, d). The concentrations of Al are lowest in 
the surficial horizons and increase with depth until D 
> 7.5 cm where they depict similar values to those of 
pedon 1.

The distribution of As, Cu, Pb and Zn in pedon 1 
are characterized by lower concentrations in the sur-
face layer (0-1.5 cm) and maximum concentrations in 
the layer beneath (1.5-3 cm) (Fig. 5). The decline in 
concentration with depth (D) is relative sharp for As, 
Pb and Cu with background concentrations occurring 
at D ~ 15 cm (Fig. 5b, c and d), whereas the concen-
trations for Zn reach background levels at or below 
the bottom of the pedon (Fig.  5a). Conversely, the 
concentrations of As, Cu, Pb and Zn display max-
ima at the surface layer (D = 0-1.5 cm) of pedon 2 
(Fig. 6). They decrease exponentially to background 

Fig. 4  Comparison of the contact pH value with the distribu-
tion of Fe and Al with depth in the pedons 1 (red spheres) and 
2 (green spheres); (a)-(b) contact pH value; (c)-(d) concentra-

tion of Fe (in [wt%] with depth; (e)-(f) concentrations of Al (in 
[wt%]) with depth
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levels for Cu, Pb and Zn at ~ 7 cm (Fig. 6a, c and d), 
whereas the concentrations for As never reach back-
ground levels (Fig. 6b). Note that a background con-
centration of an element is defined here as the relative 
constant concentration range at greater depth.

3.2  Mineralogical Features in the Surficial Horizons 
of the Pedons 1 and 2

In the surficial horizons of both pedons and in the 
surficial layer at 3.7 km from the smelter (located 
between the peak of deposition and pedon 2), the pre-
dominant Zn-bearing phase (observable with SEM) 
is franklinite  ZnFe2O4. The phase occurs in smelter-
derived spherical particulates (Fig. 7a and b) and as 
lens-shaped precipitates in pore spaces of organic 
matter (OM) (Fig.  7c-d) and as blocky submicron 
crystals in mineral surface coatings on Fe-hydr(oxide) 

grains (Fig.  7e-f). Another prominent Zn-phase is 
ZnS (sphalerite or wurtzite), which occurs in the core 
of smelter-derived spherical particles (Fig. 7a-b) or as 
lens-shaped precipitates in organic matter (Fig. 7c-d). 
The ratio of Zn-bearing spinels versus Zn-sulfides is 
circa 5:1 in the surficial soils of both pedons (Fig. 8a 
and b).

Identified phases containing Cu as a major element 
include chalcopyrite and cuprospinel with both occur-
ring in spherical smelter-derived particulates. Copper 
is also a minor element in franklinite and Fe-(hydr)
oxide precipitates (Fig.  8b). Lead- and As-bearing 
phases were not identified with SEM.

The abundances of spinels in the surficial soils 
of the two pedons may be recognized on the area 
ratios (spinel A / quartz A) between the 100% peaks 
for spinel ((311) at d=2.4-2.6 Å and low quartz 
((011)/(101) at d = 3.3-3.4 Å) in the corresponding 

Fig. 5  Distribution of selected elements in pedon 1 with depth (a) Zn, (b) As, (c) Cu and (d) Pb (all in mg kg-1); the location of 
what appears to be a limed surface layer is shaded in yellow
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powder X-ray diffraction pattern. The areas of these 
two peaks were estimated assuming a peak shape 
defined by a 1 : 1 ratio of a Gaussian and Lorentz-
ian distribution with areas of A = 1.06 * h*w and A 
= π * h * w (h = height of peak and w = full width 
at half maximum), respectively. Here, the ratios spi-
nel A / quartz A of 0.02, 0.08 and 0.44 for the surfi-
cial horizons of pedon 1 (D= 0-1.5 cm and 1.5-3.0 
cm) and 2 (0-1.5  cm) indicate a higher abundance 
of spinels in the latter than former surficial hori-
zons, respectively.

