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Stable Pb isotope ratios (Pb-IRs) have been recognized as an efficient tool for identifying sources. This
study carried out at Kabwe mining area, Zambia, to elucidate the presence or absence of Pb isotope
fractionation in goat and chicken, to evaluate the reliability of identifying Pb pollution sources via
analysis of Pb-IRs, and to assess whether a threshold for blood Pb levels (Pb-B) for biological fractionation
was present. The variation of Pb-IRs in goat decreased with an increase in Pb-B and were fixed at certain

values close to those of the dominant source of Pb exposure at Pb-B > 5 pg/dL. However, chickens did not
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show a clear relationship for Pb-IRs against Pb-B, or a fractionation threshold. Given these, the biological
fractionation of Pb isotopes should not occur in chickens but in goats, and the threshold for triggering
biological fractionation is at around 5 pg/dL of Pb-B in goats.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Among metals, lead (Pb) possesses a particularly elevated
anthropogenic enrichment factor (Lantzy and Mackenzie, 1979).
Widespread pollution has frequently been recorded in regions with
long histories of mining and smelting, where high levels of metals
contaminate water, soil, sediment, and vegetation (Razo et al,,
2004; Ettler et al., 2005; Hudson-Edwards et al., 2008). Nowa-
days, Pb is not only a local pollutant, but is also a pollutant on a
global scale due to its volatile character of Pb (Charalampides and
Manoliadis, 2002). The primary sources of Pb exposure, in addi-
tion to smelters, are battery recycling, electronics, paint, traditional
remedies, and leaded gasoline (Meyer et al., 2008). For animals, Pb
is a non-essential and toxic metal. Even at low doses, Pb leads to
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neurotoxicity in humans, especially in children, due to its ability to
compete with calcium (Ca®*) in nerve function (Crosby, 1998). A
recent review by Yabe et al. (2010) remarked that toxic metal
contamination of the environment and livestock has reached un-
precedented levels over the past decade, and that human exposure
to toxic metals has become a critical component of the health risk
on the African continent. This grave warning was tragically borne
out by the Pb poisoning disaster in Zamfara, Nigeria, in which more
than 160 people died, mostly children under the age of five
(Blacksmith Institute, 2010).

Given these factors, it is necessary not only to consider total
concentrations and the chemical/mineralogical position of Pb, but
also to precisely determine how multiple sources contribute Pb to
the environment. Pb is present in the environment as four main
stable isotopes: 2%8Pb, 297pb, 2%6pb, and 2%4Pb. Among these iso-
topes, only 2%4Pb has no known radiogenic parent, and its abun-
dance in the Earth's crust does not change with time. In contrast,
206pp, 207ph, and 2%8Pb are radiogenic isotopes, and are the products
of the radioactive decay of 238U, 22°U, and 232Th, respectively.
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Hence, unlike many other elements whose isotopic abundances
have been fixed during cosmological time, the abundance of Pb
isotopes in a sample depends strictly on the concentrations of
primordial Pb, uranium (U), and thorium (Th) isotopes, and the
length of their decay processes (Keinonen, 1992; Sangster et al.,
2000). The isotopic composition of Pb can be expressed in several
ways. For instance, in the environmental sciences, the Pb isotopic
composition is broadly expressed as ratios, with 2°8Pb/2°6Pb and
207pp296pp being the most preferred because these ratios can be
measured precisely and analytically, and the abundances of these
isotopes are relatively significant. Additionally, it should be
emphasized that the isotopic composition of Pb is not affected to a
measurable extent by physico-chemical fractionation processes.
Stable Pb isotope ratios (Pb-IRs), therefore, can be used as natural
tracers, and serve as an efficient tool for identifying sources and
pathways of Pb pollution (Bollhofer and Rosman, 2001; Veysseyre
and Bollho, 2001; Charalampides and Manoliadis, 2002). Recently
Pb-IRs have been generally used to identify the primary sources of
Pb in air and aerosols (Chow and Johnstone, 1965; Chow and Earl,
1972), soil (Gulson et al., 1981; Hansmann and Koppel, 2000),
sediments (Shirahata et al., 1980; Petit et al., 1984). Moreover,
sources of Pb exposure for wild birds (Scheuhammer and
Templeton, 1998) and sea otters (Enhydra lutris) (Smith et al.,
1990) have been identified using Pb-IRs analysis.

