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Abstract

Mining is a key industry in Zambia. Lead (Pb), zinc (Zn), cobalt, and copper were
mined and smelted in Kabwe, Zambia between 1902 and 1994. Mine tailings from these
activities have been littered at the dumping site, and it has huge impacts on
environmental and human health issues through heavy metal contamination. Impacts
and circumstances have been studied and analyzed, but the mechanisms of heavy metal
dispersion and deposition by the local weather factors in Kabwe have not been evaluated
well. In this study, for elucidating the mechanisms of heavy metal dispersion by winds
and other weather conditions, dispersion models were designed and applied to the
Kabwe mine. Environmental factors, such as local weather data and water condition in
soils were analyzed for understanding their own impacts on the heavy metal
contamination in Kabwe.

In Chapter 1, the importance, methods, and the study site for evaluating
mechanisms of heavy metal dispersion and deposition were described through
discussion on environmental impacts and issues by heavy metal contamination in Kabwe
by introducing the background of mining activities and current situations of heavy
mental contamination and its impacts on human health especially children and infants.

In Chapter 2, dispersion of Pb-bearing tailings (ISF-slag) was simulated for
reproducing Pb contamination of soil in Kabwe. Local weather data of the 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-bearing soil
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 measured
Pb contents in soils. These results suggest that Pb contamination in soils primarily results
from dispersion of mine tailings, in particular finer wastes.

In Chapter 3, the effects of local weather factors on mechanisms of heavy metal
contamination were analyzed based on the results in Chapter 2. Weather in Kabwe was
calm through the year, but there were significant differences of solar radiation,
barometric pressure, humidity, and air temperature between rainy and dry seasons.
Correlation between wind speed and solar radiation was inversely proportional, and
affected the accumulated amounts deposited by simulations. Although high wind speeds
had huge impacts on Pb-bearing tailing dispersion on the playground in shorter distance
from the source, high and low wind speeds did not affect the accumulated amounts
deposited at certain distances from the source. Wind directions had large impacts on



dispersion and deposition areas. These results indicate that not only wind speeds and
directions but also complicated relationships among weather factors cause Pb-bearing
mine tailing dispersion and deposition.

In Chapter 4, for evaluation of dispersing situations and impacts of ponding water
at Pb-bearing Zn plant leach residue site, which is often found in the mine throughout a
year, simulation of Pb dispersion from the plant leach residue site was performed with
modified normalized difference water index (MNDWI) under the actual weather
conditions in the year 2019. The MNDWI was demonstrated by data analysis of Sentinel-
2 datasets, which were acquired in the year 2019. The index was an indicator for
monitoring the soil condition of the source and it is one of parameters necessary for
estimating Pb dispersion. Ponding water is an effective inhibiting factor on windborne
Pb dispersion. Wind speeds and directions had large impacts on windborne Pb
dispersion when MNDWTI indicated negative values. Analyzing and understanding
environmental conditions that can be factors for windborne Pb dispersion are crucial for
countermeasures on Pb dispersion and remediation of soil contamination.

In Chapter 5, all results in this dissertation were summarized, and the expected
practical utilization of the results and methods were proposed.

i



HAZBES

P ETICBWCELINIEEREXTH S, # (Pb). #Hish (Zn). =30 b, X
1902 D06 1994 ORI ETEA 70 = TERIE S, Bz, b OIEHE)
(2 X DIRFITERIG I B S, EeBIGYIR & U TREC A 2 OREFFICR & g2
ZRIFLTWD, HERGROEE SWEITSIT, FMISHTWDER, I 7T =DM
H KRG ERIC X 5 EHeR ORI KOFED A 1 = X L5325 il S U TV 7220,
Z 2 CAMETIE, JARLEDMORREMEIC L D2 ELEBIRE O A =X L EHT 5
eIz, R I 2ab—varBE7VEREL, 7 ofilcEHAL 72, 612,
AT T ZBITLESBIGERICHT ORELRLNIT D, JBT — 420 LE
DG A 78 E BB BN & 54 L 72,

E1ETIE, W77 ICB T AEBEE O RRESBIHELROBR, +E 508 o
fEFE~D EEBIZOWTOXEHEEZ LB LT, BEEEOMER LD A =X 4
oM o EOEM.E, O OB MM A O TR B L2,

B2 ETIL, SLEICEEND Pb OMBELZFMMT2ET VEZREL, 17U =lE
F 2% D Pb 5RO A FH L1z, 2019 F0OBMEK ST — X ZIVE LIRS 2 = L
—vaAEA Lz, BEIZHbE T3 2Ov I 2 b— 3 U ET /L (plume model,
weak puff model, no puff model) # £l L7z, 770 =il H D Pb i &EIL, ISF-
AT JHEREGF R OR ERE LR Lz, & OfEFR., R ICB W CRRR & R IZ
REREELEZTHZEDNP LN RoT, —HTHEILE WXL DREEZH
EVZT RN ERDhroTc, T, MEICIIMRBROKGENZ N b, MR
NOED BB DR (EIFRE) WMED- 272D TH D, D Lix, Pb D/ ¥
—UMMEMCESTRRD AR LT, S6IC, LA L7iEic X 5 -
o Po (FYOMEMIE, SLLEDOERLEY TV L, S LTELN Pb &4
B —HLE, Zh SRR, THEO Pb 15N TITERES > B OB 72 8L DO FREHL
ICEVETCTWEZ EERRL TV 5D,

FIFETIE, F2EOMEELZ L LI T U o HIKORRERNNEEBIFGOA =X
DT KIE THREBLZFM U, V7 U cORBEITEREZ EBL TR THDIN, WE
CHAETIIASNE, B E, KURICKERENH -T2, B L B EOFMBEIIKE L
T, YIalb—rvalilloT BHENERBEEL L O EICHEEL KT LT,
BREUE., RS K0T WIEEEICH D ET~D Pb 2 E L INEOTRBEICKE BB
H.z7=, LL, s & sgau, MRS —E L LR I2H 5F1~D Pb =& Tk
FEDOTRBEI T E L 5 2 /2o 7=, AL, Pb & & TedhiOMEEE L ibfEd 5 Hiss
ICREREEBEH 27, ZN6ORRIT, BElECERMA T T, HHECEERT S X
RERN Pb & F IO E Z T KD TEEERICEE Y B2 TWDH I AR L
TW5b,

B A4FETIE, FlZ LB LTHRLUNICEOIND Zn UV —F » VEREOEMBGIZE T 5
HHIK S DKW Zn & & TeHIEO R~ DR EZ MM T 5720, Pb 2 &0 Zn U —
FUTEREOREY S alb—rarai{Tol, v alb— 3 00iE, 2019 FITUEE
L7707 cOREEERMEDOS & T B IEHLZE S /KIEE (modified normalized
difference water index, MNDWI) %=\ T VU —F > FFEEN D OFREEZ 50T LTz,

1ii



MNDWI (2% 2019 4 (2B S AL 72 RN O G F 42 (Sentinel-2) 7— % & iz, Z D5
B, BIRO LK BEEFMEL, V—F UV ERBERBEAHEE T 5720 (T4 R
TA=BDOEDTHD, mAKIT, BAEBIKETD Y —F o ZEERIC & > TRRP
RIERSTH D, JEEE EAIEL, MNDWI BAEOEEZ R LT-E EEEREREEICK
EREEEL 272, Pb X Zn ORBOER & 720 5 DBEESRELZTMT 52 &1, V
—F 2 TRRIERBUC KT D SRA xR & FEEROBEAIRE TS ETHEHETH D,
FH5ETIE, AMEOREREZENT S &b, HROIEHIEEZERE L,

v



Table of Contents

A D S A, <. i
R B T B e, iii
Chapter 1.  General introduction ............ccocciviiiiiiiiiniiiniiiice 1
1.1, BacKground ... 1
1.2.  Conditions of heavy mental contamination in Kabwe...........ccccccoeiniinnnnne. 2
1.3, Purpose of the study ..o 4
1.4, SHUAY SItO..coiiiiiiiiiciic e 4
1.5, SHUCHUTE Of This theSTS c e e e e e e e e e e e eeeeaeaaaeaeaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaas 6
RETETOIICOS .ottt ettt e e e e e e e e e e e e ee e e eeeaeee e eeaeeaaeaeeaeseeeeeseeesesenesesenenennnnnnnns 7
Chapter 2.  Establishment of lead-bearing soil dispersion models in Kabwe.................. 9
2.1 INETOAUCHION ettt ettt ettt ee e ee et e e e e eeeeaeeaeaaeaeeaesesaseseeanasenenesennnennnnnnnns 9
2.2, Materials and METNOAS . .....ovveeeeeeieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e eeeeeeeeeeeeeeereeeeeseeeserereeerenennneees 9
2200 StUAY SIte...ooiiuiiiiiiiiic s 9
2.2.2. Lead dispersion simulation models ............cccceceoiniiiniinniiniiiiiiie, 10
2.2.3. Weather data COILOCHON . ....uueeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeeeeeeeseeeeanenenenes 14
2.2.4. Comparison field survey results..........cccovviiiiiiniiniiniiiiicce, 15

2.3 RESUIES oottt ———————————————————————————————————————————————————————— 15
2.3.1. Weather data COILOCHON . ....uueeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseneeeeeeeeeeeeenenenenes 15
2.3.2. Lead dispersion simulations ...........cccceeiviiiiiiiiniiiniiiiicccce 17

24, DDISCUSSION ceveuuneeeeeeeeeeeee e e e e e e e ettt eeeeeeseeeeeeeaaaeaeseeeseneannaaeesaeesenennnaaseseeesannnnnaaaesaeasens 21
2.5, CONCIUSION ettt ettt ee et ee e ee e ee e e e e eeeeeaaeaeeaeeaeeaeseseeesnsesanenenesennnnnnnns 24
RELETOIICOS ..ottt ettt e et ee e e et ee e e e e ee e e et eeeeeeeeaaeaeeeeeaeeeeeeeaeeananenenesennnnnnnns 25

Chapter 3. Weather parametric analysis on lead-bearing soil dispersion in Kabwe .. 27

3.1, IETOAUCHION ettt et ee e ee e e e e eeeeeeeeeeeaeeaeeaeseeeeeaneanenenenesennnnnnnns 27
3.2, Materials and MEthOAS . ...oooveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeneseeanenanes 27
321, StUAY SIte...coiiuiiiiiiiiiiic e 27
3.2.2. Weather data collection and analysis...........ccccoceeriiiiniiininnniccce, 27
3.2.3. Simulation models for lead dispersion...........ccccoeiviiiviniiniiiiiniiiiiniice, 29

3.3, RESUIES oottt ettt ——————————————————————————————————————————————————n—————— 30



3.3.1. Weather data analyses..........ccccceeiiiiiiniiiniiiiiiiiiie, 30

3.3.2. Impacts of weather factors on dispersion...........ccceeveiiiiiininnicnninccccnn, 35
B4, DISCUSSION .ottt ettt sttt sttt et sttt e s bt be et e s beebe st e satesbe e e enneeane 45
3.5, CONCIUSION ettt ettt sttt sttt ae e 48
REETEIICES ...ttt ettt b sttt et s besbe e bt sttt e s e s e s ne 49