3.3  Chemical Compositions of the Leachates 
Through the Surficial Horizons of Pedons 1 and 2

Leaching experiments were conducted using the 
surficial samples with the highest concentrations 
of metal(loid)s (samples at D = 1-5-3 cm and D = 
0-1.5 cm in pedons 1 and 2, respectively). As the 
concentration of an element in a leachate  (Cliquid) 
depends foremost on its concentration in the solid 
 (Csolid), one can define a leaching factor as the 
concentration ratio between  Cliquid and  Csolid in 

Fig. 6  Distribution of selected elements in pedon 2 with depth (a) Zn, (b) As, (c) Cu and (d) Pb (all in mg  kg-1)
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permille notation (*1000). The leaching factors for 
the selected elements As, Cu, Fe, Pb and Zn in the 
surficial horizons of pedons 1 and 2 indicate that 

with the exception of As, the concentration ratios 
are higher for Cu, Fe, Pb and Zn in the surficial 
horizons of pedon 1 than 2 (Table 2). Furthermore, 

Fig. 7  Various types of abundances of franklinite (identified 
on the basis of a Zn : Fe ratio of 1:2) and ZnS (either sphalerite 
or wurtzite) (a) SEM image in BSE mode and chemical distri-
bution map of Fe (in red), S (in yellow) and Zn (in green) of a 
spherical particulate containing ZnS in the core and franklinite 

in the rim; (c)-(d) precipitates of ZnS and  ZnFe2O4 in organic 
matter; (e)-(f) mineral surface coating on a Fe-(hydr)oxide 
grain containing submicron franklinite particles; the location 
of the image shown in (f) is indicated with a red square in (e)

Fig. 8  (a)-(b) triangular diagrams depicting the proportion of 
(a) Fe, Zn and S and (b) Fe, Zn and Cu in Zn- or Cu-bearing 
soil components such as spherical particulates, precipitates 
in organic matter or mineral surface coatings; red and green 

spheres indicate in (a) components within and outside the 
smelter shadow; in (b) red and green as well as pink and blue 
spheres indicate oxides and sulfides within and outside the 
smelter shadow, respectively
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the leaching factors are generally larger for Cu and 
Zn than for the less mobile Fe and Pb. The propor-
tion of an element in the colloidal fraction of the 
unfiltered sample (% colloidal) may be calculated 
through subtracting its concentration in the filtered 
(D < 20 nm) from the unfiltered solutions. Table 2 
indicates that the proportions of the elements in the 
colloidal fractions of both leachates increase in the 
sequence Zn ≤ As < Cu < Fe < Pb.

4  Discussion

Previous geochemical studies, including a large-
scale study by the Geological Survey of Canada 
and Manitoba Energy and Mines (1600 sites within 
a 200 km radius of the stack in Flin Flon, Mani-
toba) resolved two-dimensional distribution pat-
tern of the major contaminants around the smelter 
in Flin Flon (Henderson et  al., 1998; McMartin 
et al., 1999). Due to the smaller sampling interval 
closer to the smelter, this study resolves a smelter-
shadow effect for the major contaminants As, Cu, 
Pb and Zn in the surficial soils along a NW-SE 
transect. Furthermore, the occurrence of distinct 
distribution patterns for As, Cu, Pb and Zn in two 
pedons, one within and one outside the smelter 
shadow, is resolved. We will first discuss mineral-
ogical and chemical features in the surficial soils 
along the transect and within the pedons before 
addressing whether the observed distribution pat-
tern of As, Cu, Pb and Zn in the pedons are related 
to (a) textural, mineralogical and geochemical 
properties of the soils or (b) the type of PM depos-
ited within and outside the smelter shadow.