Pb-IRs have been widely assumed to not be as fractionized in
biological systems as in the environment (Rabinowitz and
Wetherill, 1972; Carlson, 1996). Nevertheless, some earlier studies
revealed large differences in the Pb isotopic composition among
biological samples within humans (Smith et al., 1996) and within
rats (Rattus norvegicus) (Wu et al., 2012; Liu et al., 2014). Studies on
the distribution of each of the stable Pb isotopes in the living body
are still limited. It is thus necessary to clarify whether biological
fractionation of Pb isotopes occurs in the body or not in order to
verify the accuracy of identifying Pb sources by Pb-IRs analysis. In
fact, isotopes of light elements, such as Li (Stokes et al., 1982), C
(Tieszen et al., 1983; Gannes et al., 1998), and N (Gannes et al.,
1998), have been recognized to be fractionized in biological sys-
tems. Isotopic variations of heavier elements, such as Zn (Stenberg
et al., 2004), Fe (Walczyk and von Blanckenburg, 2002), and Hg
(Epov et al., 2008) in biological systems have also been found in
recent years. If isotope fractionation occurs in the body, it should
then be determined which tissues most accurately reflect the Pb
pollution source and should thus be used to identify the source. As
such, the present study was designed to elucidate the presence or
absence of Pb isotope fractionation in biological samples, and to
evaluate the reliability of identifying Pb pollution sources via
analysis of Pb-IRs. Furthermore, Wu et al. (2012) and Liu et al.
(2014) have suggested the existence of a threshold for blood Pb
levels (Pb-B) for biological fractionation in rats. The current study
intended to assess whether such threshold for biological fraction-
ation was present for goats (Capra hircus) and chickens (Gallus
gallus) because these animals are reared and consumed worldwide.

For these purposes, Kabwe, the provincial capital of Zambia's
central province, was selected as a study site because it has been
well studied, with findings of high levels of Pb accumulation in the
environment such as soil (Ikenaka et al.,, 2010; Nakayama et al.,
2011), wild rats (Rattus rattus) (Nakayama et al., 2011, 2013), live-
stock such as cattle and chickens (Yabe et al., 2011, 2013; Ikenaka
et al, 2012), and children (Yabe et al, 2015). These studies
considered Kabwe to have only one origin for Pb, and so the current
study can be considered as a semi-field study on constant Pb
exposure. In addition, goats and chickens were chosen as the
exposed animals because they are widely bred and consumed in
developing countries, including those in Africa. As the Pb exposure
route in Kabwe is still unclear, in contrast to the many earlier

studies focused merely on the extent of contamination, the current
study also aims to identify the Pb source in Kabwe.

2. Materials and methods
2.1. Sampling of animals and environmental samples

This study was conducted in Kabwe, which has no Pb battery-
related facilities and is situated 130 km north of Lusaka, the capi-
tal and largest city of Zambia (supporting information Fig. S1), and
in Chongwe, which is next to Lusaka. The ore in Kabwe contained
sphalerite (ZnS) with Cd, galena (PbS), briarite [Cuy(Fe,Zn)GeS4],
and mimetite [Pbs(AsO4)3Cl] (Kamona and Friedrich, 2007). The
sampling sites were accurately located using a global positioning
system (GPS), and are shown in supporting information Fig. S1 and
Table S1. Details on samples are also shown in supporting infor-
mation of Materials and Methods section.

2.2. Sample preparation and analysis of element concentrations

All laboratory materials and instruments used in the heavy
metal analysis were washed with 2% nitric acid (HNO3) and rinsed
at least twice with distilled water. We confirmed that there was no
metal contamination through the analytical procedures using the
regent (digestion) blank measurement. Samples of approximately
0.5 g of liver, kidney, lung, spleen, brain, muscle, heart, feces,
stomach contents, gizzard, gizzard contents, adipose, rape, cabbage,
onion, or tomato, 0.3 g of maize, 0.05 g of hair, feather, or sugar
cane, 0.01 g of soil, or 1.0 mL of blood were dried for 48 h in an oven
at 50 °C. The dried samples were placed in pre-washed digestion
vessels, followed by acid digestion using 6 mL of nitric acid (atomic
absorption spectrometry grade, 60%, Kanto Chemical Corp., Tokyo,
Japan) and 1 mL of hydrogen peroxide (Cica reagent, 30%, Kanto
Chemical Corp.). 0.1 g of dried bone was placed in the vessels, fol-
lowed by acid digestion using 6 mL of nitric acid. The digestion
vessels were capped and placed onto a 10-position turntable, and
subsequently underwent a ramped temperature program in a
closed microwave extraction system, the Speed Wave MWS-2 mi-
crowave digestion system (Berghof, Germany). After cooling,
extracted solutions were transferred into 15 mL plastic tubes and
diluted to a final volume of 10 mL with bi-distilled and de-ionized
water (Milli-Q). The water samples were simply preserved with
nitric acid to obtain acidic conditions. The concentrations of various
elements (Pb, Cd, As, Zn, Co, Mn, and Cr) were determined using an
inductively coupled plasma-mass spectrometer (ICP-MS: 7700 se-
ries, Agilent Technologies, Tokyo, Japan). Analytical quality control
was performed using the DORM-3 (fish protein, National Research
Council of Canada, Ottawa, Canada) and DOLT-4 (dogfish liver,
National Research Council of Canada) certified reference materials.
Replicate analysis of these reference materials showed good re-
coveries (95—105%). The instrument detection limit was 0.001 pg/L.