Chapter 4. Water parametric analysis on lead- and zinc-bearing soil dispersion in

| ) o) Y TR 51
A1, I OAUCH O weeeeeeeeeeeee e eeeeeeeeeeeseeseeeeeeeeeeneeenemennnnnnnnnnnnennnns 51
4.2, MaterialS and MNETNOMS . ..ueeeeeeeeeeeeeeeeeee e eeeeeeeeeaeeeeeeeeneeeeeeeeeeneennenenes 51

421, SHUAY SIte...uiuiiiiiiiiicci s 51
4.2.2. Normalized difference Water INAEX ......eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeenenes 52
4.2.3. Weather data COLLOCHOMN ...uuueeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaeeeeeeeeneeneeenenenes 54
4.2.4. Simulation models of Lead- and zinc-bearing soil dispersion........................ 54
3. ROSUIES ettt teen e et nnenntnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnne 55
4.3.1. Modified normalized difference Water INAEX .......eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeenes 55
4.3.2. Weather conditions on the dates of Sentinel-2 observations.......cccccceeeeveuuuee... 59
4.3.3. Impact of surface water on diSpersion..........c.cccccevvviiinieiiinininicccces 62
A4, DISCUSSION «eueeeeeeeeeeeeee e e e et e e e e e e e e e ettt aaaeeseeeeereeenaaeessseeesennnnnaaassseeesennnnnaaaaeseeesens 65
A5, COTICIUSION «etttteeee e seeeesaeeseeaseseeaeeeeneennenennnnnnennnnnnnnnns 68
RELETOIICOS ..ottt ettt e e et e e e e ee e e e et ae e e e e eeeeeaeeeaeaeeeeeaeseeeeeaeeenanesenesennnnnnnns 70

Chapter 5. General CONCIUSION.........c.ccvuiiiiiiiiiiiiiiiiic e 73
5.1.  Conclusions of all chapters...........ccccccceiviiiniiiiiniiic 73
5.2.  Expected practical utilizations of the study results ...........ccccccceriiiiniinnnins 74

Acknowledgement ... 77



Chapter 1. General introduction
1.1. Background

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 residues 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 Pb-bearing
soils are dispersed by winds around the mine. Thus, the heavy metals contained in the
residues directly induce environmental and health problems. Nakayama et al. [7]
indicated that soil samples from 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 pg/dL (11.6-12.1 ug/dL) by blood sampling from volunteers with backgrounds with
geographic, demographic, and socioeconomic information. Moreover, Pb contamination
has influenced children’s health: about 50 % of children took in an intolerable daily intake
[9]. For mitigation and remediation of this environmental issue, immobilization
techniques by dolomite, calcined dolomite, and magnesium oxide were performed [10],
and concurrent dissolution and cementation methods were proposed [11]. 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.

Evaluation of the causes of heavy metal contamination, including Pb and Zn from
the dumping site is an indicator for countermeasure of environmental and human health
maintenance. In this study, the mechanisms of how Pb- and Zn-bearing mine soils
dispersed and deposited from the dumping site are clarified with the year 2019 weather
data and three simulation models tailored wind speeds in Kabwe District.

In this chapter, the background, issues, the purpose and the site of the study are
summarized.



1.2. Conditions of heavy mental contamination in Kabwe

Kribek et al. [12] had samples and analyzed the soil contamination at the same area
of this study and clarified the conditions of Pb-Zn-bearing soil contaminations and
impacts on human health (Figure 1-1). They collected soils from 0 to 3 cm depth and 70
to 90 cm depth for assessment of the extent and intensity of the anthropogenic
contamination. In the area at the downwind (northwest direction) from the dumping site,
the amounts of Pb and Zn contents in topsoil were higher than the Canadian land where
is permitted for ecological limits used only. Kribek et al. concluded their results agreed
with the contamination caused by human activities. High amounts of Pb-bearing soil
contaminations at northwest side from the dumping site were detected by sampling soils
and geospatial analysis by Wen as shown in Figure 1-2 [13].
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Figure 1- 1. Distribution of Pb (A), Zn (B), Cu (C), Ba (D), Ni (E) and Cr (F) in an
uncontaminated soil profile SP-1 and contaminated profile SP-2. FP-XRF data by K¥ibek et al.
[12]. Charts indicated that amounts of Pb- and Zn-bearing soils at the top were extremely higher
than other minerals.
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Figure 1- 2. Pb contents of soils by Wen, L. C. [13]. The author mapped Wen's results by QGIS.
The results indicated that high amounts of Pb-bearing soils were collected at north-west to west
sites widely.

Heavy metal contaminations in Kabwe affect children seriously. Yabe et al.
measured Pb excretion levels in children in Kabwe, and they concluded that children near
Pb-Zn mine are at serious risks of Pb poisoning because fecal and urine Pb levels very
high as 2,252 mg/kg and 2,914 ug/L respectively [14]. Toyomaki et al. took breastmilk and
blood samples from 418 pairs of infants and their mothers for measuring the blood lead
levels (BLL). The highest BLLs in infants and their mothers were 93.4 ug/dL and 82.6
ug/dL, respectively. They also indicated Pb isotope ratios in infants’ feces were similar to
those in Pb-bearing soils [15].

From the above literal research results, contaminations of Pb- and Zn-bearing soils
expanded from the mine dumping site are obvious, and human health of people
especially infants and children are threatened by the heavy metal poisoning caused by
mining activities in Kabwe. Although damages and effects of heavy metal contaminations
from the mine area have been studied and discussed, the fundamental mechanisms of
Pb- and Zn-bearing mine residue dispersions, which are causes of contaminations, have
not been identified. Making clear the mechanisms of heavy metal contamination in



Kabwe is one of the indicators for remediation methods of heavy metal dispersion from
the mine area and maintaining children’s health as a future result in Kabwe.

1.3. Purpose of the study

The purpose of this study is to understand mechanisms of Pb- and Zn-bearing mine
residue dispersion and to quantify Pb contamination of soils in Kabwe by simulating Pb
dispersion with local weather data of the year 2019, and then comparing the simulated
results with measured Pb content in soils. Moreover, by analyses on local weather data
of the year 2019 and terrain features of Kabwe, the local mechanisms of heavy metal
dispersion are clearly understood. Lead and Zn were selected as target toxic elements for
the simulation because Pb and Zn seriously affect the health of children in Kabwe.

1.4. Study site

According to the Provincial Administration, Kabwe is the capital city of the Central
Province, the Republic of Zambia. It is located about 139 km north from Lusaka, the
capital city of Zambia (Figure 1-3). Kabwe was named after the local name, “Kabwe Ka
Mukuba” meaning place of smelting [16].

Mine in Kabwe was one of the oldest mines in Zamba, and it was closed in 1994.
About 6.4 million tons of historical tailings have been remained in the south side of
Downton Kabwe [17]. 351,386 tons of Pb and 356,843 tons of Zn were estimated to be
recovered from the tailing, and the operation has been started in 2019 [18].

In this study, the dumping site and its surrounding area especially northwest side
(downwind direction) from the dumping site were selected as the study site. The
dumping site as the source area was extracted and calculated geographical features by
satellite datasets including Sentinel-2, Shuttle Radar Topography Model (SRTM) and
PLASAR digital elevation model (DEM) for simulating Pb- and Zn-bearing soil
dispersions to Kabwe area. The simulated results were compared with the results of Pb
content in surrounding surface soils.
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Figure 1- 3. Study site: (a) territory of Zambia and location of Kabwe and (b) locations of
dumping sites (source areas) and playgrounds (sampling points; S-1 - S-8).



1.5. Structure of this thesis

This study consists of five chapters. The content of each chapter is shown below.

In Chapter 1, general introduction including the background, purpose and contents
of this study is described.

In Chapter 2, establishment of Pb-bearing soil dispersion models in Kabwe,
dispersion simulation between ISF-slag named Black Mountain as the source area and
eight playgrounds as target and sampling points of Pb contamination were described and
evaluated with local weather data of the year 2019.

In Chapter 3, weather parametric analysis on Pb-bearing soil dispersion in Kabwe,
and the dispersion simulations were performed for evaluating the effects of each weather
factor (wind speed, solar radiation, barometric pressure, humidity and air temperature)
based on the results of Chapter 2. Moreover, effects of wind directions on the dispersion
simulation were performed and evaluated while the other weather factors were fixed as
the average values of the rainy and dry seasons of the year 2019.

In Chapter 4, water parametric analysis on Pb- and Zn-bearing soil dispersion in
Kabwe, and the dispersions by changes and water condition in soils were evaluated on
the Pb-bearing Zn plant leach residue site as a source area. The simulations of dispersion
were performed to indicate the correlation between surface water and accumulated
amounts from the Pb-bearing Zn plant leach residue site.

In Chapter 5, general conclusion based on the results obtained in this study were
summarized.

Chapter 2.
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Figure 1- 4. Contents of the thesis: For understanding mechanisms of Pb- and Zn bearing soil
dispersion in Kabwe, dispersion models were established in Chapter 2, impacts of local weather
factors and water factor on dispersion were analyzed in Chapters 3 and 4, respectively.
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Chapter 2. Establishment of lead-bearing soil dispersion
models in Kabwe

2.1. Introduction

Huge amounts of fine-grained residue materials were processed and stacked
through mining activities in Kabwe. The mass of mine waste materials is eroded by winds,
and it is a potential of air and soil pollutions [1]. Wind is considered as one of the causes
for heavy metal contamination from the mine sites in the world. Lead- and Zn-bearing
soils were reported to be dispersed by winds to about 1,500 m away from the mine site
and there was not significant difference between metal contents in topsoil and dust
samples from the mine site at Kushk Pb-Zn mine, Iran [2]. At Kombat mine, Namibia,
Mileusnic et al. revealed high contents of Cu and Pb in tailing site (9,086 mg/kg and 5,589
mg/kg respectively) and agriculture filed (150 mg/kg and 164 mg/kg respectively) in the
dry season, and they suggested that winds disperse the tailings predominantly to
agricultural fields around the mine area [3]. Tembo et al. collected samples around the
Kabwe mine within 20 km and used atomic absorption spectrometry for analyzing soils.
They detected 758 mg/kg of Pb and 234 mg/kg of Zn, and they concluded the results were
agreed with wind flow patterns in Kabwe [4]. Researchers have suggested that winds are
causes of heavy metal dispersion around the mine areas, but the mechanisms of
windborne dispersion from the mine areas have fully not been discussed yet.

In this chapter, dispersion of Pb at the dumping site was simulated for reproducing
Pb contamination of soil in Kabwe. Local weather data of the year 2019 were collected in
situ and used for the simulations. The plume model, the weak puff model, and the no
puff model were adopted for calculation of Pb-bearing soil dispersion under different
wind conditions.