4.1  Mineralogical and Chemical Features in the 
Surficial Soils Along the Transect

Previous studies on the environmental impact of 
smelters showed that larger emitted particulates 
occur as spherical particulates (the industrial term is 
prills) in soils, snow, and rock coatings (Ettler et al., 
2008; Gregurek et  al., 1999; Gregurek et  al., 1998; 
Knight & Henderson, 2006; Lanteigne et  al., 2012). 
These particulates form at high T during smelting 
and converter processes and possess distinct internal 
and external features as a result of their rapid cool-
ing (Knight and Henderson 2005, 2006). They are 
commonly composed of Fe-silicates and Ni-Cu-Zn-
Fe-oxides with minor Fe–Ni–Cu-Zn-sulfides. The 
type of sulfide and spinel depends mainly on the type 
of ore with Cu-Ni-Fe-oxides and -sulfides dominant 
around the Cu and Ni smelters in Sudbury, Ontario, 
Canada whereas Cu-Zn-Fe-oxides and -sulfides are 
predominant around the smelters in Flin Flon, Mani-
toba, Canada and Rouyn-Noranda, Quebec, Canada 
(this study; (Knight & Henderson, 2003) (Knight & 
Henderson, 2006); Fig. 7a and b). In addition to spi-
nel and sulfides, the spherical particulates also exhibit 
a prominent rim containing the more volatile ele-
ments Pb and As, which attach to the particulates at 
a later stage in the smelter or converter (Lanteigne 
et al., 2014; Lanteigne et al., 2012). Although nanom-
eter-size spherical particulates were identified in 
rock coatings, the majority of spherical particulates 
in smelter-impacted soils are in the micrometer-size 
range (Lanteigne et al., 2014).

In addition to previous soil studies in the Flin Flon 
area which identified spinels as the major hosts for Zn 
(Henderson et al., 1998) (Hamilton et al., 2016), this 

Table 2  Ratios between 
the concentrations of 
selected elements in the 
leachate  (Cliquid) and their 
concentrations in surficial 
horizons of pedons 1 
and 2  (Csolid) and their 
percentages in the colloidal 
fractions (D > 20 nm) of 
the leachates

Element Pedon 1, D=1.5-3 cm Pedon 2, D=0-1.5 cm

Cliquid/Csolid*1000 %colloidal Cliquid/Csolid*1000 %colloidal

D>20 nm D<20 nm D>20 nm D<20 nm

As 1.4 1.3 6 3.5 3.3 6
Cu 2.9 2.6 11 0.5 0.44 11
Fe 0.06 0.05 14 0.03 0.03 25
Pb 0.08 0.04 23 0.06 0.02 44
Zn 1.4 1.4 1 0.8 0.8 6
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study showed that (a) secondary franklinite as well 
as Zn-sulfides (either wurtzite or sphalerite) occur 
as lens-shaped precipitates in pore spaces of organic 
matter and as submicron blocky crystals in mineral 
surface coatings (only franklinite; Fig.  7c, e and f) 
and (b) the proportion of spinels relative to quartz 
in two surficial soils correlate with their Zn concen-
trations. These observations indicate that secondary 
spinels and sulfides formed at low-T are major sinks 
for Zn in these soils, in accord with previous miner-
alogical studies on soils and tailings, which showed 
that spinels (other than magnetite) can indeed form 
in low-T environments and sequester elements such 
as Pb, Sb, Cu, Zn and Ni (Jadoon & Schindler, 2022; 
Jadoon et al., 2022; Mantha et al., 2019). The under-
lying mechanisms for the formation of secondary Zn-
sulfides and franklinite within organic-rich soils at 
Flin Fon will be addressed elsewhere.

4.2  Chemical Features of the Soils in the Two 
Pedons

The soils of the two pedons represent characteristic 
soils of the Flin Flon area: the gray Humic Luvic 
Gleysol of pedon 1 formed in tills deposited by the 
Keewatin ice sheet, which are coarse textured, non-
calcareous, and naturally enriched in heavy metals 
when overlying bedrock (Franzin et al., 1979). How-
ever, higher pH (Fig.  3a), higher ratios of inorganic 
to organic carbon (Fig. 3f) and lower concentrations 
of smelter-emitted metal(loid)s As, Cu, Pb and Zn 
(Fig. 5) in the surficial LFH horizon of pedon 1 than 
in the Ahg horizon beneath are in contrast to pedons 
of acidic smelter-impacted soils in Canada (Nkon-
golo et al., 2013) and indicate the previous liming of 
the surficial soils of pedon 1. The liming of the soils 
likely led to the infiltration of near-neutral pore water 
and thus in the enrichment of Fe in the Ahg horizon, 
most likely due to the enhanced precipitation of Fe-
(hydr)oxides (Fig. 4c).