2.3. Analysis of Pb-IRs

Analyses of the 2°8Pb/2%Pb and 2°7Pb/?°®Pb ratios were con-
ducted using ICP-MS, according to the following procedure (Nakata
et al., 2015). Detailed analytical conditions are given in supporting
information of Materials and Methods as well as in the Table S2.
During the analytical procedure, the following isotopes were
measured: 294Pb, 296pb, 207pb, and 2%8Pb. However, only the
208pp206ph and 207pb/2%6Pb ratios are discussed in this study, as
they show the most significant differences between the contami-
nated and natural background materials. Moreover, these ratios
have been the most commonly interpreted ratios in previous
research (Monna et al.,, 1998). The ratios of the samples were
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corrected every 10 samples using the average value of each isotope
ratio obtained by measurement of SRM 981. Each sample was
measured in 10 replicates. The standard error for the 2°8Pb/2%°ph
and 297Pb/?%5Pb measurements was generally <0.5% of RSD (rela-
tive standard deviation), except <1.0% of RSD in some of the sam-
ples which showed very low Pb concentration. We confirmed that
there was no Pb contamination through the analytical procedures
using the regent blank measurement.

2.4. Statistical analysis

All the statistical analyses were carried out using JMP 11 (SAS
Institute, Cary, NC, USA) in order to evaluate significant differences
in the data. The Tukey—Kramer test and Student's t-test were used
to compare element accumulation levels in the biological samples
from the goats and chickens, respectively. Tukey—Kramer test was
carried out in each species in order to compare the Pb-IRs among
several biological samples from the same sampling site. To deter-
mine the relationship between Pb-B and Pb-IRs in the biological
samples from the goats and chickens, spline smoothing, a method
for fitting a smooth curve to a set of data, was utilized (A = 0.05). All
of the statistical analyses were performed at the significance level
of 0.05 (p < 0.05).

3. Results

3.1. Element concentrations in biological samples from goats and
chickens

Concentrations of Pb, Cd, As, Zn, Co, Mn, and Cr in the blood,
liver, kidney, lung, spleen, brain, muscle, heart, bone, feces, stomach
contents, hair, and adipose of the three groups of goats were
determined (supporting information Table S3). Levels of these el-
ements in the blood, liver, kidney, lung, spleen, brain, gizzard,
gizzard contents, muscle, heart, bone, feces, feather, and adipose of
BC and FRC were also determined (supporting information
Table S4). Pb levels in the liver, kidney, and lung (equivalent to
=1.75, 1.98, and 0.86 mg/kg, wet wt., assuming a moisture content
of 68.7, 78.7, and 79.5%, respectively) of GO exceeded the residual
limit of 0.5 mg/kg, wet wt. for offal for human consumption
(Regulation Council, 2001). As for muscle, 60% of the GO samples
exceeded the 0.1 mg/kg, wet wt. maximum Pb level for human
consumption (FAO, 2012). In contrast, the mean level of Cd in all of
the goat samples was below the maximum level of 1,000 pg/kg, wet
wt (Regulation Council, 2001). For chickens, Pb levels in the liver,
kidney, lung, and brain (equivalent to =1.25, 3.44, 1.17, and
0.70 mg/kg, wet wt. assuming a moisture content of 71.9, 75.1, 77.4,
and 78.9%, respectively) of the FRC exceeded the 0.5 mg/kg
maximum Pb level for offal for human consumption (Regulation
Council, 2001). Additionally, 20% of the FRC muscle samples
exceeded the residual Pb limit of 0.1 mg/kg, wet wt. in muscle for
human consumption (FAO, 2012). In contrast to goats, Cd concen-
trations in liver and kidney (equivalent to =1210 and 2620 pg/kg,
wet wt., respectively) of the FRC exceeded the maximum level of
1000 pg/kg, wet wt. for offal for human consumption (Regulation
Council, 2001).

As indicated in supporting information Table S3, GO accumu-
lated significantly higher concentrations of Pb in the blood, liver,
kidney, lung, spleen, brain, muscle, bone, feces, stomach contents,
and hair than the other groups. Significantly higher accumulations
of As and Co were also observed in GO compared with G30 and
G150. In contrast, few significant differences in Cd, Zn, Mn, and Cr
levels were found between the goat groups. As shown in support-
ing information Table S4, significantly greater accumulation of Pb
was observed in all of the biological samples from the FRC. In

contrast to the goat groups, the Cd level in the FRC was significantly
higher than in the BC for most of the sample types, except for blood
and bone. Significantly higher accumulations of As and Co were also
observed in many tissues from the FRC with respect to the BC.

3.2. Concentrations of Pb and Cd in environmental samples

Concentrations of Pb and Cd in the environmental samples are
shown in supporting information Table S5. The levels of Pb and Cd
in SO exceeded the benchmark values (USEPA, 2005; Fairbrother
et al., 2007). S30, S150, and the sawdust contained lower
amounts of Pb and Cd than AO.

