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Abstract: Dispersion of lead (Pb) in mine wastes was simulated for reproducing Pb contamination of
soil in Kabwe District, Zambia. Local weather data of year 2019 were monitored in situ and used for
the simulations. The plume model, weak puff model, and no puff model were adopted for calculation
of Pb dispersion under different wind conditions. The results showed that Pb dispersion from the
Kabwe mine was directly affected by wind directions and speeds in the dry season, although it was
not appreciably affected in the rainy season. This may be because the source strength is lower in the
rainy season due to higher water content of the surface. This indicates that Pb dispersion patterns
depend on the season. In addition, the distribution of the amount of deposited Pb-bearing soils
around the mine corresponded to the distribution of Pb contents in soils. These results suggest that
Pb contamination in soils primarily results from dispersion of fine mine wastes.

Keywords: mine wastes; contamination; lead; dispersion; weather conditions; wind; Kabwe; Zambia

1. Introduction

Heavy metals and metalloids from mining and smelting activities have huge impacts
on environmental pollution [1,2]. Environmental as well as human health issues are
increased by heavy metal contaminations from such activities [3]. The impacts of the
pollution appear for the workers of mine companies and people living around the mines
through incidental dust ingestion and inhalation [4]. In particular, soil pollution by heavy
metals from mine areas in arid countries is one of the serious issues to be solved.

Mining is the key industry in Zambia. Mineral resources, such as lead (Pb), zinc
(Zn), cobalt (Co) and copper (Cu) had been mined and smelted for over 90 years between
1902 and 1994 in Kabwe, Zambia [5]. Unrefined mining wastes have been dumped at the
mine like a hill, and they have been exposed to the environment until today. For this reason,
Kabwe was ranked as one of the worst polluted areas in the world [6]. The dumping
site in Kabwe is thought to be the source of contamination, and the waste is dispersed by
winds around the mine. Thus, the heavy metals contained in the wastes directly induce
environmental and health problems. Nakayama et al. [7] indicated that soil samples from
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roadsides in Kabwe had higher concentrations of Pb than benchmark values. Results
of spectral measurements and satellite data around the dumping site indicated high Pb
contents (>1000 mg/kg as total) in the soils within 2 km from the site [8]. The mean blood
Pb levels of the population in Kabwe were estimated at 11.9 µg/dL (11.6–12.1 µg/dL) by
blood sampling from volunteers with backgrounds with geographic, demographic, and
socioeconomic information [9]. Moreover, Pb contamination has influenced children’s
health: about 50% of children took in an intolerable daily intake [10]. For mitigation and
remediation of this environmental issue, immobilization techniques by dolomite, calcined
dolomite, and magnesium oxide were performed [11], and concurrent dissolution and
cementation methods were proposed [12]. Although Pb contamination and its impacts
on the environment and human health have been unveiled and mitigated by multilateral
approaches in Kabwe, the mechanisms of heavy metal dispersion from the mine are not
quantitatively evaluated.

The purpose of this study is to understand Pb dispersion mechanism and to quantify
Pb contamination of soil in Kabwe, Zambia by simulating dispersion of Pb contained in
the mine wastes with local weather data of year 2019, and then comparing the simulated
results with measured Pb content in soils. Lead was selected as a target material for the
simulation because Pb seriously affects the health of children in Kabwe and the solubility
of Pb is lower than the other heavy metals like Zn and Cu. Mufalo et al. [13] characterized
surface soils at eight playgrounds in Kabwe, and the measured results were compared with
the simulated results of Pb dispersion in this study to verify the simulation model.

2. Materials and Methods
2.1. Study Site

A dumping site of Pb-Zn mine wastes in Kabwe, Zambia (Figure 1) was selected as
the source of contaminants for simulating Pb dispersion because the wastes are stacked as
a small hill, named Black Mountain, and causes fine waste particles to be swirled up by
winds [14]. The height of the source was estimated at the same height of the slag hill, and it
was calculated with shuttle radar topography model (SRTM) with 30 m spatial resolution.
Although a single point, such as the location of a chimney in industrial factories, was used
for the simulation [15], the source was adopted as a bundle of point sources in this study.
The area of the source was estimated at 46,110 m2. Twelve points were selected as Pb
source in the mine based on the topographical condition. Pb dispersion was calculated and
compared with the results of Pb content in surrounding surface soils. The collected soils
were located in the northwest of the dumping site by considering the wind direction.