The Brunisolic soil of pedon 2 is typical for soils 
formed under acidic conditions on the Canadian 
shield, being characterized by a leached Ae layer 
depleted in Fe and Al and a B horizon enriched in Fe 
and with constant Al concentrations occurring in the 
underlying saprolite and bedrock (Fig. 4d and f; San-
born et al. 2011). The pedon also shows the charac-
teristic of a soil impacted by acidic emissions from 

a smelter with surficial soils of greater acidity and 
higher concentration of metal(loid)s (Fig. 4b and 6).

4.3  Depth Gradients of the Emitted Metal(loid)s in 
the Two Pedons

The mobility of an element in a soil column depends 
on the number, duration, intensity, and frequency 
of precipitation events, the properties of the soils 
(i.e. pH, total surface area, mineralogical compo-
sition, organic matter content, mean grain size and 
texture), the affinity of the element to sorb on min-
eral surfaces and organic matter, the speciation of 
the element (i.e. nanoparticle, colloid, solute), con-
centrations and types of available colloids, type and 
abundance of microbial communities, and in the 
case of atmospheric emissions, on the type of PM 
deposited on the surficial soils (i.e. its size and solu-
bility) (Bataillard et  al., 2003; Carrillo‐González 
et al., 2006; Kretzschmar et al., 1999; McCarthy & 
Zachara, 1989).

The mobility of As, Cu, Pb and Zn in the two 
pedons may be estimated from their distribution 
with depth. Closer inspection of the corresponding 
plots indicates that the concentrations of the ele-
ments decrease exponentially with depth (Figs. 5, 6 
and 9a-b), resembling a decay rate of a radiogenic 
isotope or the diffusion of an element into a solid. 
As the downward movement of an element depends 
on the concentration in the surface layer (Co), we 
plotted the natural logarithm (ln) of C/Co for Cu 
and As in pedon 2 versus depth, where C is the 
concentration of the element at depth D (Fig.  9c, 
d). In the case of Cu, the plot ln C/Co vs. D depicts 
two linear relations with the regression lines 1 and 
2 intersecting at a depth where the concentrations 
of the element reach background level (between D 
= 6.75 and 10.5 cm, Fig. 9a and c). In the case of 
As, the plot ln C/Co vs. D depicts only one linear 
relation as the concentrations of the element never 
reach background level (Fig.  9b and d). The lin-
ear relations for Cu (regression line 1) and As in 
the plots ln C/Co vs. D can be expressed with the 
equation

where ‑m is the slope (the negative sign indicates that 
the concentration decreases with depth) and b is the 

(1)Depth = −m ln C∕Co + b
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intersection with the y-axis. As the latter intersection 
should be ideally the same for each element, only the 
slope m depicts the change in concentration of an ele-
ment with depth. We define here the slope m as the 
depth gradient as it expresses the depths (in cm) at 
which the concentration ratio C/Co of an element 
decreases by one order of magnitude. In the case of 
Cu and As, these depth gradients are m = 1.3 cm and 
m = 6.7 cm (Fig. 9c and d), indicating that the con-
centration gradients C/Co decrease by one order of 
magnitude within 1.3 and 6.7 cm depth for Cu and 
As, respectively. If we assume, given that the ratios 
between the total smelter emissions of As, Cu, Pb and 
Zn remained constant over time (Table  1), that As-, 
Cu-, Pb- and Zn-bearing PM were deposited simul-
taneously on the surficial soils and consider that a 
higher mobile element creates higher C/Co ratios 

at greater depth, the mobility of As, Cu, Pb and Zn 
in each pedon should correlate with their respective 
depth gradients m.

Following the same procedure as for Cu and As 
in pedon 2, the concentration gradients m are calcu-
lated for As, Cu, Pb and Zn in the pedons 1 and 2 

Fig. 9  (a)-(b) distribution of Cu with depth in pedon 2: (a) 
concentration C and (b) ln C/Co versus depth; (c)-(d) distribu-
tion of As versus depth in pedon 2: (c) concentration C and (d) 

ln C/Co with depth; Co is the concentration of Cu or As in the 
surface layer; regression lines and their slopes are indicated in 
the plots (b) and (d)

Table 3  Depth gradients m for As, Cu, Pb and Zn in the 
pedons 1 and 2; the gradients were calculated using linear 
regression analysis of plots with ln (C/Co) versus depth.