The Pb and Cd levels in various vegetables from AO exceeded or
were comparable to food reference values (FAO, 2012). Maize (Zea
mays) from AO had higher levels of Pb and Cd than maize from A30
and A150. In contrast to the soil and vegetables, the levels of Pb and
Cd in the water samples were lower in AO.

3.3. Pb-IRs in biological samples from goats and chickens

Geographic trends in the Pb-IRs (*°Pb/2%5Pb and 2°7Pb/?°6pb
ratios) from goats and chickens are shown in Fig. 1, and Fig. 2,
respectively. Additionally, mean + standard deviation (SD) and
minimum—maximum values of the Pb-IRs from goats and chickens
are shown in supporting information Tables S6 and S7. G150
exhibited large variation in the 2°®Pb/?°°Pb and 2°7Pb/?°6Pb ratios
among the different tissues, ranged from 1.979 to 2.131 and 0.736 to
0.891, respectively (Fig. 1A). The Pb-IRs in the G30 and GO tissues
ranged from 2.098 to 2.208 and 2.119 to 2.166 for 2°8Pb/2%®Pb and
from 0.846 to 0.890 and 0.873 to 0.886 for 2°7Pb/2%%Pb, respectively
(Fig. 1B, C). As the distance to the mining site became shorter, the Pb
levels in the goats increased (supporting information Table S3), and
the differences in the Pb-IRs among the tissues became smaller
(Fig. 1A—C).

The variation in the Pb-IRs in BC was smaller than in G150,
ranging from 2.086 to 2.127 and 0.850 to 0.882 for 2°Pb/2%Pb and
207pp298ph, respectively (Fig. 2A). Additionally, in contrast to G150,
the relationship between the 2°8Pb/2°6Pb and 2°7Pb/?%6Pb ratios in
BC did not indicate a linear trend. FRC, which accumulated higher
levels of Pb, showed smaller variation in Pb-IRs than BC, ranging
from 2.123 to 2.151 and 0.866 to 0.876 for 2°8Pb/2°®Pb and
207pp208ph, respectively (Fig. 2B). The trends in the Pb-IRs for GO
and FRC were quite similar, although the trends for G150 and G30
were different from BC, because of the latter's non-linear
appearance.

3.4. Pb-IRs in environmental samples

Pb-IR results for the environmental samples are shown in Fig. 3
and supporting information Table S8. Although the sample size was
small, a positive relationship was observed between soil and maize
Pb-IRs. Pb-IRs in both soil and maize increased as the distance to
the mining site became smaller. Pb-IRs in environmental samples
ranged from 2.082 to 2.465 and 0.856 to 0.885 for 2%8Pb/2%pb and
207pp296pp, respectively. Variation in the Pb-IRs among the envi-
ronmental samples from AO was smaller than that for GO and FRC.

3.5. Relationship between Pb-B and Pb-IRs in various tissues from
goats and chickens

In the present study, both the 2%8Pb/2%Pb and 2°7Pb/2°®Pb ratios
in the liver, kidney, lung, spleen, brain, blood, muscle, heart, and
bone of G30 and G150 showed large variations at <1.18 ug/dL of Pb-
B, while the Pb-IRs in those tissues of GO showed limited variation
at >8.06 pg/dL of Pb-B (Fig. 4 and supporting information Fig. S2).
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Fig. 1. Pb-IRs (?°®Pb/2%5Pb and 2°7Pb/?°°Pb) in G150 and S150 (A), G30 and S30 (B), and GO and SO (C). Red diamond = liver, blue circle = kidney, black triangle = lung, white
inverted triangle = spleen, blue diamond = brain, asterisk = blood, black square = muscle, white triangle = heart, red inverted triangle = bone, black diamond = feces, white
square = stomach contents, red triangle = hair, blue inverted triangle = adipose, S = soil. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

In contrast, this trend was not observed in chickens (Fig. 5 and
supporting information Fig. S3).

4. Discussion

4.1. High accumulation of metals in goats, chickens, and
environmental samples

High accumulations of Pb and Cd in soil (Ikenaka et al., 2010;
Nakayama et al, 2011), wild rats (R. rattus) (Nakayama et al,
2011, 2013), livestock such as cattle and chickens (Yabe et al.,
2011, 2013; Ikenaka et al., 2012), and children (Yabe et al., 2015)
from Kabwe have been previously reported. The present study also
revealed a high accumulation of Pb and Cd in the edible organs of
GO and FRC (supporting information Table S3 and S4). This study is
noteworthy as the first to reveal the extent of metal contamination
in goats from Zambia. Goats are a common livestock animal in
Zambia, and it was found that Pb concentrations in the liver, kidney,
and lung of GO (supporting information Table S3) exceeded the food
reference value (Regulation Council, 2001). What must be heeded is
that the breeding period of GO in the mining site was less than one

month. These results should be a grave warning for farmers and
consumers living in and around the mining site. There is a clear
need to avoid consumption of contaminated goat offal and muscle,
as well as to restrict goats from roaming and scavenging for food
near mining sites.