2.2. Lead Dispersion Simulation Models

Dispersion of soils and mine wastes depends on particle size. Mufalo et al. [13]
measured the particle size distribution of collected soils and Zn leaching residue, and they
showed that 50% of the collected soils had a diameter less than 50 µm. On the other hand,
the dumping site that is the source of Pb dispersion simulation is covered by slags. The slag
samples located at Black Mountain were also collected, and the particle size of the slags was
measured. The results showed that 6% of the slag was less than 150 µm. Figure 2 shows
the particle size distribution of the slag. Sieves with different pore sizes were used for the
particles larger than 0.15 mm whereas the particle size less than 0.15 mm was measured by
the particle size analyzer based on laser diffraction. Siciliano et al. [16] suggest that slags
less than 45 µm have risks of oral bioaccessibility in human beings. The particle size less
than 10 µm is regarded as an air pollution source and the formula of dispersion depends
on wind speed [17,18]. Thus, the target particle sizes of soils/mine wastes were classified
into 10, 15, 20, 25, 30, 35, 40, 45, and 50 µm.
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Figure 1. Source location and sampling points in Kabwe, Zambia: (a) territory of Zambia; (b) loca-
tion of Kabwe; (c) locations of dumping site (source) and playgrounds (sampling points; S-1 to S-8); 
(d) source location and Green Park where weather data were collected. 
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Three models of Pb dispersion and a model of redispersion, depending on wind direc-
tions and speeds, were constructed in this study. The plume model was used in the case of
wind speed over 1.0 m/s. The weak puff model was used in the case of wind speed lower
than 1.0 m/s and higher than 0.4 m/s. The no puff model was used in the case of wind speed
lower than 0.4 m/s [19–22]. The models are expressed by the following equations.

Plume model:

C =
Q√

2π(π/8)Rσzu

{
exp

[
(z− He)

2σz2

2
]
+ exp

[
(z + He)

2σz2

2
]}

, (1)

where,
C: Concentration (mg/m2)
Q: Source strength (estimated at 0.025 m3/s and 0.0025 m3/s for the dry and rainy

seasons, respectively)
R: Distance from source (= (x2 + y2 + z2)1/2)
x: Downwind distance along wind direction (m)
y: Horizontal distance perpendicular to x (m)
z: Elevation at simulating point (m)
σz: Diffusion width (m)
u: Wind speed (m/s)
He: Elevation of source (m)
Weak puff model:

C =
Q√

2π(π/8)γ

{
1

η−2 exp

[
−u2(z− He)2

2α2η−2

]
+

1
η+2 exp

[
−u2(z + He)2

2α2η+2

]}
, (2)

In this equation
η−2 = x2 + y2 + (α2/γ2) × (z − He)2

η+
2 = x2 + y2 + (α2/γ2) × (z + He)2

where
α: Dispersivity with respect to horizontal direction
γ: Dispersivity with respect to vertical direction
No puff model:

C =
Q√

2π(π/8)Rγ

{
1

η−2 +
1

η+2

}
, (3)

R = (x2 + y2)1/2.
η−2 = x2 + y2 + (α2/γ2) × (z − He)2.
η+

2 = x2 + y2 + (α2/γ2) × (z + He)2.
The source strength (Q) is a key parameter to simulate Pb dispersion and redispersion.

Here, a total of 1 m3 of the slag per one second was assumed to be dispersed. However,
only finer particles (<50 µm) are transported to a further distance. Thus, the finer fraction of
2.5% of the slag was assumed to be dispersed (0.025 m3/s) as a source strength for the dry
season. Rain is another factor to restrain soil dispersion by winds. For the rainy season, the
source strength of Pb dispersion by each model was set at 0.0025 m3/s, 1/10 of the value of
the dry season, because the higher water content of the surface restricts the dispersion.

The dispersion of the slag with less than 50 µm was simulated every hour, and
the accumulated amount of precipitated slag with Pb was calculated by considering the
particle sizes and weather conditions. The amounts of deposition of slag depending on the
particle size at each playground were summed up in the rainy and dry seasons in 2019 and
throughout the year 2019.