Element Depth gradient m in 
pedon 1 [cm]

Depth gradient m 
in pedon 2 [cm]

Pb 3.8 1.3
As 3.1 6.7
Cu 6.9 1.3
Zn 9.1 2.2
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(Table 3), considering hereby that the initial surface 
layer of pedon 1 occurred at D = 1.5-3.0 cm (Fig. 5). 
Table 3 indicates that the depth gradients for Cu, Pb 
and Zn are higher in pedon 1 than 2 (by a factor of 3 
or higher) and for As higher in pedon 2 than 1. The 
depth gradients also indicate that the gradients for Pb 
are always equal or lower than those for Cu and Zn 
and that the gradients for Zn are always higher than 
the ones for Cu. We will first discuss the differences 
in gradients between the two pedons before address-
ing differences in depth gradients between the ele-
ments within the same pedon.

4.4  Depth Gradients, Leaching Factors, Soil 
Properties and Type of PM

The observed differences in depth gradients of the 
elements (Table 3) show the following relations to the 
mineralogical composition of the surficial horizons 
and the respective leaching factors of the elements 
(Table 2):

(a) lower depth gradients of Cu, Pb and Zn in pedon 
2 than 1 (Tabel 3) coincide with lower leaching 
factors (Table 2) and with a higher abundance of 
Cu-Zn-bearing spinels in the surficial horizons of 
pedon 2 than 1;

(b) a lower depth gradient of As in the pedon 1 than 
2 (Table 3) coincides with a lower leaching factor 
(Table 2) and a higher amount of Fe (~ 4 wt% vs. 
~2 wt% Fe; Fig.  4c, d) in the surficial layers of 
pedon 1 than 2.

Larger depth gradients and leaching factors of Cu, 
Pb and Zn in pedon 1 than 2 indicate a higher mobil-
ity of these elements in the former than latter pedon. 
As indicated above, the mobility of elements in a 
pedon depends on numerous factors but the follow-
ing observations indicate that the type of particulate 
matter deposited on the surface of the pedons and 
the mineralogical composition of the surface layers 
played a more important role than soil pH and soil 
texture:

I. Soil pH
(Barrow & Whelan, 1998) and (Harter and Naidu, 

2001) showed for sandy soils similar to pedons 1 
and 2 that a unit increase in pH produced a 2-10-fold 
increase in the sorption of divalent cations such as 
 Zn2+. Hence, the mobility/leaching of Cu, Pb and Zn 

should be lower in the surficial horizons of pH = 4.9 
(pedon 1) than in those with a soil pH of pH = 3.9 
(pedon 2).

II. Soil texture
The sampling of the soil samples with a spade 

rather than sample core did not allow the subse-
quent determination of the change in bulk density 
or porosity with depth. However, both pedons have 
sandy organic-rich surficial soil horizons (1.5-6.5 
cm for pedon 1 and 0-4.5 cm for pedon 2), where 
the surficial horizons of pedon 2 depict on average 
a higher amount of organic matter (19.8 wt% ver-
sus 13.5 wt%) and a higher proportion of gravel 
and thus higher average grain sizes with 1.25 mm 
(pedon 2) versus 1.05 mm (pedon 1), respectively. 
As the amount of organic matter, proportion of 
gravel and average grain size correlate with the 
infiltration rates (Liu et al., 2018; Rieke-Zapp et al., 
2007), one would expect a higher infiltration rate in 
the surficial horizons of pedon 2 than 1. However, 
the concentration differences for Cu, Pb and Zn in 
the above listed depth intervals are much higher 
for pedon 2 (Cu: from 2340 to 468 mg  kg-1; Pb: 
from 1010 to 325  mgkg-1; Zn: from 10450 to 1990 
mg  kg-1) than for pedon 1 (Cu from 1425 to 889 
 mgkg-1, Pb from 565 to 286  mgkg-1; Zn from 3110 
to 2750 mg kg-1), suggesting that textural features 
in the upper surficial horizons had a small effect on 
the mobility of these elements.