As Yabe et al. (2013) previously reported, also in the current
study, high levels of Pb and Cd were also observed in FRC (sup-
porting information Table S4), and the Pb and Cd levels in several
tissues exceeded the residual limit for human consumption
(Regulation Council, 2001; FAO, 2012). However, despite the accu-
mulation of high Pb, the sampled FRC superficially appeared
healthy. This is in agreement with findings from previous research,
in which adult hens showed tolerance to chronic Pb intoxication
(Mazliah et al, 1989). Nonetheless, consumption of Pb-
contaminated chicken offal and muscle poses significant health
risks to humans, especially children, who are highly susceptible to
Pb toxicity (Lockitch, 1993).

High accumulation of Pb and Cd was noted in SO (supporting
information Table S5), as [kenaka et al. (2010) and Nakayama et al.
(2011) previously observed. The levels of Pb and Cd in SO exceeded
benchmark values (USEPA, 2005; Fairbrother et al., 2007). Pb and
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Fig. 2. Pb-IRs (?°®Pb/2°Pb and 2°’Pb/?°5Pb) in BC and sawdust (A), and FRC and SO (B). Red diamond = liver, blue circle = kidney, black triangle = lung, white inverted
triangle = spleen, blue diamond = brain, asterisk = blood, black square = muscle, white triangle = heart, red inverted triangle = bone, black diamond = feces, white
diamond = gizzard, white square = gizzard contents, red triangle = feather, blue inverted triangle = adipose, S = SO, D = sawdust. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Pb-IRs (?°3Pb/2°°Pb and 2°7Pb/?°Pb) in the environmental samples. Red
circle = S150, blue circle = S30, black circle = SO, red square = maize from A150, blue
square = maize from A30, black square = maize from A0, black diamond = rape from
AO, black triangle = sugar cane from AO, black inverted triangle = cabbage from A0,
white triangle = onion from A0, white inverted triangle = tomato from AO. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Cd are known as toxic pollutants; for instance, renal dysfunction
and bone loss have been reported in humans suffering from chronic
Cd toxicity (Jarup, 2003). It has been previously argued that the
source of these toxic metals in the Kabwe area is Pb and Zn mining
and smelting activity (Nakayama et al., 2011). The current study
revealed that Pb and Cd pollution in the soil around the mining site
is still ongoing. Blacksmith Institute (2013) noted that the site still
poses an acute health risk that will require further work although
the Zambian government has made significant progress in dealing
with the issue, particularly through a United States Dollar (USD) 26
millions remediation program funded by World Bank and Nordic
Development Fund from 2003 to 2011.

The extent of contamination in the vegetables and water from
Kabwe was newly revealed in this study, although the sample size
was small (supporting information Table S5). Thus, vegetable con-
sumption can be considered one of the exposure routes of Pb and
Cd. In contrast, the levels of Pb and Cd in the water samples were
low, even in AO. Therefore, the drinking water was deemed to pose
almost no risk to human health.

4.2. Pb exposure route of goats and chickens, and potential health
risk of human exposure to Pb

Although previous studies of Kabwe have revealed significant Pb
pollution, the actual Pb exposure routes for animals and humans
are still unclear. In Kabwe, leaded gasoline has been phased out
since March 2008. Additionally, the Pb-IRs detected in biological
samples from GO and FRC in the current study generally differed
from those in coals used worldwide in the previous study
(1.98—2.12 and 0.81—0.87 for 2%8Pb/?°6Pb and 2°7Pb/2°6Pb, respec-
tively) (Diaz-Somoano et al., 2009). Hence, leaded gasoline and coal
would not be sources of Pb in Kabwe. As shown in Fig. 1C, Pb-IRs in
SO and the biological samples from GO were quite similar. Addi-
tionally, the same trend was observed in S30 and G30 (Fig. 1B).
These findings suggest that the Pb-IRs in goat tissues reflect those
in soil, indicating that soil is one of the major sources of Pb expo-
sure for goats around the Kabwe mining site. Another interesting
point regarding the Pb-IRs is the relationship between S150 and the
feces from G150. Liu et al. (2014) previously noted that feces
samples are more suitable for tracing Pb sources in case where Pb is
detected at low levels in the blood. The results of the current study
show a similar trend in the Pb-IRs of feces samples (Fig. 1A).

Incidentally, FRC appeared to show the same tendency as GO and
G30. Moreover, the trend in the Pb-IRs of BC, which were not highly
contaminated by Pb, was similar to the corresponding FRC trend
(Fig. 2). This result can be explained by the following hypothesis:
the sawdust in the poultry house coincidentally had Pb-IRs close to
those of SO, and the Pb-IRs of the BC were affected by the sawdust.
However, exposure to sawdust does not result in the accumulation
of large amounts of Pb. Therefore, while Pb contamination levels
indeed differed, the Pb-IRs of the BC and FRC ended up being quite
similar.
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Fig. 4. Pb-B (pg/dL) versus Pb-IRs (2°Pb/2°°Pb and 2°’Pb/2%Pb) in goat tissues. To determine the relationship between Pb-B and Pb-IRs in the biological samples from the goats,
spline smoothing, a method for fitting a smooth curve to a set of data, was utilized (A = 0.05).