Redispersion is related to particle sizes of soils and slags and wind speed at the
deposited locations. Target particle sizes were between 10 µm and 50 µm in this study. So,
these particle sizes are similar to the size of cedar pollen (mean diameter: 30 µm). Nakatani
and Nakane [23] developed and simulated pollen retransport behavior. By applying the
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following model, particles of soils and slags on the ground have five forces: gravity, static
friction force, drag force, Saffman lift force, and adhesion force. The particles are able
to be retransported when the drag force is larger than the friction force and Saffman lift
force is larger than the gravity plus vertical adhesion forces. Therefore, redispersion at the
deposited locations was calculated by Equation (4).

Redispersion:
R = PR × C1×

[
FD − Ff + Fs − g

]
, (4)

where,
R: Redispersion (mg)
PR: Percentage of redispersion
C1: Amount of dispersed soils/mine wastes (mg/m2)
FD: Drag force (= 1

2 ρau2CD
πd2

4 )
ρa: Fluid density (1.2250 kg/m3, standard atmospheric density)
u: Wind speed (m/s)
CD: Drag coefficient (= 0.6, particle was estimated at elliptical pillar)
d: Particle size (µm)
Ff: Friction force (= µ × N)
µ: Friction coefficient (estimated at 0.52)
N: Normal force (= density of slag (3.45, the average values between 3.3 and 3.6) ×

volume of particle)

FS: Saffman lift (= 6.46 ×
(

d
2

)2
u
√

ρaµ)
g: Gravity (= density of slag (3.45, the average values between 3.3 and 3.6) × volume

of particle)
Value of drag coefficient (CD) for estimating drag force for the redispersion calculation

depends on the shape of the particle. The target soils and slags have various shapes: sphere,
angled cube, cylinder, etc. Here, a spheroid shape with the value of 0.6 between sphere
and angled cube was selected.

At the playgrounds, various particle sizes and minerals of soils are mixed, and various
conditions, such as human activities and weather, change every moment throughout the
year. By referring to the previous studies [24,25], the friction coefficient (µ) was set at
0.52 with considerations of the environmental conditions under which soils were easily
swirled and dispersed Pb-bearing soils were redispersed by winds and flushed by rains
after depositing immediately.

2.3. Weather Data Collection

Weather information for year 2019 was used to simulate Pb dispersion at and around
the mine because all required data were collected in situ or in Lusaka. The weather
information consists of six items as Pb dispersion parameters: wind direction, wind speed,
solar radiation, barometric pressure, humidity, and air temperature [26]. However, due to
machine troubles and errors of the data collection system, the data of August 2019 were
not collected.

Wind direction and wind speed were collected at Green Park, which is located at the
southwest of the mine about 900 m away from the source, and it was prepared for monitor-
ing heavy metals absorbed by plants (Figure 1). In addition, a small-sized meteorological
instrument named POTEKA (Meisei Electric Co., Ltd., Tokyo, Japan) collected hourly data.
Thus, wind speed and direction data have been monitored at Green Park.

Solar radiation, barometric pressure, humidity, and air temperature data were collected
at the test site of the University of Zambia, Lusaka. Although Lusaka, the capital city of
Zambia, is about 100 km south of Kabwe, the measured solar radiation, barometric pressure,
humidity, and air temperature were collected and applied to the simulation. Thus, the
weather data obtained at the two cities were used for simulation.

Values of wind speed and direction were used as parameters of Pb dispersion and
redispersion simulation directly. Solar radiation, barometric pressure, humidity, and air
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temperature were used to determine coefficients of horizontal and vertical dispersivities
for the plume, weak puff, and no puff models.

2.4. Comparison with Field Survey Results

Results of Pb dispersion simulations were compared with results of measured Pb
contents by Mufalo et al. [13] (Table 1). They collected samples at eight playgrounds within
10 km radius from the dumping site. They took topsoil samples (5 cm depth) by mixing
3–4 soils for each sample and analyzing the total contents of Pb in the soils. Their data are
appropriate for comparison with the simulated deposition of Pb because the playground is
not influenced by change in land use.

Table 1. Pb contents of soil samples (XRF-chemical composition) by Mufalo et al. [13].

Playground Pb (mg/kg)

S-1 3320
S-2 1080
S-3 1070
S-4 265
S-5 633
S-6 863
S-7 1770
S-8 3170

3. Results
3.1. Results of Weather Data Collection

Weather condition sensitively affects Pb dispersion. Winds in Kabwe tended to blow
from the east-southeast side (annual frequency was 10.95%) (Figure 3). The frequency of
wind from the west was 10.94%, and from the southeast was 9.78% throughout the year of
2019. On the other hand, the wind speed was 2.47 m/s from the west whereas 2.19 m/s and
1.50 m/s of winds blew from the east and the south, respectively. The annual average of
solar radiation was 0.20 kW/m2, the annual average of barometric pressure was 874.99 hPa,
the annual average of humidity was 58.07%, and the annual average of temperature was
21.83 ◦C.