III. Colloidal transport
Previous studies on the colloidal transport of met-

als in smelter-impacted soils showed that the propor-
tion of the elements Zn, Cu and Pb in the colloidal 
fractions commonly increased in the sequence Zn < 
Cu < Pb (Denaix et  al., 2001; Jadoon & Schindler, 
2022; Jadoon et  al., 2022; Sigg et  al., 2000). The 
leaching experiment of the horizons of both pedons 
showed the same trend with similar proportions of 
As, Cu, Pb and Zn in the leachates of the samples 
from pedon 1 and 2 (Table 2). Hence, the proportions 
of the elements in the colloidal fractions of both lea-
chates do not indicate any major differences in the 
colloidal transport of As, Cu, Pb and Zn between the 
surficial horizons of both pedons.

IV. Type of particulate matter
In addition to the afore mentioned micrometer-size 

spherical particulates, smaller particulates predomi-
nantly composed of sulfates, arsenates and chlorides 
are emitted by base-metal smelters. Previous studies 
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at smelters elsewhere showed that these particles are 
composed of, among others,  CuSO4, ZnS,  ZnSO4, 
ZnO,  ZnSO4.H2O,  (Cu0.94Zn0.06)2(AsO4)(OH),  As2O3, 
 (Cu0.84Zn0.16)(AsO3OH),  Zn3(AsO4)2, metallic Pb, 
 PbSO4, PbS, PbO*PbSO4, 4PbO*PbSO4,  PbSO3, 
 (Na3Pb2(SO4)3Cl and KCl ·  2PbCl2 and  Pb2O2Cl2 
(Choël et  al., 2006; Ettler et  al., 2008; Kimbrough & 
Suffet, 1995; Skeaff et al., 2011; Sobanska et al., 1999).

In-situ sampling in the plume of the smelter in 
Sudbury, Ontario showed that Cu, Ni, Fe, Mg and Al 
occur preferentially in the larger fraction (>2,5 µm) 
whereas As, Cd, Pb and Zn occurred preferentially in 
the smaller fraction (Chan & Lusis (1985). Mineral-
ogical studies of the larger spherical particulates (con-
taining predominantly Cu, Ni, Fe, Mg and Al) showed 
they are composed of high-temperature silicates, spinel 
and sulfide phases (Lanteigne et  al., 2014; Lanteigne 
et al., 2012). Wet- and dry-deposition studies using air-
craft, ground collectors, and sampling directly below 
the smelter plume indicated that precipitation events 
predominantly scavenged particulates containing Zn, 
Pb and Cd whereas dry deposition led to the prefer-
ential depositions of particulates containing Cu, Ni, 
Fe, Mg and Al (Chan & Lusis, 1985). These observa-
tions suggest that larger spherical particulates are less 
affected by precipitation than smaller particles, which 
are preferentially washed out of the smelter plume dur-
ing precipitation (Mantha et al., 2012a; Mantha et al., 
2012b). The enhanced wet deposition of smaller metal-
bearing arsenates and sulfates closer to the smelter 
in Sudbury was confirmed by Mantha et  al. (Mantha 
et  al., 2012a; Mantha et  al., 2012b) who character-
ized the chemical composition of black rock-coatings 
around the Ni-smelter in Sudbury, Ontario, Canada. 
Black rock-coatings form on the surface of bedrock 
due to the interaction of silicate minerals with sulfuric 
acid. These coatings are highly resistant to weather-
ing and thus can preserve embedded smelter particu-
lates as well as the S-isotope composition of the acidic 
rain (Mantha et al., 2012a; Mantha et al., 2012b). The 
authors argued that the enhanced wet deposition of 
arsenate-bearing PM resulted in higher As : Ni ratios 
closer to the smelter in Sudbury and that the subse-
quent depletion of the smaller As-bearing PM in the 
smelter plume caused a decrease in this ratio with dis-
tance to the smelter (Fig. 10a).