Since this is the first study to identify Pb exposure routes in
Kabwe, the next point of concern is human exposure to Pb. It is well
known that Pb is absorbed into the human body mainly through
the gastrointestinal and respiratory tracts (Berman, 1966; Neathery
and Miller, 1975; Glorennec, 2006). Previous studies (Ikenaka et al.,
2010; Nakayama et al., 2011) and the current (supporting infor-
mation Table S5) study found soil Pb concentration that exceeded
benchmark values (USEPA, 2005; Fairbrother et al.,, 2007), and
supposed soil and sawdust could be sources of Pb exposure for goat
and chicken, respectively, as described above. Given these consid-
erations, the inhalation of dust or the accidental ingestion of soil,
such as by having a meal with unwashed hands, could be a great
risk for human exposure to Pb, especially in children. Additionally,
the health risks to residents due to contamination of vegetables
with heavy metals have been widely reported (Wang et al., 2005;
Nabulo et al., 2006; Sharma et al., 2008). In Kabwe, the consump-
tion of vegetables containing high amounts of Pb compared to food
reference values (FAO, 2012) could contribute to human exposure
to Pb. Furthermore, Farmer and Farmer (2000) previously reported
that high levels of toxic metal contamination in livestock as well
could be a significant potential risk to human health. As the goats
and chickens in Kabwe accumulated high levels of Pb in the current
study, there is a clear need to consider the potential risk of human
exposure to Pb via this route.

Yabe et al. (2015) recently revealed significant Pb accumulation
in the blood of children in Kabwe—all examined children under the

age of 7 years had Pb-B exceeding 5 pug/dL—and their great risk for
Pb toxicity. Canfield et al. (2003) reported that even a blood Pb level
of less than 10 pg/dL can cause neurological abnormalities, such as
manifested by a decreased intelligence quotient (IQ), in children. In
response to the report, the US Centers for Disease Control and
Prevention (CDC, 2012) revised the blood Pb “level of concern” from
10 to 5 pg/dL. Given the pathology and guidelines, it is clear that the
residents of Kabwe, especially its children, are at great risk from Pb
pollution. Therefore, further studies on the sources of Pb exposure
for humans around the Kabwe mining site are imperative.

4.3. Biological fractionation and its threshold for Pb-IRs

It has been well documented that the isotopic composition of Pb
is not significantly affected by physico-chemical fractionation
processes (Bollhofer and Rosman, 2001; Veysseyre and Bollho,
2001). Similarly, the high atomic mass of Pb and the slight differ-
ences in the mass of Pb isotopes support the notions that no sig-
nificant degree of fractionation takes place during various
metalworking activities (Cheng and Hu, 2010), and that Pb isotopes
do not fractionate measurably in biological systems (Rabinowitz
and Wetherill, 1972; Carlson, 1996). Therefore, stable Pb isotopes
provide an efficient tool for identifying the sources and pathways of
Pb pollution. The analysis of stable Pb isotopes is increasingly used
in many fields of environmental research (Rabinowitz and
Wetherill, 1972; Dolgopolova et al., 2006; Iglesias et al., 2010),
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even recently extending to studies of wild animals such as marine
mammals (Caurant et al., 2006) and birds (Finkelstein et al., 2010).
However, observations of biological fractionation have been docu-
mented. Smith et al. (1996) revealed large differences in Pb isotope
ratios between paired blood and bone samples from human sub-
jects, and in a recent animal experiment, Wu et al. (2012) and Liu
et al. (2014) recorded remarkable differences in Pb isotopic signa-
ture between several tissues, blood, urine, and feces of the Spra-
gue—Dawley (SD) rat. These notions suggest there might be
biological fractionation of Pb isotopes in different biological sam-
ples. Despite these new insights, little is known about the frac-
tionation of Pb isotopes in biological samples from living creatures.

We understand Kabwe to be an area that has only one origin of
Pb, namely a mine, a notion supported by the difference of Pb-IRs
between in coals from all over the world and in biological sam-
ples from GO and FRC, and the phasing out of leaded gasoline in the
past as mentioned above. Hence, the current study can be regarded
as a semi-field study on continued exposure to Pb for goats and
chickens. As shown in Fig. 1A, G150 exhibited a large variation in its
Pb-IRs among different tissues. This result could support the
concept of biological fractionation in natural setting. In contrast to
G150, the Pb-IRs in the biological samples from G30 and GO,
especially GO, were too similar to make such a distinction (Fig. 1B,
C). This finding implies that high Pb accumulation in the body
might affect biological fractionation, and could also impact the
redistribution of Pb isotopes among tissues. The result shown in
Fig. 4 and supporting information Fig. S2 revealed that the Pb-IRs in

all the goat biological samples are fixed at a certain value
(approximately 2.13 for 2°8Pb/2%6Pb and 0.88 for 2°7Pb/2°Pb) when
the Pb-B exceeds a specific level. This specific level of Pb-B was
estimated to be approximately 5 pg/dL, and is considered the
threshold for biological fractionation. These findings are quite
similar to and support those from a previous study on rats (Liu
et al,, 2014).