2.2. Materials and methods

2.2.1. Study site

A dumping site of Pb- and Zn-bearing mine residues in Kabwe (a red polygon on
Figure 1-3) was selected as the source of contaminants for simulating Pb-bearing soil
dispersion because the wastes are stacked as a small hill, named Black Mountain, and
causes fine soil particles to be swirled up by winds [5]. The height of the source was
estimated at the same height of the ISF-slag hill, and it was calculated with 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 [6], the source was adopted as a bundle
of point sources in this study. The area of the source was estimated as 46,110 m? Twelve
points were selected as Pb sources in the mine based on the topographical condition. Lead
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.
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Figure 2- 1. The source area of the simulation and geographical relationships between the source
and playgrounds: 12 points were selected as source points for simulating Pb-bearing soil

dispersion from the area.

2.2.2. Lead dispersion simulation models

Dispersion of soils and mine residues depends on particle size. Mufalo et al. [7]
measured the particle size distribution of collected soils and Zn plant leach residue, and
they showed that 50 % of the collected soils had a diameter less than 50 pm. On the other
hand, the dumping site that is the source of Pb-bearing soil dispersion simulation is
covered by ISF-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 um. Figure 2-2 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. [8] suggest that slags less than 45 um have risks of oral bio-
accessibility in human beings. The particle size less than 10 um is regarded as an air
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pollution source and the formula of dispersion depends on wind speed [9, 10]. Thus, the
target particle sizes of soils were classified into 10, 15, 20, 25, 30, 35, 40, 45, and 50 pm.
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Figure 2- 2. Measured particle-size distribution of the slag sample.

Three models of Pb-bearing soil dispersion and a model of redispersion, depending
on wind directions 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 [11 — 14]. The models are expressed by the
following equations.
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Plume model:

_ e (z - He)? (z + He)?
~ V2m(n/8)Raju {exp [ 20,2 ] + exp [ 20,2 ]}’

where,
C: Concentration (mg/m?)

(Equation 2-1)

Q: Source strength (estimated at 0.025 m?/s and 0.0025 m?®/s for the dry and rainy

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

Weak puff model:

€= gt {Hexn [~ + enn [

In this equation

n2=x2+1y?+(a?/y?) x (z— He)?

2 =x2+ 12 + (a2/y?) x (z + He)?

where,

a: Dispersivity with respect to horizontal direction
y: Dispersivity with respect to vertical direction

No puff model:

_ Q EST
"~ V2m(m/8)Ry {17—2 + 17+2}’
= (22 + y2)1/2
n2=x2+y?+ (a?/y?) x (z - He)?
17+2 — xZ + yZ + (a2/y2) X (Z + He)Z

u?(z + He)?

2a?m,2

I}

(Equation 2-2)

(Equation 2-3)

The source strength (Q) is a key parameter to simulate Pb-bearing soil dispersion

12

and redispersion. Here, a total of 1 m® of the slag per one second was assumed to be
dispersed. However, only finer particles (< 50 um) are transported to a further distance.
Thus, the finer fraction of 2.5 % of the slag was assumed to be dispersed (0.025 m?%/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-bearing soil 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 um 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 pum and 50 pum in this study.
So, these particle sizes are similar to the size of cedar pollen (mean diameter: 30 pm).
Nakatani and Nakane [15] developed and simulated pollen re-transport behavior. By
applying the 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 re-transported 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 2-4.

Redispersion:
R= Py xC1X|F,— F+ F,—g|, (Equation 2-4)

where,

R: Redispersion (mg)

Pr: Percentage of redispersion

CI1: Amount of dispersed soils (mg/m?)

Fp: Drag force (= ipau2 Cp ”sz)

pa: Fluid density (1.2250 kg/m?, standard atmospheric density)

u: Wind speed (m/s)

Cp: Drag coefficient (= 0.6, particle was estimated at elliptical pillar)

d: Particle size (um)

Fr. Friction force (= u x N)

u: Friction coefficient (estimated at 0.52)

N: Normal force (= density of slag (3.45, the average values between 3.3 and 3.6) x
volume of particle)

Fs: Saffman lift (= 6.46 x (g)2 wpasd)

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

Value of drag coefficient (Cp) for estimating drag force for the redispersion
calculation depends on the shape of the particle. The target soils and slags have various
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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 [16, 17], the friction coefficient
(1) 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.

m Over 1.0 m/s
m Between 0.4 m/s and 1.0 m/s

m Less than 0.4 m/s

Redispersion

Saffman lift force

ISF-slag site as
the source

) Source
Horizontal adhesion force o (a bundle of

o¥l [o) [e) source points)

J, Vertical i
Adheasion force Sampling point

Figure 2- 3. Image of Pb-bearing soil dispersion and redispersion: Pb-bearing soil dispersion was
simulated three dispersion models by considering wind speeds. The redispersion model was
applied to Pb-bearing soils dispersed on the ground by considering five forces.

2.2.3. Weather data collection

Weather information for the year 2019 was used to simulate Pb-bearing soil
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-bearing soil dispersion
parameters: wind direction, wind speed, solar radiation, barometric pressure, humidity,
and air temperature [18]. 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
monitoring heavy metals absorbed by plants (Figure 1-3). In addition, a small-sized
meteorological instrument named POTEKA (Meisei Electric Co., Ltd., Tokyo, Japan)
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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 139 km south from 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-bearing soil
dispersion and redispersion simulation directly. Solar radiation, barometric pressure,
humidity, and air temperature were used to determine coefficients of horizontal and
vertical dispersivities for the plume, weak puff, and no puff models.

2.2.4. Comparison field survey results
Results of Pb-bearing soil dispersion simulations were compared with results of
measured Pb contents by Mufalo et al. [7] (Table 2-1). 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 2- 1. Pb contents of soil samples (XRF-chemical composition) by Mufalo et al. [3].

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

2.3. Results

2.3.1. Weather data collection
Weather condition sensitively affects Pb-bearing soil dispersion. Winds in Kabwe
tended to blow from the east-southeast side (annual frequency was 10.95 %). 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,
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respectively. These data are shown in Figure 2-4. The annual average of solar radiation
was 0.20 kW/m?, the annual average of barometric pressure was 874.99 hPa, the annual
average of humidity was 58.07 %, and the annual average of air 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/m?, the
average of barometric pressure was 872.62 hPa, the average of humidity was 68.65%, and
the average of air 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/m?, 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 2- 4. Results of the measured wind conditions in Kabwe in 2019: (a) wind condition
throughout the year 2019; (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.

2.3.2. Lead dispersion simulations
The deposition of Pb-bearing soils at eight playgrounds from the ISF-slag 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
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seasonal deposition rates at each playground were accumulated. The results for S-2,
located 6,904.1 m away from the dumping site (the farthest distance), S-3, located 4,042.2
m (the middle distance), and S-8, located 1,577.4 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. [7].

Figure 2-5 shows the simulated results of the accumulated amount deposited at S-2
located on the north-northwest direction (335.05°) and 6,904.1 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/m?. The total amount deposited by winds from
the northwest, the north-northwest, and the north was 0.00100 mg/m?. 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/m?. The total amount deposited by
winds from the west was 0.00067 mg/m?. 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 2- 5. Total amount deposited by the wind directions at S-2: gray and blue bars show total
amount deposited by wind directions from which wind blew in the rainy and dry seasons,
respectively. Yellow and orange lines show frequencies of wind directions from which wind blew
in the rainy and dry seasons, respectively.

Figure 2-6 shows the simulated results of the accumulated amount deposited at S-3
located on the west-northwest direction (296.64°) and 4,042.2 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/m? whereas the total amount deposited by winds from the west was
0.00066 mg/m? The amount deposited was negative (—0.00123 mg/m?) when the winds
blew from the south-southwest. This is due to the net effects of deposition and
redispersion by winds from the south-southwest. 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 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/m? whereas the total amount deposited by
winds from the west was 0.00188 mg/m?. The results indicate that deposition was affected
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by the winds from the east-southeast and the southeast because of low humidity and no
rain.
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Figure 2- 6. Total amount deposited by wind directions at S-3: gray and blue bars show total
amount deposited by wind directions from which wind blew in the rainy and dry seasons,
respectively. Yellow and orange lines show frequencies of wind directions from which wind blew
in the rainy and dry seasons, respectively.

Figure 2-7 shows the simulated results of the accumulated amount deposited at S-8
located on the west-northwest direction (285.89°) and 1,577.4 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/m?. The total amount deposited by winds from the west was
0.00306 mg/m?2. 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
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from the east-southeast and the southeast was 0.16561 mg/m? The total amount
deposited by winds from the west was 0.01075 mg/m?.
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Figure 2- 7. Total amount deposited by wind directions at S-8: gray and blue bars show total
amount depos-ited by wind directions from which wind blew in the rainy and dry seasons,
respectively. Yellow and orange lines show frequencies of wind directions from which wind blew
in the rainy and dry seasons, respectively.

2.4. 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-bearing soil dispersion from the source.

Simulated results for amounts deposited of Pb-bearing soils were compared with
Pb contents in playground soils for their verification. Figure 2-8 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/m? 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 2-9 shows the simulated amount of deposition and measured Pb content in
soil vs. distance from the source. Both the measured 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 Pb-bearing soils dispersion from the ISF-slag site. This
means that Pb-bearing soil dispersion is mainly caused by dispersion by winds from the
dumping site.
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Figure 2- 8. Relationship between measured Pb content in soil and simulated amount of
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Figure 2- 9. Simulated amount of deposition and Pb content in soil vs. distance from the source.
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Figure 2-10 shows the simulated amount of dispersion depending on particle sizes
of Pb-bearing soil at 5-2, 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.

0.097500
0.097000
0.096500

0.096000

)

A

0.095500

0.013600
0.013500
0.013400
0.013300
0.013200
0.013100
0.013000

0.004950
0.004945 ° b o
0.004940
0.004935 ° o

0.004930

0.004925 o
0.004920

0.004915

0.004910 °

0.004905

Simulated amount of deposition (mg/m

0 5 10 15 20 25 30 35 40 45 50
Particle size (um)
®5S-2 S-3 @S-8
Figure 2- 10. Simulated amount of deposition depending on particle sizes of Pb-bearing soil at S-
2, S8-3, and S-8.

The dispersion models of fine particles of Pb-bearing soils 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.
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2.5. Conclusion
Pb-bearing soil dispersion simulations using terrain data and local weather data of
the year 2019 were conducted and compared with the Pb contents in soils around the
dumping site of Kabwe. The following results were found.

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

2. The simulated amount deposition decreased with distance from the source and
agreed with the measured 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 residues. In other words, Pb contamination of soils is primarily
caused by dispersion of mine residues by winds.