During the rainy season (January to April and November to December) in Kabwe,
the frequent wind directions were from the west (11.79%), the north (10.45%), and the
east-southeast (7.78%). Strong winds came from the west (2.45 m/s), the east (1.77 m/s),
and the west-southwest (1.59 m/s). The average of solar radiation was 0.22 kW/m2, the
average of barometric pressure was 872.62 hPa, the average of humidity was 68.65%, and
the average of temperature was 23.08 ◦C.

During the dry season (May to October, August not included) in Kabwe, the frequent
wind directions were from the east-southeast (14.71%), the southeast (14.08%), and the
south-southeast (11.08%). Strong winds blew from the east (2.72 m/s), the west (2.49 m/s),
and the south-southwest (1.85 m/s). The average of solar radiation was 0.19 kW/m2, the
average of barometric pressure was 877.79 hPa, the average of humidity was 45.54%, and
the average of temperature was 20.34 ◦C.
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Figure 3. Results of the measured wind conditions in Kabwe in 2019: (a) wind condition throughout the year; (b) wind
condition in the rainy season; (c) wind condition in the dry season. Orange plots in these charts show frequencies of wind
directions from which wind blew, and the axis was set at 15.0%, 12.5%, 10.0%, 7.5%, 5.0%, and 2.5% from outside to inside,
respectively. Blue plots in these charts show wind speeds, and the axis was set at 3.0, 2.5, 2.0, 1.5, 1.0, and 0.5 m/s from
outside to inside, respectively.

3.2. Results of Lead Dispersion Simulations

The deposition of Pb-bearing mine wastes at eight playgrounds from the dumping
site by dispersion was calculated seasonally; during the rainy season (January to April and
November to December), during the dry season (May to October, August not included),
and throughout the year (January to December, but August not included). Calculated
seasonal deposition rates at each playground were accumulated. The results for S-2, located
6904.1 m away from the dumping site (the farthest distance), S-3, located 4042.2 m (the
middle distance), and S-8, located 1577.4 m (the nearest distance) were compared. The
accumulated deposition rates throughout the year by simulation were compared with
results of Pb content in soil samples by Mufalo et al. [13].
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Figure 4 shows the simulated results of the accumulated amount deposited at S-2
located on the north-northwest direction (335.05◦) and 6904.1 m from the source. In the
rainy season, the accumulated amount deposited was lower when the winds blew from
the east side compared to the winds from the west. The dispersion in the rainy season was
not significantly affected by winds from the east even though S-2 is in the north-northwest
direction from the source. The total amount deposited by winds from the east and the east-
southeast was 0.00014 mg/m2. The total amount deposited by winds from the northwest,
the north-northwest, and the north was 0.00100 mg/m2. These results indicate that the
amount deposited was affected by the lower wind speed from the east-southeast to the
south-southeast directions at S-2. In the dry season, the accumulated amount deposited was
higher when the winds blew from the east and the south compared to the winds from the
west. The total amount deposited by winds from the east-southeast and the southeast was
0.00684 mg/m2. The total amount deposited by winds from the west was 0.00067 mg/m2.
Dispersion simulations indicate that deposition was affected by the frequency of winds
from the east-southeast and the southeast because of low humidity and ignorance of the
effects of rain.
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Figure 5 shows the simulated results of the accumulated amount deposited at S-3
located on the west-northwest direction (296.64◦) and 4042.2 m from the source. In the
rainy season, the accumulated amount deposited was lower when the winds blew from
the east compared to the winds from the west. The dispersion in the rainy season was
not affected by winds from the east even though S-3 is on the north-northwest direction
from the source. The total amount deposited by winds from the east and the east-southeast
was 0.00034 mg/m2 whereas the total amount deposited by winds from the west was
0.00066 mg/m2. The amount deposited was negative (−0.00123 mg/m2) when the winds
blew from the west-southwest. This is due to the net effects of deposition and redispersion
by winds from the west-southwest. In the dry season, the accumulated amount deposited
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was higher when the winds blew from the east and the south compared to the winds from
the west. The amount deposited was affected by winds from the east-southeast and the
southeast. The total amount deposited by winds from the east-southeast and the southeast
was 0.02124 mg/m2 whereas the total amount deposited by winds from the west was
0.00188 mg/m2. The results indicate that deposition was affected by the winds from the
east-southeast and the southeast because of low humidity and no rain.
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Figure 6 shows the simulated results of the accumulated amount deposited at S-8
located on the west-northwest direction (285.89◦) and 1577.4 m from the source. In the
rainy season, the accumulated amount deposited was lower when the winds blew from the
east compared to the winds from the west. The results indicate that dispersion in the rainy
season was not affected by winds, and that humidity and rain might flush the deposits at
the location. The total amount deposited by winds from the east and the east-southeast was
0.00423 mg/m2. The total amount deposited by winds from the west was 0.00306 mg/m2.
In the dry season, the amount deposited was higher when the winds blew from the east
and the south compared to the winds from the west. These results indicate that the amount
deposited was affected by the winds from the east-northeast and the south because of low
humidity and almost no rain. The total amount deposited by winds from the east-southeast
and the southeast was 0.16561 mg/m2. The total amount deposited by winds from the
west was 0.01075 mg/m2.
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4. Discussion