Contrary to goats in the current study and rats in the previous
study (Liu et al., 2014), the chicken samples showed a different
trend in their Pb-IRs. Although FRC exhibited similar tendencies to
GO and G30 in terms of their Pb-IRs, which showed limited varia-
tion and were close to the Pb-IRs of SO (Fig. 2B), BC showed some
small variation in the Pb-IRs of tissues, but seemed to have been
primarily affected by the sawdust Pb content (Fig. 2A). These results
of only minor variation in Pb-IRs lead to the assumption that
chickens might have negligible biological fractionation. Another
possibility is that the threshold for the disappearance of biological
fractionation might be very low in chickens compared to goats and
rats. While the actual reason remains unclear, the trend observed
for the Pb-IRs of the chickens clearly differs from that of the
mammals. This assumption could be one of the reasons why the
relationship between the Pb-B and Pb-IRs in the chickens (Fig. 5
and supporting information Fig. S3) was unexpectedly quite
different from that in the goats (Fig. 4 and supporting information
Fig. S2). This difference can also be interpreted with the previous
finding showing the tolerance of chickens to chronic Pb intoxica-
tion (Astrin et al., 1987). Further studies are clearly required to
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unravel this interesting species difference in Pb-IR fractionation, as
observed among chickens and mammals such as goats and rats.

4.4. Reliability of identifying a Pb pollution source with stable Pb
isotope analysis

In evaluating the usefulness of Pb isotope analysis for identi-
fying a Pb pollution source, it should be noted that the Pb-IRs in
various tissues from both GO and FRC were quite similar, and close
to those of the soil (Figs. 1C and 2B). In addition, the Pb-IRs in the
goat tissues increased up to certain values at around 5 pg/dL of Pb-
B, and were constant at >5 pg/dL of Pb-B (Fig. 4 and supporting
information Fig. S2). These results were in accordance with the
previous findings in rats (Liu et al., 2014). One of the well-known Pb
toxicities is hematological toxicity; 5-aminolevulinic acid dehy-
dratase (ALAD) in the blood is generally regarded as an indicator of
Pb hematological toxicity (Astrin et al., 1987). The lowest-observed
effect concentration (LOEC) for ALAD inhibition in mammals has
been reported as 19, 43, 35, and 91 ug/dL for rats (Azar et al., 1972),
dogs (Azar et al., 1972), rabbits (Falke and Zwennis, 1990), and
calves (Lynch et al., 1976), respectively. For humans, the CDC (2012)
recently revised the blood Pb “level of concern” from 10 to 5 pg/dL.
Although any Pb isotopic study focusing on the accurate identifi-
cation of Pb sources must take into account the effect of Pb-B on
biological fractionation (Liu et al., 2014), stable Pb isotope analysis
can be still regarded as a reliable tool for identifying Pb pollution
sources in the case of mammals having a Pb-B exceeding the level
of concern (5 pg/dL). Moreover, the observed relationship of the Pb-
IRs in S150 and G150 feces (Fig. 2A) implies that feces are the most
reliable sample type for the identification of Pb sources at a Pb-B
lower than 5 pg/dL. On the other hand, source identification us-
ing Pb isotope analysis cannot be regarded as being reliable in
chickens. In this study, changes in Pb-IRs did not clearly relate to
Pb-B in chickens (Fig. 5 and supporting information Fig. S3),
although the actual reason remains uncertain. Moreover, the cur-
rent study newly demonstrated that for chickens, the values of the
natural background Pb-IRs could coincidentally be close to those of
a pollution source (Fig. 2). Pb-IRs in both the natural and contam-
inated sites should be considered when identifying the pollution
source.

5. Conclusions

Large variation of Pb-IRs was observed in biological samples
from goats and chickens, which had relatively low levels of
contamination. The variation in the goats decreased with an in-
crease in Pb-B. Moreover, the Pb-IRs in all goat samples were fixed
at certain values close to those of the soil, which can be regarded as
the dominant source of Pb exposure at Pb-B >5 pg/dL. The results
confirmed that the biological fractionation of Pb isotopes should
occur in goats, and that the threshold for triggering biological
fractionation is at around 5 pg/dL of Pb-B, as suggested by an earlier
study in rats. In addition, feces might be the most reliable sample
type for identifying a Pb source at low Pb-B.

In contrast, chickens did not show a clear relationship for Pb-IRs
against Pb-B, or a fractionation threshold. Moreover, environmental
Pb-IRs in the control and exposure groups of chickens appeared to
be similar for reasons unrelated to pollution, and the Pb-IRs of the
control group of chickens were also directly affected by environ-
mental Pb-IRs. From these findings, chickens might not be a reliable
animal for tracing Pb sources. The results also suggest that Pb-IRs in
both the control and polluted area should be taken into account
jointly for identification of the Pb source.