Based on the obtained results, effective countermeasures against Pb-bearing soil
dispersion and remediation of soil contamination should be proposed by considering Pb-
bearing soil dispersion calculations after remediation of the dumping site and
surrounding ground surfaces.
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Chapter 3. Weather parametric analysis on lead-bearing soil
dispersion in Kabwe

3.1. Introduction

In Chapter 2, mechanisms of Pb-bearing soil dispersion and deposition were
evaluated with the local weather data of the year 2019. Although wind speeds and wind
directions are considered as primary indicators of Pb-bearing soil dispersion, changes of
other weather conditions: solar radiation, barometric pressure, humidity and air
temperature are also factors affecting on wind conditions and Pb-bearing soil dispersion
as results.

According to the previous studies, winds and water have been discussed and
mentioned as causes of heavy metal contaminations [1 - 5]. Punia suggested that climate
factors such as temperature, wind and precipitation affect the dispersal and mobility of
heavy metal in the mine area [6]. Solar radiation was used as the factor for determination
of dispersivity with respect to horizontal and vertical directions in dispersion models,
and barometric pressure and humidity were used for determination of source strength [1,
7 —10]. Although weather factors were referred for simulating heavy metal dispersion,
impacts of these factors, which were collected at the local were not discussed enough.

In this chapter, correlations between wind speed and other weather factors were
analyzed. Also, for evaluating the sensitivity of each weather factor in Kabwe, Pb-bearing
soil dispersion simulation was conducted with average, top 10 % and bottom 10 % values
of weather conditions by using the same simulation models as in Chapter 2.

3.2. Materials and methods

3.2.1. Study site
Twelve source points at ISF-slag site named Black Mountain and eight playgrounds
as target and sampling points where were used in Chapter 2 were also used in this
chapter for comparing and analyzing the sensitivity of the local weather factors of the
year 2019. As the source was mentioned in Chapter 2, it was adopted as a bundle of source
points for considering Pb-bearing soil dispersion occurs from ISF-slag site (an area). The
locations of the source points and playgrounds were shown Figure 1-3 and Figure 2-1.

3.2.2. Weather data collection and analysis
Local weather data of Kabwe in the year 2019, which were collected and used in
Chapter 2 were also used for this chapter. All weather data were collected hourly at Green
Park, Kabwe and the test site at the University of Zambia, Lusaka throughout the year
2019. Due to machine troubles and errors of the data collection system, the data of August
2019 were not collected but not used in this chapter, either. Collected weather data were
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consisted of six factors: wind speed, wind direction, solar radiation, barometric pressure,
humidity, and air temperature.

The weather data were categorized in two seasons: the rainy and dry seasons for
analyzing seasonal differences on Pb-bearing soil dispersions. In this study, the rainy
season of 2019 was set between January and April and between November and
December; and the dry season of 2019 was between May and October, but August was
not included.

For the rainy and dry seasons, correlations between wind speed and other weather
factors were analyzed. Also, the seasonal differences were compared for estimating
which and how weather factors affected on wind speed mostly: wind speed vs. solar
radiation; wind speed vs. barometric pressure; wind speed vs. humidity; and wind speed
vs. air temperature.

Moreover, average, top 10 % and bottom 10 % values of each weather factor of each
season were calculated and prepared for Pb-bearing soil dispersion simulations. Eleven
weather conditions in each season were prepared as listed in Table 3-1.
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Table 3- 1. Weather condition for simulations of Pb-bearing soil dispersion: Average, top 10 %
and bottom 10 % values of each weather parameter of each season were calculated and used for
estimating impacts on Pb-bearing soil dispersion in Kabwe.

Sol B tri Ai
#  Wind speed ot Arometric Humidity . Note
radiation pressure temperature
A
1 Average Average Average Average Average verage
High wind
2 Top 10 % Average Average Average Average 161 win
speed
Low wind
3 Bottom 10 %  Average Average Average Average
speed
High solar
o,
4 Average Top 10 % Average Average Average radiation
Low solar
o,
5 Average Bottom 10 %  Average Average Average radiation
High
6 Average Average Top 10 % Average Average  barometric
pressure
Low
7 Average Average Bottom 10 %  Average Average  barometric
pressure
High

8 Average Average Average Top 10 % Average humidity

Low
9 Average Average Average Bottom 10 %  Average humidity

High ai
10 Average Average Average Average Top 10 % 16h att
temperature
L .
11 Average Average Average Average Bottom 10 % ow atr
temperature

3.2.3. Simulation models for lead dispersion
Three models of Pb-bearing soil dispersion which were constructed in Chapter 2
were also used in this chapter. The plume model was prepared when the wind speed
condition was over 1.0 m/s; the weak puff model was prepared when the wind speed was
between 0.4 m/s and 1.0 m/s; and the no puff model was prepared when the wind speed
was less than 0.4 m/s.
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Wind directions had impacts on the amounts of dispersions and depositions at
playgrounds. For simplifying of weather factor analyses on Pb-bearing soil deposition,
the wind direction was fixed as from southeast to northwest in this chapter. Winds from
southeast was made clear as the largest impact on dispersion to the playgrounds where
were located northwest side from the source area by the study in Chapter 2.

Simulations of Pb-bearing soil dispersion and deposition were performed based on
the conditions in Table 3-1.

3.3. Results

3.3.1. Weather data analyses
In 2019, annual weather conditions in Kabwe were calm. 8,016 of datasets were
collected during 2019, and 7,806 weather conditions were with wind speed less than 5.0
m/s. Annual average of solar radiation was 2.04 kW/m?, annual average of barometric
pressure was 874.96 hPa, annual average of humidity was 58.07 % and annual average of
air temperature was 21.83 °C as listed in Table 3-2.

Table 3- 2. Annual Average, top 10 % and bottom 10 % values of weather conditions in Kabwe.

Value Wind speed S(.)la.r Barometric Humidity Air
radiation pressure temperature
Average 1.44 m/s 2.04 kW/m?  874.96 hPa 58.07 % 21.83°C
Top 10 % 3.10 m/s 711 kW/m?>  880.10 hPa 89.30 % 28.70 °C
Bottom 10 % 0.20 m/s 0.00 kW/m?  872.62 hPa 26.70 % 15.10 °C

In the rainy season of 2019, average values of solar radiation (2.17 kW/m?), humidity
(68.65 %), and air temperature (23.08 “C) were higher than the annual average indicated
the seasonal features as shown in Table 3-3. The average (1.43 m/s), top 10 % (3.10 m/s)
and bottom 10% (0.30 m/s) values of wind speeds were almost similar to the annual. The
average values of barometric pressure (872.62 hPa) were lower than the annual.

In the dry season of 2019, average values of solar radiation (1.88kW/m?), humidity
(45.55 %), and air temperature (20.34 “C) were lower than annual indicated the seasonal
features as shown in Table 3-4. The average (1.44 m/s), top 10 % (3.10 m/s) and bottom
10% (0.20 m/s) values of wind speed were almost similar to the annual. The average
values of barometric pressure (877.79 hPa) were higher than the annual.

There were no significant differences of wind speeds between the rainy and the dry
seasons. Values of solar radiation and air temperature of the rainy season were relatively
higher than the dry season because Kabwe located on the south hemisphere of the Earth
was in summer between January and April and between November and December.
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Table 3- 3. Average, top 10 % and bottom 10 % values of weather conditions in rainy season.

Value Wind speed Sc.)la.r Barometric Humidity Air
radiation pressure temperature
Average 1.43 m/s 217 kW/m?  872.62 hPa 68.65 % 23.08 °C
Top 10 % 3.10 m/s 773 kW/m?  877.20 hPa 93.60 % 28.88 °C
Bottom 10 % 0.30 m/s 0.00 kW/m?  872.00 hPa 40.37 % 18.70 °C

Table 3- 4. Average, top 10 % and bottom 10 % values of weather conditions in dry season.

Value Wind speed Sc.)la.r Barometric Humidity Air
radiation pressure temperature
Average 1.44 m/s 1.88 kW/m?  877.79 hPa 45.55 % 20.34 °C
Top 10 % 3.10 m/s 6.51 kW/m?  881.40 hPa 73.60 % 28.42 °C
Bottom 10 % 0.20 m/s 0.00 kW/m?  873.55 hPa 19.76 % 12.50 °C

Correlation between wind speed and solar radiation in both rainy and dry seasons
were analyzed and compared. In both rainy and dry seasons, solar radiation was
inversely proportional to wind speed as shown in Figure 3-1. The scatter pattern in the
rainy season showed wider than the dry season.

14

—
N

10 &

Solar radiation (kW/m”2)
o0

Wind speed (m/s)

o Rainy season ¢ Dry season

Figure 3- 1. Correlation between wind speed and solar radiation.
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Correlation between wind speed and barometric pressure in both rainy and dry
seasons were analyzed and compared as shown in Figure 3-2. Although significant
correlations were not observed, wind speed had a trend to be high when barometric
pressure was also high in the dry season.

890

o
&

3
S

Barometric pressure (hPa)
o] o0
& &

o
(S

o
S

0 5 10 15 20 25
Wind speed (m/s)

» Dry season = Rainy season

Figure 3- 2. Correlation between wind speed and barometric pressure.

Correlation between wind speed and humidity in both rainy and dry seasons were
analyzed and compared as shown in Figure 3-3. Significant correlations were not
identified in both rainy and dry seasons. However, the seasonal differences of humidity’s
value widths were shown significantly detected.
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Figure 3- 3. Correlation between wind speed and humidity.

Correlation between wind speed and air temperature in both rainy and dry seasons
were analyzed and compared in Figure 3-4. Significant correlations were not identified

in both rainy and dry seasons. Wind speed had a trend to be lower when air temperature
was high in the dry season.

40
35

30

temperature (°C)
N
(=]

10 15 20 25
Wind speed (m/s)

o Rainy season  « Dry season

Figure 3- 4. Correlation between wind speed and temperature.

Weather conditions in both rainy and dry seasons for investigating impacts of
weather factors on Pb-bearing soil dispersion were prepared (Table 3-5 and Table 3-6).
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Table 3- 5. Weather conditions for simulation of Pb-bearing soil dispersion in the rainy season.

1 B i Ai
#  Wind speed S(,) o arometric Humidity 5 Note
radiation pressure temperature
A
1 143m/s 217kW/m> 872.62hPa  68.65%  23.08°C verage
High wi
2 310m/s  217KW/m® 87262hPa  6865%  2308°C  snwind
speed
o L ind
3 030m/s 217kW/m> 872.62hPa  68.65%  23.08°C .
speed
o High solar
4 143 m/s  7.73kW/m? 872.62 hPa 68.65 % 23.08 C .
radiation
L 1
5 143m/s 000kW/m> 872.62hPa  68.65%  23.08°C o oo
radiation
High
6 143 m/s  217kW/m?> 87720hPa  68.65 % 23.08°C  barometric
pressure
Low
7 143 m/s  2.17kW/m? 872.00 hPa 68.65 % 23.08C barometric
pressure
High
8 143 m/s  2.17kW/m? 872.62 hPa 93.60 % 23.08 C humidity
Low
9 143 m/s  2.17kW/m? 872.62 hPa 40.37 % 23.08 C humidity
o High air
10 143m/s 2.17kW/m? 872.62 hPa 68.65 % 28.88 C
temperature
L .
11 143m/s 217kW/m*> 872.62hPa  68.65%  18.70°C oW ar
temperature
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Table 3- 6. Weather conditions for simulation of Pb-bearing soil dispersion in the dry season.