Two mechanisms are involved in the wet deposi-
tion of PM: rainout (in-cloud scavenging) and wash-
out (below-cloud scavenging). The two processes are 

distinct in terms of the aerosol scavenging mecha-
nism: rainout involves cloud-condensation-nuclei 
activation of aerosols under super-saturation con-
ditions above the cloud base, whereas washout is 
the collection of aerosols by falling hydrometeors 
(Kajino & Aikawa, 2015). For polluted areas, such as 
the smelter-impacted areas of Sudbury or Flin Flon, 
the below-cloud wet scavenging can be the main sink 
of particles during wet deposition (Ge et  al., 2021; 
Sigg et  al., 2000). Here, the washout of submicron 
particles (accumulation or fine-mode particles with 
diameters of around 100 nm) is slow owing to their 
gentler Brownian motion and smaller inertia, the so-
called Greenfield gap (Greenfield, 1957), whereas 
the washout of water-soluble gases can be fast. and 
thus, can scavenge the gases at much faster rate than 
the submicron aerosols (Jylhä, 1999) (Jylhä, 2001). 
Hence, the observed enhanced wet deposition of the 
smaller Zn-, Pb- Cd-As-bearing PM from the Sud-
bury smelter plume likely comprised soluble particles 
in the 500 nm to 2.5 µm size range.

Although a wet deposition study was not con-
ducted for the smelter-plume in Flin Flon, the fol-
lowing considerations and observations indicate that 
precipitation events also resulted in the enhanced wet 
deposition of smaller or more soluble arsenate-bear-
ing PM within the shadow of the Flin Flon smelter:

(a) Arsenic occurred primarily in the more volatile 
smaller size-fraction in the Flin Flon smelter, 
whereas Zn and Cu (rather than Ni and Cu in Sud-
bury) were concentrated in the larger size-fraction 
(Henderson et al., 1998; McMartin et al., 1999);

(b) The As concentrations in the surficial soils are 
higher nearer to the smelter than after its deposi-
tion peak (Fig. 2e);

(c) The peak of As deposition occurs closer to the 
smelter than those for Zn and Cu (Fig. 2);

(d) Similar to the observations around the Ni-smelter 
in Sudbury, As : Zn and As : Cu ratios decrease 
in the surficial soils along the transect with the 
distance to the smelter (Fig. 10b and c);

(e) Previous studies on the abundance of Zn, Cu and 
As in surficial soils along the SE transect also 
indicate the occurrence of higher As : Zn and 
As : Cu ratios in close proximity to the smelter 
(encircled in Fig.  10d-f) as well as at distances 
greater than 20 km (Fig. 10e-f) (Intrinsik, 2010; 
Percival & Outridge, 2013); note that the latter 
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observation also supports the argument by (Hen-
derson et  al., 1998 and McMartin et  al., 1999) 
that the volatile element As is transported farther 
away than Cu and Zn.

Considering that smaller metal-sulfate and metal-
arsenate particles

(a) have a higher solubility than larger spinel-bearing 
spherical particulates (and thus weather faster in 
the surficial soils)

(b) were already deposited as solute species during 
wet deposition (i.e. were already dissolved in pre-
cipitations)

(c) depict a lower attachment efficiency to mineral 
surfaces in the soil column than larger particles 
(Liu et al., 2018),

the greater depth gradients and thus apparent 
higher mobilities of Cu, Pb and Zn in the soil col-
umn of pedon 1 are most likely the result of the wet 
deposition of a higher proportion of smaller Cu-, Pb- 
and Zn-sulfate and -arsenate bearing particles or rain 
drops (relative to the larger spinel-bearing particu-
lates) on the surficial soils of pedon1 than 2.

V. Mineralogical and chemical composition of the 
soils

Except for the spinel to quartz ratio, there are no 
major differences in the mineralogical compositions 
of the surficial horizons of pedon 1 and 2 (detectable 
with XRD, supplementary data S3). However, there 
are major differences in the chemical composition 
as the surficial horizons in pedon 2 are depleted in 
(Ca+Mg), Fe, and Al with respect to those of pedon 
1. These depletions were likely caused by the higher 

Fig. 10  (a) Ratios of As versus Ni in black rock-coatings in 
Sudbury Ontario, Canada with distance to the smelters at Cop-
per Cliff and Falconbridge (see Mantha et al. 2012a and b for 
details); (b)-(f) distance to the smelter versus As : Zn and As 
: Cu ratios in surficial soils along a SE transect in Flin Flon, 
Manitoba; (b) As : Zn ratios within 10 km (this study); (c) As 
: Cu ratios within 10 km (this study); (d) As : Zn and As : Cu 