In the rainy season, the amount deposited was affected by higher humidity and rain,
and the correlation between winds and the amount deposited was not clearly observed
at each playground. On the other hand, in the dry season, the amount deposited at each
playground was affected by winds from the east-southeast and the southeast, and winds
were found to be a sensitive factor of Pb dispersion from the source.

Simulated results for amounts deposited of mine wastes containing Pb were compared
with Pb contents in playground soils for their verification. Figure 7 shows the relationship
between measured Pb content in soil and simulated amount of deposition. The contents of Pb
generally increased with the amount deposited. However, when the amount deposited was
lower than 0.1 mg/m2, the Pb content decreased with the amount deposited. This indicates
that not only dispersion by wind but also other factors affect the distribution of Pb.
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Figure 8 shows the simulated amount of deposition and Pb content in soil vs. distance
from the source. Both the Pb content and the simulated amount of deposition decreased
with distance from the source. This indicates that the dispersion model used here can
well express the dispersion of mine wastes from the dumping site. This means that Pb
dispersion is mainly caused by dispersion by winds from the dumping site.
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Figure 8. Simulated amount of deposition and Pb content in soil vs. distance from the source.

Figure 9 shows the simulated amount of dispersion depending on particle sizes of Pb-
bearing soil at S-2, S-3, and S-8 throughout the year 2019. Although the simulated amount of
dispersion decreased with distance, the particles are dispersed within a restricted distance
whereas the finer particles are dispersed for a longer distance. In addition, the finer particles
are easily redistributed because the fraction of finer particles decreased at any location.
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The dispersion model of fine particles of mine wastes explained the measured results of
Pb contents in soils and qualitatively expressed the dependency of particle size on dispersion.
Thus, the obtained results imply that the model used in this study may be applicable to the
phenomenon of aerial dispersion of contaminants. However, the applicability of this model
should be evaluated by using data of the other year and other sites.

5. Conclusions

Lead dispersion simulations using terrain data and local weather data of year 2019
were conducted and compared with the Pb contents in soils around the dumping site of
Kabwe, Zambia. The following results were found.

1. Wind direction and speed and humidity, including rain, sensitively affected dispersion
of soils/mine wastes containing Pb.

2. The simulated amount deposition decreased with distance from the source and agreed
with the calculation of Pb contents of soils.

3. Winds dispersed the smaller sizes of particles farther and dispersed the larger sizes
near the source, and easily redispersed the smaller sizes, according to the dispersion
simulation, depending on particle sizes.

4. The above results indicate that Pb content in soils is significantly affected by dispersion
of mine wastes. In other words, Pb contamination of soils is primarily caused by
dispersion of mine wastes by winds.

Based on the obtained results, effective countermeasures against Pb dispersion and
remediation of soil contamination should be proposed by considering Pb dispersion calcu-
lations after remediation of the dumping site and surrounding ground surfaces.
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4. Ettler, V.; Vítková, M.; Mihaljevič, M.; Šebek, O.; Klementová, M.; Veselovský, F.; Vybíral, P.; Kříbek, B. Dust from Zambian
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