1 B i Ai
#  Wind speed S(,) a.r arometric Humidity . Note
radiation pressure temperature
| 144m/s  188kW/m® 87779hPa  4555%  2034°C L Vera8e
2 310m/s 18SKW/m® 87779hPa  4555%  2034°C  lighwind
speed
L .
3 020m/s 188kW/m® 87779hPa  4555%  2034°C oW wind
speed
i 1
4 144mfs  651kW/m® 87779hPa  4555%  2034°C | ehsolar
radiation
1
5  14dm/s  000kW/m® 87779hPa  4555%  2034°C oW solar
radiation
High
6 144 m/s  1.88 kW/m? 881.40 hPa 45.55 % 2034 C barometric
pressure
Low
7 144 m/s  1.88kW/m? 873.55hPa 45.55 % 2034 C barometric
pressure
High
8 144 m/s 1.88kW/m? 877.79 hPa 73.60 % 2034 C humidity
Low
9 144m/s  1.88kW/m? 877.79 hPa 19.76 % 20.34°C humidity
10 144m/s 18SKW/m® 87779hPa  4555%  2842°C o8N alr
temperature
L .
11 144m/s 188kW/m’> 87779hPa  4555%  1250°C oW ar
temperature
3.3.2. Impacts of weather factors on dispersion

Pb-bearing soil dispersion to eight playgrounds from the ISF-slag site by local
weather factors was calculated seasonally; during the rainy season (January to April and
November to December) and during the dry season (May to October, August not
included). Calculated seasonal deposition rates at each playground were accumulated.
The results for S-2, located 6,904.1 m away from the dumping site (the farthest distance),
S-3, located 4,042.2 m (the middle distance), and S-8, located 1,577.4 m (the nearest
distance) were compared as listed in Tables 3-5 and 3-6.
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At 5-2 and S-3 in the rainy and dry seasons, the accumulated amounts deposited
patterns were shown as similar (Figures 3-5 3-6, 3-7 and 3-8): the accumulated amounts
deposited were significantly lower with high wind speed, low wind speed and low solar
radiation conditions.

At 5-2 in the rainy season, the accumulated amount deposited was 0.000017 mg/m?
under high wind speed condition, it was 0.00002 mg/m? under low wind speed, and it
was 0.00009 mg/m? under low solar radiation (Figure 3-5). The result under the high wind
speed condition indicates that Pb-bearing soils were dispersed to S-2, but also most of
them were redispersed by strong winds and flushed by rain falls from S-2. The result
under the low wind speed condition indicates that Pb-bearing soils were difficult to be
dispersed to S-2 because Pb-bearing soils were not forced to be dispersed by winds and
wet by rain falls and humidity. There was an inversely proportional relationship between
wind speed and solar radiation. With the correlation between wind speed and solar
radiation, the result of under the low solar radiation indicates that strong winds blew,
and Pb-bearing soils were redispersed at 5-2 as well as under the high wind speed
condition.

At 5-2 in the dry season, the accumulated amount deposited was 0.01299 mg/m?
under high wind speed condition, it was 0.00171 mg/m? under low wind speed, and it
was 0.00692 mg/m? under low solar radiation (Figure 3-6). The result under the high wind
speed condition indicates that Pb-bearing soils were dispersed to S-2, but also most of
them were redispersed by strong winds at 5-2. The result under the low wind speed
condition indicates that Pb-bearing soils were difficult to be dispersed to S-2. There was
an inversely proportional relationship between wind speed and solar radiation. With the
correlation between wind speed and solar radiation, the result of under the low solar
radiation indicates strong winds blew, and Pb-bearing soils were redispersed at 5-2 as
well as under the high wind speed condition.

At S-3 in the rainy season, the accumulated amount deposited was 0.00043 mg/m?
under high wind speed condition, it was 0.00006 mg/m? under low wind speed, and it
was 0.00018 mg/m? under low solar radiation (Figure 3-7). The result under the high wind
speed condition indicates that Pb-bearing soils were dispersed to S-3, but also most of
them were redispersed by strong winds and flushed by rain falls from S-3. The result
under the low wind speed condition indicates that Pb-bearing soils were difficult to be
dispersed to S-3 because Pb-bearing soils were not forced to be dispersed by winds and
wet by rain falls and humidity. There was an inversely proportional relationship between
wind speed and solar radiation. With the correlation between wind speed and solar
radiation, the result of under the low solar radiation indicates that strong winds blew,
and Pb-bearing soils were redispersed at 5-3 as well as under the high wind speed
condition.

At 5-3 in the dry season, the accumulated amount deposited was 0.03704 mg/m?
under high wind speed condition, it was 0.00479 mg/m? under low wind speed, and it
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was 0.01534 mg/m? under low solar radiation as shown in Figure 3-8. The result under
the high wind speed condition indicates that Pb-bearing soils were dispersed to S-3, but
also most of them were redispersed by strong winds at S-3. The result under the low wind
speed condition indicates that Pb-bearing soils were difficult to be dispersed to S-3. There
was an inversely proportional relationship between wind speed and solar radiation. With
the correlation between wind speed and solar radiation, the result of under the low solar
radiation indicates that strong winds blew, and Pb-bearing soils were redispersed at 5-3
as well as under the high wind speed condition.

At 5-8 in the rainy and dry season, the accumulated amounts deposited patterns
were shown as similar (Figures 3-9 and 3-10): the accumulated amounts deposited were
significantly higher when high wind speed and low solar radiation conditions.

At S-8 in the rainy season, the accumulated amount deposited was 0.00315 mg/m?
under high wind speed condition, and it was 0.00106 mg/m?* under low solar radiation as
shown in Figure 3-9. The result under the high wind speed condition indicates that huge
amount of Pb-bearing soils were dispersed to S-8 by winds rather than to other
playgrounds located farther from the source. There was an inversely proportional
relationship between wind speed and solar radiation. With the correlation between wind
speed and solar radiation, the result of under the low solar radiation indicates that strong
winds blew, and Pb-bearing soils were redispersed at S-8 as well as under the high wind
speed condition.

At 5-8 in the dry season, the accumulated amount deposited was 0.26669 mg/m?
under high wind speed condition, and it was 0.08978 mg/m? under low solar radiation as
shown in Figure 3-10. The result under the high wind speed condition indicates that huge
amount of Pb-bearing soils were dispersed to 5-8 by winds at one time and deposited
than redispersed there. There was an inversely proportional relationship between wind
speed and solar radiation. With the correlation between wind speed and solar radiation,
the result of under the low solar radiation indicates that strong winds blew, and Pb-
bearing soils were redispersed at S-8 as well as under the high wind speed condition.
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Figure 3- 5. Accumulated amounts deposited at S-2 by average and different weather conditions
of the rainy season.
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Figure 3- 6. Accumulated amounts deposited at S-2 by average and different weather conditions
of the dry season.
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Figure 3- 7. Accumulated amounts deposited at S-3 by average and different weather conditions
of the rainy season.
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Figure 3- 8. Accumulated amounts deposited at S-3 by average and different weather conditions
of the dry season.
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Figure 3- 9. Accumulated amount deposited depended at S-8 by average and different weather
conditions of the rainy season.
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Figure 3- 10. Accumulated amounts deposited at S-8 by average and different weather
conditions of the dry season.
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Patterns of accumulated amounts deposited with particle sizes at S-2, S-3 and S-8 in
the rainy and dry seasons were analyzed.

Figure 3-11 and Figure 3-12 show that the accumulated amounts deposited were
depended on particle sizes at S-2, S-3 and S-8 under the average weather condition of the
rainy and dry seasons, respectively. In both rainy and dry seasons, each particle size of
soils was dispersed to sampling points located certain distances when the average
weather conditions with average speed of the wind from the southeast were set for the
simulation. The results did not agree with the results in Chapter 2 (Figure 2-10). The
results indicate that Pb-bearing soils were dispersed easily through receiving certain
force by average speed of wind blowing from one direction continuously. However, the
winds blow variously under the actual weather environment, and Pb-bearing soils do not
receive certain force from one direction continuously, and they are dispersed and
deposited at sampling points near to the source.

Accumulated amounts deposited were increased with larger particle sizes of Pb-
bearing soils at S-2 in the rainy season. The result indicates that smaller particle sizes of
Pb-bearing soils were difficult to deposited at S-2 because they were redispersed by
winds and flushed by rains easier than larger sizes (Figure 3-11).

Accumulated amounts deposited were decreased with particle sizes of Pb-bearing
soils at S-3 in the rainy season. The result indicates that larger sizes of Pb-bearing soils
were difficult to be dispersed to S-3 due to the high humidity and rain falls than finer
sizes although finer particle sizes of Pb-bearing soil had abilities to be redispersed by and
rain falls at S-3 (Figure 3-11).

Accumulated amounts deposited were increased with larger particle sizes of Pb-
bearing soils at S-8 in the rainy season. The result indicates that finer particle sizes of Pb-
bearing soils were difficult to be deposited at S-8 because they were redispersed by winds
and flushed by rains easier than larger sizes although huge amount of Pb-bearing soils
were dispersed to S-8. The results showed that high speed wind and low solar radiation
conditions affected on swirling up fine particles of Pb-bearing soils from the source, and
most of the large particle sizes of Pb-bearing soils were dispersed and deposited at 5-8
(Figure 3-11).
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Figure 3- 11. Accumulated amounts deposited depending on particle sizes of Pb-bearing soils at
S-2, S-3 and S-8 in the rainy season.
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Accumulated amounts deposited were depended on particle sizes at S-2 under the
average weather condition of the dry season. The amounts were increased with larger
particle sizes of Pb-bearing soils. The result indicates that smaller particle sizes of Pb-
bearing soils were difficult to be deposited at S-2 because they were redispersed by winds
easier than larger sizes (Figure 3-12).

Accumulated amounts deposited depended on particle sizes at 5-3 under the
average weather condition of the dry season. The amounts were decreased with larger
particle sizes of Pb-bearing soils. The result indicates that finer particle sizes of Pb-bearing
soils were easier to be dispersed than larger particle sizes at S-3 under the dry condition
(Figure 3-12).