ratios within 40 km from the smelter (Manitoba Conservation 
study); (e) As : Zn ratios within 50 km from the smelter (Hen-
derson et al. 1998); (f) As : Cu ratios within 50 km from the 
smelter (Henderson et  al. 1998); note that the increase in the 
As : Zn and As : Cu ratios beyond 20 km is due to the greater 
long-range transport of the more volatile As
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acidity in pedon 2, which resulted in the dissolution 
of clay-size Ca-Mg-Fe-Al-silicates and Fe-(hydr)
oxides. The enhanced dissolution of the latter miner-
als cannot explain the lower mobility of Cu, Pb and 
Zn in pedon 2 but provides an explanation for the 
higher mobility of As in pedon 2: Arsenic occurs pre-
dominantly as the oxy-anions  (AsO4)3- or  (AsO3)3- in 
acidic oxidized surficial soils. These oxy-anions have 
a high affinity towards Fe-(hydr)oxides (Fritzsche 
et al., 2011; Fuller et al., 1993) as those are positively 
charged under acidic pH conditions. Hence, the two-
times higher Fe-concentrations in the surficial hori-
zons of pedon 1 than 2 provide a reasonable explana-
tion for the lower mobility of As in the former than 
latter pedon.

4.5  Depth Gradients and Leaching Factors for 
Individual Elements

Closer inspection of Tables 2 and 3 also indicate the 
following trends:

 (I) In comparison to Cu and Zn, Pb has lower 
depth gradients in both pedons, lower leaching 
factors, and occurs in higher proportions in the 
colloidal fractions of both leachates.

 (II) In comparison to Cu, Zn has a higher depth 
gradient and leaching factor in pedon 2 and the 
corresponding surficial soil layers, respectively.

Observation I can be explained by the high 
solid–water partition coefficient of Pb. Lead has one 
of the largest first hydrolysis constants of any divalent 
cation and in the presence of abundant surface sites 
is quickly removed from solution by adsorption (Has-
sellöv and von der Kammer, 2008). This high affinity 
of Pb towards soil colloids (Denaix et al., 2001; Egli 
et al., 1999) can result in up to 75% of Pb being asso-
ciated with colloids (Citeau et al., 2003).

The higher depth gradient and leaching factor of 
Zn relative to Cu (observation II) are only evident in 
pedon 2 and corresponding surficial soil layers. As 
these soils occur in proximity to the deposition peak 
for Zn and Cu, the higher mobility of Zn may be 
explained by the higher dissolution rate of franklinite 
relative to cupro-spinel under acidic conditions (Lu 
and Muir, 1988) and the lower affinity of Zn than Cu 
towards mineral surfaces and organic matter (Allo-
way, 2013; Sparks, 2003); the latter is also apparent 

in the lower proportion of Zn than Cu in the colloidal 
fractions of both leachates.

5  Conclusions

This study showed for the first time that the mobilities 
of Cu, Pb and Zn in a pedon of a remediated (limed) 
site can be higher than those in a pedon of a non-
remediated (acidic) site in the same smelter-impacted 
area. It indicates specifically that the observed dif-
ferences in the mobilities of Cu, Pb and Zn at these 
two sites are predominantly controlled by the solid 
and chemical nature of deposited particulate matter 
emitted by the Flin Flon smelter. The knowledge of 
the type of particulate matter deposited on a soil col-
umn during wet or dry conditions came from previ-
ous studies using aircraft, ground collectors, and col-
lection of snow samples. These sampling methods in 
combination with mineralogical studies of unaltered 
PM at the top of the soil column and the distribu-
tion of elements with distance to the smelter must be 
obtained prior to the interpretation of element dis-
tributions within pedons. Similar to the soil studies 
in the Sudbury area, which showed that an apparent 
higher mobility of Cu than Ni in pedons was a result 
of the higher dissolution rate of Cu- versus Ni-spinels 
under acidic conditions (Lu & Muir, 1988), this study 
showed that the higher mobility of Cu, Pb and Zn in a 
pedon at a remediated versus non-remediated site was 
a product of the enhanced wet deposition of smaller 
more soluble particles within the shadow of the Flin 
Flon smelter stack. However, higher mobility of As in 
the pedon of the non-remediated site (depleted in Fe 
and Ca + Mg) indicates that mineralogical changes 
due to the acidification of the soils by smelter emis-
sions can also affect the mobility of elements in 
pedons.
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