Accumulated amounts deposited were depended on particle sizes at 5-8 under the
average weather condition of the dry season. The amounts were increased with larger
particle sizes of Pb-bearing soils. The result indicates that finer particle sizes of Pb-bearing
soils were difficult to be deposited at S-8 because they were dispersed farther and
redispersed by winds easier than larger sizes although huge amounts of Pb-bearing soils
were dispersed to S-8. The results showed that high speed wind and low solar radiation
conditions affected on swirling up fine particles of Pb-bearing soils from the source, and
most of the large particle sizes of Pb-bearing soils were dispersed and deposited at 5-8
(Figure 3-12).
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Figure 3- 12. Accumulated amounts deposited depending on particle sizes of Pb-bearing soils at
S-2, S-3 and S-8 in the dry season.
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3.4. Discussion

Local weather data in Kabwe in the year 2019 were analyzed and characterized the
differences between the rainy and dry seasons. Wind speeds in both seasons did not have
any significant differences, but solar radiation, barometric pressure, humidity, and air
temperature had seasonal differences. These weather parametric differences affected on
the accumulated amount deposited at playgrounds beside wind speed.

Correlations between wind speed and solar radiation in both rainy and dry seasons
showed the inversely proportional. These relationships were appeared in the sensitivity
of the accumulated amounts deposited at S-2, S-3 and S-8 in both rainy and dry seasons
significantly.

Both high and low wind speeds did not affect on amount deposited at a certain
distance from the source in both rainy and dry seasons. The results indicates that high
wind speed has abilities to disperse and redisperse huge amount Pb-bearing soils to and
from playgrounds at the moment. On the other hand, low wind speed did not have
abilities to disperse and redisperse huge amount of Pb-bearing soils. Moreover, solar
radiation was inversely proportional to wind speed, and low solar radiation led to high-
wind-speed-like conditions, and it did not affect on Pb-bearing soils dispersion from the
source to playgrounds at certain distances in Kabwe.

Impacts of wind directions were indicated in Chapter 2. Figure 3-13 to Figure 3-16
show the heatmaps of impacts of wind directions on the sampling points in the dry
season when the accumulated amount deposited at each playground was higher than the
rainy season. When wind directions were changed, but other weather factors were fixed
as their average values in the dry season (Table 3-6).

Lead-bearing soil dispersion to the sampling points were indicated to be most
affected by winds blew from the southeast in Chapter 2. Winds from the southeast had
impacts on S-1, 5-3, S-6 and S-7 located near the source mainly (Figure 3-13). The
accumulated amount deposited at S-1 was 12.6 ug/m? and it was the highest amount
among the sampling points.

Lead-bearing soil dispersion to the sampling points were also affected by winds
from the east (Figure 3-14). Winds from the east had impacts on S-1, S-3, 5-6 and S-7
located near the source mainly. The accumulated amount deposited at S-1 was 8.6 ug/m?,
and it was the highest amount among the sampling points.

Lead bearing soil dispersion to the sampling points were not much affected by
winds from the west and north sides which the sampling points were upstream of the
winds to the source (Figure 3-15 and Figure 3-16). The calculated and accumulated
amount deposited at S5-1 was -12.6 pg/m? and it was the lowest amount among the
sampling points when the winds blew from the west. On the other hand, the calculated
and accumulated amount deposited at S-1 was -8.53 pg/m?, and it was the lowest amount
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among the sampling points when the winds blew from the north. Those negative values
are due to the net effects of deposition and redispersion by winds from the west and north.
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Figure 3- 14. Heatmap of impacts by winds from the east.
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Figure 3- 16. Heatmap of impacts by winds from the north.
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3.5. Conclusion
Simulations of Pb-bearing soil dispersion were performed under the average, top
10 % and bottom 10 % values of local weather data in the year 2019 for estimating impacts
of weather factors on Pb-bearing soil dispersion from the source. The following results
were obtained.

1. Weather in Kabwe was calm through the year, but there were significant
differences of solar radiation, barometric pressure, humidity, and air
temperature between rainy and dry seasons.

2. Correlation between wind speed and solar radiation was the inversely
proportional, and the relationships affected the accumulated amounts deposited
by simulations.

3. High and low wind speeds did not affect on the accumulated amounts deposited
at certain distances from the source.

4. Wind directions had huge impacts on deposition amounts and areas.

Pb-bearing soil dispersion and deposition were affected by not only wind speeds
and directions but also complicated relationships among weather factors. In-depth
understanding about relationships between local weather conditions and heavy metal
dispersion is of importance for proposing effective countermeasures against Pb-bearing
soil dispersion and remediation of soil contamination.
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Chapter 4. Water parametric analysis on lead- and zinc-
bearing soil dispersion in Kabwe

4.1. Introduction

In this chapter, impacts of water conditions of soils at the source on Pb- and Zn-
bearing soil dispersion are analyzed and discussed.

In Chapter 3 and the previous studies [1 - 3], the impacts of wind speeds and
directions and other weather factors on heavy metal dispersion and deposition were
examined. Dispersion and redispersion models have been designed to perform by
following local weather factors, and mechanisms of heavy metal contaminations have
been simulated and discussed [4, 5]. On the other hand, impacts of water condition of the
surface soils of the source on dispersion by winds are not discussed even though the soil
dispersion was considered with humidity and barometric pressure.

In this chapter, for estimating impacts of water on dispersion, simulation of Pb- and
Zn-bearing soil dispersion were performed by consideration of water conditions on Pb-
bearing Zn plant leach residue site through satellite data analyses.

4.2. Materials and methods

4.2.1. Study site

At the Kabwe mine, Pb-bearing Zn plant leach residue site was recognized to have
a cycle of the covered and non-covered by water bodies throughout the year 2019 by
satellite data observations. In this chapter, Pb-bearing Zn plant leach residue site was
suitable for analysis the impacts of water on dispersion and selected as the source site.

The area of the source was extracted by analyzing European optical satellite, named
Sentinel-2. Four source points at the source site were selected for this study because the
source site was separated four areas by ridges, and different amounts of water bodies
were recognized throughout the year 2019. Moreover, the source was adopted as a bundle
of source points for considering Pb- and Zn bearing soils would be dispersed from the
area although a single point, such as a chimney in an industrial factory, was used for the
simulation [6]. The height of the source was estimated at the same height of the source,
and it was calculated with Digital Elevation Model by Japanese spaceborne synthetic
aperture radar, named PALSAR (PALSAR DEM) with 12.5 m spatial resolution [7]. The
location of Pb-bearing Zn plant leach residue site was shown in Figure 4-1.

Eight playgrounds as target and sampling points where were used in Chapters 2
and 3 were also used in this chapter for comparing and analyzing the effects of the local
weather factors of the year 2019. Figure 4-1 also shows the locations of the source area
and playgrounds.
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Figure 4- 1. Location of the study site: Pb-bearing Zn plant leach residue site was separated into
four areas by ridges, and two of them were covered by water throughout the year 2019: Pb-
bearing Zn plant leach residue site was in relatively lower than other dumping and several

playgrounds.

4.2.2. Normalized difference water index

Normalized difference water index (NDWI) is a method of estimating open water
features by using short wave infrared bands of spectral sensors. The basic idea of NDWI
is to use green and near infrared bands of remote sensing which water has strong
absorption and low radiation in the range between visible and near infrared wavelengths
[8]. Various studies have been conducted with optical satellite data, and NDWI has been
improved, and modified normalized difference water index (MNDWI) was developed by
its abilities to estimate water information and extract water bodies [9, 10].
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For estimating water features of the surface soil on Pb-bearing Zn plant leach
residue site by MNDWI, Sentinel-2 datasets were used. Author tried to download various
satellite data not only Sentinel-2 series but also Landsat (American) and ASTER
(Japanese) for analyzing every month of the year 2019, but some datasets were covered
by clouds, and it was difficult to analyze the water conditions on the source site.

European Space Agency (ESA) launched a constellation of spaceborne multispectral
sensor satellites named Sentinel-2 A and Sentinel-2 B in 2015 and 2017 respectively under
Copernicus Program on behalf of European Committee. The Earth observations by the
constellation of satellites are improved through high observation frequency and global
coverage [11]. The bands of Sentinel-2 series and equation of MNDWTI are shown in Table
4-1 and Equation 4-1.

Table 4- 1. Band specification of Sentinel-2 series.

Central wavelength

Band Spatial resolution (m) (nm) Band width (nm)
B1 60 443 20
B2 10 490 65
B3 10 560 35
B4 10 665 30
B5 20 705 15
B6 20 740 15
B7 20 783 20
B8 10 842 115
BSA 20 865 20
B9 60 945 20
B10 60 1375 20
B11 20 1610 20
B12 20 2190 20
MNDWI = 2=, (Equation 4-1)

The range of MNDVlI is from -1.0 (dry) to 1.0 (wet).
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4.2.3. Weather data collection
Local weather data in Kabwe in the year 2019, which were collected and used in
Chapter 2 were used for this chapter. All weather data were collected hourly at Green
Park, Kabwe and the test site at the University of Zambia, Lusaka throughout the year
2019. Due to machine troubles and errors of the data collection system, the data of August
2019 were not collected but not used in this chapter, either. Kabwe local weather data on
the dates of satellite data acquisitions were used for the simulation in this chapter.

4.2.4. Simulation models of Lead- and zinc-bearing soil dispersion

Three models of Pb-bearing soil dispersion which were constructed and used in
Chapters 2 and 3 were also used in this chapter. The plume model was prepared when
wind speed was over 1.0 m/s; the weak puff model was prepared when wind speed was
between 0.4 m/s and 1.0 m/s; and the no puff model was prepared when wind speed was
less than 0.4 m/s.

The source strength (Q) is a key parameter to simulate Pb- and Zn-bearing soil
dispersion. Here, a total of 1 m? of soils per one second was assumed to be dispersed.
However, only finer particles (< 50 um) are transported to a further distance. Also, the
estimated amounts of Pb and Zn productions from the tailing site were almost same [12].
Thus, the finer fraction of 2.5 % of the soils were assumed to be dispersed (0.0250 m?/s) as
a source strength for the dry soils. In Chapters 2 and 3, humidity and rain falls were
factors affecting on the source strength for the simulation. In this chapter, results of
MNDWTI were used to determine the source strength as shown in Table 4-2. Moreover,
Pb-bearing Zn plant leach residue site was assumed to be completely ponded when the
MNDWTI indicated over 0.8 [13], and the source strength was set as zero. The values of
source strength were set by following the study in Chapter 2.
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Table 4- 2. Chart between MINDWI and source strength: the source strength is set depending on

the value of MNDWI.
MNDWI Source strength
MNDWI=-1.0 0.0250 m?/s
-0.1 <MNDWI <=-0.8 0.0230 m?/s
-0.8 <MNDWI <= -0.6 0.0200 m?/s
-0.6 <MNDWI <=-0.4 0.0180 m?/s
-0.4 < MNDWI <=-0.2 0.0150 m?/s
-0.2<M NDWI<=0.0 0.0130 m?/s
0.0 <MNDWI <=0.2 0.0100 m?/s
0.2<MNDWI<=0.4 0.0080 m?/s
0.4 <MNDWI<=0.6 0.0050 m?/s
0.6 <MNDWI <= 0.8 0.0025 m?/s
0.8 <MNDWI<=1.0 0.0000 m?/s
4.3. Results
4.3.1. Modified normalized difference water index

The following Sentinel-2 datasets were collected and calculated for water feature

estimations on Pb-bearing Zn plant leach residue site (Table 4-3). Level-1C is a product

level of Sentinel-2, and the product is composed as ortho-images in Universal Transverse
Mercator (UTM)/WGS 84 [14]. The satellite data, which were acquired on 18 August 2019,
were not used because the local weather data collection was failed due to machine

troubles.

Table 4- 3. List of satellite datasets for NDWI.

" Observation Date Satellite Product Level Note
(year-month-day)
1 2019-03-31 Sentinel-2 B Level-1C Rainy season
2 2019-04-30 Sentinel-2 B Level-1C Rainy season
3 2019-05-20 Sentinel-2 B Level-1C Dry season
4 2019-06-29 Sentinel-2 B Level-1C Dry season
5 2019-07-19 Sentinel-2 B Level-1C Dry season
6 2019-08-18 Sentinel-2 B Level-1C No weather data
7 2019-09-07 Sentinel-2 B Level-1C Dry season
8 2019-11-06 Sentinel-2 B Level-1C Rainy season
9 2019-12-16 Sentinel-2 B Level-1C Rainy season
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MNDWTI was applied to all satellite datasets listed in Table 4-3. For convenience, Pb-
bearing Zn plant leach residue site was divided by ridges and set an area at the southeast
side as #1, an area at the northeast as #2, an area at the westmost as #3 and the other as #4.

In the rainy season, water features were clearly estimated on #3 and #4 mainly. The
values of MNDWI on areas #1 (average value: -0.078) and #2 (average value: -0.090) were
relatively lower than on #3 (average value: 0.373) and #4 (average value: 0.470)
throughout the season (Figure 4-2, Table 4-4).

In the dry season, the values of MNDWI were negative and indicated drier than the
rainy season (Figure 4-3, Table 4-5). The values of MNDWI on areas #3 (average value:
0.010) and #4 (average value: 0.015) were higher than the values on the same locations on
30 April 2019: -0.110 and -0.230, respectively. The results indicate that Pb-bearing Zn
plant leach residue site had possibilities to be affected by rain falls but also leaching
activities at the Kabwe mine.
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Figure 4- 2. Results of MNDWI in the rainy season: bright pixels indicate water in soils, and
dark pixels indicate dry soils. (a) MNDWI results on 31 March 2019; (b) MNDWI results on 30
April 2019; (c) MNDWI results on 6 November 2019; and (d) MNDWI results on 16 December

2019. Water bodies were estimated in #3 and #4 through the rainy season mainly.
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Figure 4- 3. Results of NDWI in the dry season: bright pixels indicate water in soils, and dark
pixels indicate dry soils. (a) MNDWI results on 20 May 2019; (b) MNDWI results on 29 June
2019; (c) MNDWI results on 19 July 2019; and (d) MNDWI results on 7 September 2019.

58



Table 4- 4. Values of MNDWI in the rainy season 2019.

Area 31 Mar. 2019 30 Apr. 2019 06 Nov. 2019 16 Dec. 2019
#1 -0.03 -0.04 -0.24 0.00
#2 -0.05 -0.09 -0.19 -0.03
#3 0.70 -0.11 0.25 0.65
#4 0.49 0.23 0.27 0.65

Table 4- 5. Results of NDWI in the dry season 2019.

Area 20 May. 2019 29 Jun. 2019 19 Jul. 2019 07 Sept. 2019
#1 -0.07 -0.17 -0.20 -0.26
#2 -0.13 -0.17 -0.18 -0.20
#3 0.27 0.01 -0.10 -0.14
#4 0.50 -0.17 -0.07 -0.20
4.3.2. Weather conditions on the dates of Sentinel-2 observations

Wind conditions on 31 March 2019 had typical features of the rainy season in
Kabwe: strong winds (0.912 m/s) blew from the west, and winds blew from the west and
east frequently (29.1 % and 21.0% from the west and the east, respectively). Wind
conditions on 30 April 2019 also had typical features of the rainy season: strong winds
(0.594 m/s) blew from west sides frequently (29.1 %). Wind conditions on 6 November
2019 had unique features: strong winds (0.751 m/s) blew from northeast, and winds blew
from the west and the east frequently (29.1 % and 45.8 % from the west and the east,
respectively). Wind conditions on 16 December 2019 had also a unique feature: strong
winds (0.843 m/s) blew from south sides frequently (33.3 %) as wind conditions like in
the dry season.

Wind conditions on 20 May 2019 had a unique feature: winds (0.267 m/s) blew from
west sides as like in the rainy season. Wind conditions on 29 June 2019 had winds (0.41
m/s) from the southeast and south sides frequently (50.0 %) although weak winds (0.001
m/s) blew from the northwest sides. Wind conditions on 19 July 2019 had a typical feature
of the dry season: strong winds (0.625 m/s) blew from the south sides although winds
blew from the west sides frequently (37.5 %).
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Figure 4- 4. Wind speed and frequency of wind directions on Sentinel-2 observation dates in the
rainy season: (a) a chart of 31 March 2019; (b) a chart of 30 April 2019; (c) a chart of 6
November 2019; and (d) a chart of 16 December 2019.
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Figure 4- 5. Wind speed and frequency of wind directions on Sentinel-2 observation dates in the
rainy season: (a) a chart of 20 May 2019; (b) a chart of 29 June 2019; (c) a chart of 19 July 2019;
and (d) a chart of 07 September 2019.
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Table 4- 6. Daily average values of weather data on Sentinel-2 observation dates in the rainy

season: in practice, 24-hour of weather data per each Sentinel-2 observation date were applied to

the simulation of leached Zn soil dispersion.

Date Wind speed S(.)la.r Barometric Humidity Air
radiation pressure temperature
2019/03/31 1.33m/s 2.82kW/m?  875.78 hPa 55.10 % 22.46 °C
2019/04/30 1.58 m/s 253 kW/m?>  878.76 hPa 63.60 % 20.19 °C
2019/11/06 1.44 m/s 223 kW/m?  874.50 hPa 40.98 % 26.03 °C
2019/12/16 0.81 m/s 2.82 kW/m?  874.40 hPa 68.57 % 24.38 °C

Table 4- 7. Daily average values of weather data on Sentinel-2 observation dates in the dry
season: in practice, 24-hour of weather data per each Sentinel-2 observation date were applied to
the simulation of leached Zn soil dispersion.

Date Wind speed S(.)la.r Barometric Humidity Air
radiation pressure temperature
2019/05/20 1.12 m/s 1.95 kW/m?  877.69 hPa 60.74 % 20.21 °C
2019/06/29 1.29 m/s 1.34 kW/m?>  879.83 hPa 53.11 % 16.00 °C
2019/07/19 0.96 m/s 1.87 kW/m?  879.03 hPa 43.95 % 17.07 °C
2019/09/07 2.41 m/s 1.71kW/m?  883.02 hPa 52.33 % 17.85 °C
4.3.3. Impact of surface water on dispersion

At Pb-bearing Zn plant leach residue site, the accumulated amounts dispersed
decreased by following MNDWI by Sentinel-2 were simulated.

Certain amounts of Pb- and Zn-bearing soils were simulated to be dispersed when
the values of MNDWI were negative. The total of accumulated amount dispersed was
2.632 mg/m? when the values of MNDWI were negative. On the other hand, the total of
accumulated amount dispersed was 0.606 mg/m? when the values of MNDWI were
positive. The correlation between accumulated amount dispersed and the values of
MNDWTI were indicated as an inversely proportional (Figure 4-6).

The seasonal difference on Pb- and Zn-bearing soil dispersions were compared.
Accumulated amounts dispersed in the dry season (2.369 mg/m?) were relatively higher
than the rainy season (0.254 mg/m?) when the values of MNDWI were negative (Figure
4-7).

In the rainy season, accumulated amounts dispersed were low (0.425 mg/m? as total).
The results agree with results from Chapters 2 and 3 which indicated that low humidity
and wert conditions by rain falls had impacts on Pb- and Zn-bearing soil dispersion.
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Results on 19 July and 7 September 2019 showed accumulated amounts dispersed
as negative in the dry season. This is due to the net effects of deposition and redispersion
by winds and dry conditions. The results indicate that dry condition on the surface of the
source is a condition for Pb- and Zn-bearing soils easy to be dispersed and redispersed.
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Figure 4- 6. Correlation between accumulated amount dispersed vs. values of MNDWI:
Amounts of Pb- and Zn-bearing soil dispersion had a trend to decrease with the value of
MNDWI increased to 1.
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Figure 4- 7. Seasonal correlation between accumulated amount dispersed and MNDWI on Pb-
bearing Zn plant leach residue site.

At the area #1, MNDWI indicated drier conditions on every Sentinel-2 observation
date in 2019 (Figure 4-8 (a)). On 19 July 2019, accumulated amount dispersed (0.540
mg/m?) were higher than other dates because the soils were dry but also strong winds
blew from south sides of the source was another reason for the high amount of dispersion.

At the area #2, MNDWI indicated dry conditions on every Sentinel-2 observation
date in 2019 (Figure 4-8 (b)). On 19 July 2019, accumulated amount dispersed (0.546
mg/m?) were higher than other dates. It is because the soils were dry but also strong
winds blew from south sides of the source was another reason for the high amount of
dispersion. Also, accumulated amounts dispersed on 7 September 2019 and 6 November
2019 were negative. These were due to the net effects of deposition and redispersion by
winds from west and northeast sides respectively.

At the area #3, MNDWI indicated some water covered the surface of the source
through the year 2019 (Figure 4-8 (c)). On 29 June 2019, accumulated amount dispersed
(0.390 mg/m?) was higher than other Sentinel-2 observation dates. Strong and frequent
winds blew from southeast side of the source was a reason for the high amount of
dispersion. On 19 July 2019 and 7 September 2019, the values of MNDWTI indicated drier
surface on the source, but the accumulated amounts dispersed were negative: -0.070
mg/m? and -0.032 mg/m?, respectively. These are due to the net effects of deposition and
redispersion by winds and dry conditions, but also the results indicate that the surface of
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the source had easy-to-disperse and redisperse environments especially on 19 July 2019:
dry surface soil condition (-0.100), not-too-strong winds from south-southeast (0.625 m/s).

At the area #4, MNDWI indicated some water on surface soils of Pb-bearing Zn
plant leach residue site through the rainy season 2019 (Figure 4-8 (d)). On 19 July 2019,
accumulated amount dispersed (0.599 mg/m?) were higher than other dates. It is because
the soils were dry but also strong winds blew from south sides of the source was another
reason for the high amount of dispersion.
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Figure 4- 8. Correlations between MNDWI and accumulated amount dispersed from each area of
Pb-bearing Zn plant leach residue site: (a) correlation at area #1; (b) correlation at area #2; (c)

correlation at area #3; and (d) correlation at area #4.

4.4. Discussion

Effects of water on the surface soils at Pb-bearing Zn plant leach residue site under
the local environment in Kabwe were estimated by simulation of Pb- and Zn-bearing soil
dispersion and the values of MNDWTI of Sentinel-2 data analysis. However, the impacts
of wind conditions affected on Pb- and Zn-bearing soil dispersion although wind speeds
were gentle and calm (less than 1.0 m/s) on Sentinel-2 observation dates throughout the
year 2019.

Figure 4-9 shows the simulated amounts of deposition in Chapters 2 and 4 and
measured Pb content in soil by Mufalo et al [15] vs. distance from the source. Both the
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simulated amounts of deposition and measured Pb content decreased with distance from
the source. This indicates that the dispersion model used here can well express the Pb-
and Zn-bearing soil dispersion from the tailing site. This means that Pb-bearing soil
dispersion is mainly caused by dispersion by winds from the dumping site.

The simulated values with consideration of water conditions on the surface by
MNDWTI were lower than the values in Chapter 2. The results indicate that certain
impacts of water to inhibit windborne heavy metal dispersion.
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Figure 4- 9. Comparison of simulated results of Pb- and Zn-bearing soils from ISF-slag and Pb-
bearing Zn plant leach residue sites and measured Pb content in soils by Mufalo et al. [15]:
orange dots show Pb- and Zn-bearing soil dispersion with consideration of water condition on
the surface of the source by MNDWI; blue dots show simulated results of Pb-bearing soil
dispersion in Chapter 2; and green dots show measured Pb content in soils by Mufalo et al. [15].

For simplifying to understand and evaluate effects of surface water on heavy metal
dispersion, simulation by using the average values of weather factors of the rainy and
dry seasons of the year 2019 were conducted on the source. The wind direction was fixed
as from southeast to northwest which was cleared to have the hugest impacts on heavy
metal dispersion to the playgrounds through Chapters 2 and 3.
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Table 4- 8. Average values of weather parameters in both rainy and dry seasons in the year 2019.

Value Wind speed S(.)la.r Barometric Humidity Air
radiation pressure temperature
Average of
the rainy 1.43 m/s 217 kW/m?  872.62 hPa 68.65 % 23.08 °C
season
Averageof g iimjs  18SKW/m?  87779hPa 4555 % 2034 °C

the dry season

Figure 4-10 shows accumulated amounts dispersed had a trend to be decreased with
values of MNDWI to 1. The results indicates that water can be an inhibition for Pb- and
Zn-bearing soil dispersion, and MNDWI can be an indicator for evaluating windborne
heavy metal dispersion mechanisms.

Figure 4-10 also shows the definite seasonal trends. In the rainy season,
accumulated amounts dispersed were decreased with values of MNDWI to 1. Also,
accumulated amounts dispersed were lower than the dry season totally. The results
indicate that humidity and rain falls which can be other inhibition factors inhibited
windborne Pb- and Zn-bearing soil dispersion even though the surface of the source was
estimated as dry in the rainy season.

In the dry season, accumulated amounts dispersed were significantly decreased
with values of MNDWI to 1. Also, all accumulated amounts dispersed were positive. The
net effects by calculation were eliminated, the impacts of water on Pb- and Zn-bearing
soil waste dispersion can be simply understood. Amounts dispersed were larger when
MNDWI indicated water on the surface soils of the source in the dry season. Seasonal
gaps of humidity and rain falls might affect on heavy metal dispersion with surface water.
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Figure 4- 10. Seasonal difference on correlation between amount of dispersed vs. MDNWI Pb-
bearing Zn plant leach residue site.

4.5. Conclusion
For evaluation of dispersing situations and impacts of water at Pb-bearing Zn plant
leach residue site where relatively covered by water throughout the year 2019, simulation
of Pb- and Zn-bearing soil dispersion was performed with MNDWI under the actual and
average weather conditions in the year 2019. The following results were found.

1. MNDWI was an indicator for monitoring the surface soil condition of the source
and it is one of the parameters necessary for estimating Pb- and Zn-bearing soil
dispersion.

2. Water is an effective inhibiting factor on windborne heavy metal dispersion. Pb-
bearing Zn plant leach residue site covered by water was inhibited its abilities
as the source for heavy metal dispersion.

3. Wind speeds and directions had huge impacts on windborne Pb- and Zn-
bearing soil dispersion when the values of MNDWI were negative.

4. Lead- and Zn-bearing soil dispersion is affected from the seasonal and complex
of local environmental conditions including weather and water in waste soils.
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Water had impacts to inhibit Pb- Zn-bearing soil dispersion by wind, and the places
where were covered by water as like as areas #3 and #4 of Pb-bearing Zn plant leach
residue site were difficult to be the source for windborne dispersion. Even if water was
estimated as an effective inhibition for the dispersion, soils containing heavy metals
under the water was recognized as a reason of acidic mine drainage, which also had huge
impacts on the environment around the mine area [16, 17]. In-depth understanding about
environmental condition which can be factors of heavy metal dispersion is another of key
parameters to propose effective countermeasures against heavy metal dispersion and
remediation of soil contamination.
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Chapter 5. General conclusion

5.1. Conclusions of all chapters

For analyzing and evaluating the mechanisms of Pb- and Zn-bearing soil dispersion
and deposition by winds and other weather factors, three dispersion models and one
redispersion model were designed and performed at the Kabwe mine. Also, the local
weather conditions and water condition in the dumping site of the Kabwe mine were
analyzed, and their impacts on heavy metal contamination were evaluated. The
summaries of each chapter were shown below.

In Chapter 1, the importance, methods, and the site of study for the identifying
mechanisms of heavy metal dispersion and deposition were described through
discussion on environmental impacts and issues by heavy metal contamination in Kabwe
by showing the background of mining activities and current situations of heavy mental
contamination and its impacts on human health especially children and infants.

In Chapter 2, dispersion of Pb-bearing soils on ISF-slag site was simulated for
reproducing Pb contamination of soil in Kabwe. Local weather data of the 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-bearing soil dispersion under different
wind conditions. The results showed that Pb-bearing soil 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-bearing soil 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 soils.

In Chapter 3, local weather factors on Pb contamination were analyzed and
simulated their impacts on Pb-bearing soil dispersion based on the results in Chapter 2.
The weather in Kabwe was calm through the year, but there were significant differences
of solar radiation, barometric pressure, humidity, and air temperature between the rainy
and dry seasons. Correlation between wind speed and solar radiation was the inversely
proportional, and the relationships had effects on the accumulated amounts deposited by
simulations. High and low wind speeds did not affect on the accumulated amounts
deposited at certain distances from the source. Wind directions had huge impacts on
dispersion and deposition areas.

In Chapter 4, for evaluation of dispersing phenomena and impacts of water bodies
at Pb-bearing Zn plant leach residue site partially covered with water through a year,
simulation of Pb- and Zn-bearing soil dispersion was performed with modified difference
water index (MNDWI) under the actual weather conditions in the year 2019. MNDWI
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was demonstrated by data analysis of Sentinel-2 datasets which were acquired
throughout the year 2019. MNDWI was an indicator for monitoring the surface soil
condition of the source and it is one of the parameters necessary for estimating Pb- and
Zn-bearing soil dispersion. Water is an effective inhibiting factor on windborne Pb- and
Zn-bearing soil dispersion. Water was expected its high abilities for inhibition of the
dispersion by winds. Wind speeds and directions had huge impacts on windborne Pb-
and Zn-bearing soil dispersion when MNDWTI indicated negative values. Pb- and Zn-
bearing soil dispersion is affected from the seasonal and complex of environmental
conditions including weather and water in waste soils.

5.2. Expected practical utilizations of the study results

In this study, mechanisms of Pb- and Zn-bearing soil dispersion and deposition
from the Kabwe mine were clarified, application of three dispersion models and one
redispersion model were estimated, and impacts of the local weather and water
conditions on the source soils were analyzed and evaluated. In-depth understanding
about environmental condition which can be factors of heavy metal dispersion is a key
issue to propose effective countermeasures against heavy metal dispersion and
remediation of heavy metal contamination.

In this study, data quality and volumes were limited. As issues for next step for
improving simulations of the Pb- and Zn-bearing soil dispersions in Kabwe, the following
items must be performed:

1. Preparing the networks and infrastructure for observations of local weather, soils,
terrain, land coverage and human activities, and
2. Tuning parameters of simulation formula for improving accuracy of the results.
Enrichment of datasets are important activities to understand local conditions around the
Kabwe mine, and fill gaps between simulation results and the real. As the next step, the
author will consider applying land coverage to the simulation for Pb- and Zn-bearing soil
deposition surrounding the Kabwe mine by analyzing satellite datasets and soil samples.

Through this study, dispersion simulation models were developed with Python and
database as a small system on one laptop PC. All collected weather datasets, satellite
images, geographical information of Kabwe and calculated results were archived and
managed on an open-free database, and all analyses about weather data, terrain features,
MNDWTI and dispersion simulations were processed by Python, an open-free computer
script. The ability to develop systems without high-specification servers has advantages
of being easy to implement with low cost and apply into other countries for monitoring
and mitigating heavy metal contaminations and environmental issues as like this study
in Kabwe.

Developing remediation plans around the mine site will be discussed for
determination of the priority areas by evaluating impacts of the local wind direction and
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speed seasonal patterns through simulation of heavy metal dispersion. Although acidic
mine drainage has to be an issue and managed, inhibition by water coverage is effective
for reduction of windborne heavy metal dispersion. MNDWI is another indicator to
monitor the waste site condition. Effective and economical remediation contributes not
only promoting sustainable mine development but also mitigating health risks of infants
and children in Kabwe caused by heavy metal contamination.

For example, the methods of this study can be applied and followed to Kabwe Mine
Pollution Amelioration Initiative (KAMPAI) as a part of Science and Technology
Research Partnership for Sustainable Development (SATREPS) founded by Japan
International Cooperation Agency (JICA) and Japan Science and Technology Agency
(JST) and Demonstration and Risk-based Implementation of New lead remediation
approach in Kabwe (DRINK) as a part of Accelerating Social Implementation for SDGs
Achievement (aXis) founded by JST. The University of Zambia and Hokkaido University
have cooperated to monitor the lead contamination and apply remediation methods for
mitigating environment around the Kabwe mine since 2015. The methods for Pb- and Zn-
bearing soil dispersion simulation can detect and evaluate the remediation effectiveness
by monitoring the environment around the Kabwe mine, and the suggest kaizen plans
for remediation to lead better environment for the future.

Moreover, many mine sites like the Kabwe mine which disperses heavy metals and
causes of contaminations are in the world. Each site has unique terrain, climate as well as
types of mineral development. The results of this study can be the trigger for applying
simulations with considering these factors into the mine activities in the world. Through
the development of heavy metal dispersion with local environmental data, the author
would like to work on research and resolving issues which aim to social implementation
in various places as the next step.

L N Applyl ng m'etl:‘Ods Applying simulations
to other si m||ar Many mining sites and methods by considering
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As the basis, the results of this study can be used for social implementation. >

Figure 5- 1. Implication
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