Given these, Pb isotope analysis can still be considered a helpful
tool for the identification of Pb sources. Nevertheless, further

studies should be conducted to clarify the usefulness of Pb isotope
analysis for identifying Pb sources more accurately.
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Abstract Zambia’s Kafue River receives wastes from
various sources, resulting in metal pollution. This study
determined the degree of contamination of 13 metals (Al,
Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Cd, Hg and Pb) in
Kafue River sediment and the associated ecological risks at
six sites in three different seasons. The level of contamina-
tion for most metals showed significant site and seasonal
differences. The contamination factor and pollution load
index indicated that concentrations of most metals particu-
larly copper (Cu), cobalt (Co), manganese (Mn) and arsenic
(As) were very high at sites within the Copperbelt mining
area. The geoaccumulation index showed an absence of
anthropogenic enrichment with Cd and Hg at all the study
sites and extreme anthropogenic enrichment with Cu at
sites in the Copperbelt mining area. Potential ecological
risk showed that Cu and As were likely to cause adverse
biological effects to aquatic organisms in the Copperbelt
mining region of the Kafue River.

Keywords Kafue River sediment - Metals - Copperbelt
mining area - Contamination factor - Pollution load index -
Geoaccumulation index - Potential ecological risk
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Metal pollution of water sources has evoked a global inter-
est because metal ions are indestructible and bio-accumu-
late in aquatic ecosystems such as aquatic plants, inverte-
brates and fish and humans (Gupta et al. 2009; Solomon
2009). Anthropogenic sources of metals include mining,
discharge of untreated domestic and industrial wastes
(Khadse et al. 2008) and agricultural run-off (Hatje et al.
1998). Natural sources include weathering of rocks and
minerals (Karbassi et al. 2008). Metals released into aquatic
bodies may be immobilized within sediment but can be
retained or released to the water posing a risk to aquatic
life and humans through the food chain (Calmano et al.
1990). Therefore, sediments are important environmen-
tal indicators for metal pollution in aquatic bodies (Alaoui
et al. 2010). Although metals such as Fe, Zn, Se and Cu are
essential to life, they are toxic at high concentrations. Met-
als like Cd, As, Hg and Pb are non-essential and are toxic at
minute concentrations (Fernandes et al. 2008; Mayo et al.
2015). Developing countries including Zambia are plagued
by the impact of metal pollution especially from mining
(Yabe et al. 2010) with the level of contamination increas-
ing with an increase in industrial activities.

The Kafue River receives large amounts of Cu and
Co mining waste from mines in the Copperbelt province
(Sracek et al. 2012). The main composition of mineral
ores within the Copperbelt mining area include pyrite
(FeS,), chalcopyrite (CuFeS,), bornite (CusFeS,), chal-
cocite (CuS,), digenite (CuqSs), linnaeite (CosS,) and
carrolite (Cu(Co,Ni),S,) which are embedded in carbon-
ate-rich shales and argillite (Mendelsohn 1961). As the
Kafue River passes through this extensive mining region,
it receives large volumes of metal effluent. These include
waste water discharging from chemical processing plants,
erosion and wash out of fine particles from old tailings,
mining waste piles, metallurgical slag deposits, and
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seepage and overflow of suspensions from active tailing
ponds (Sracek et al. 2012). This has resulted in extensive
environmental impacts detected in various environmen-
tal samples downstream of the mining area (Béckstrom
1996; M’kandawire et al. 2012). Studies conducted on the
Kafue River sediment have revealed elevated concentra-
tions of Cu. For example, Choongo et al. (2005) reported
high levels of this metal in sediment and low coefficient
of condition of fish probably due to Cu toxicity. Ikenaka
et al. (2010) demonstrated the presence of heavy metals
in national parks downstream to the Copperbelt mining
area. Total metal contents in sediment showed that the
Kafue River was highly enriched with Cu and exceeded
the Canadian limit for freshwater sediments (Sracek et al.
2012). However, these previous studies have only exam-
ined a few metals in sediment; information which in itself
is limiting considering that the river’s sediment might be
contaminated with many other metals. In addition, there
is no information on ecological risk assessment of metal
contaminants in the Kafue River. These assessments are
essential as they provide policy makers with information
on the extent of aquatic ecosystem contamination and are
used as early-warning signals of ecological challenges.
Therefore, the objective of the study was to determine the
degree of contamination of 13 heavy metals in sediment

and their associated ecological risk to Kafue River’s
organisms.

Materials and Methods

A cross sectional study was conducted to determine heavy
metal concentrations in sediment along the Kafue River
(Fig. 1). The river lies completely within Zambia span-
ning 1600 Km. From its origin in the North Western Prov-
ince of Zambia, the river flows through Copperbelt, Cen-
tral, Southern and Lusaka provinces, before discharging
into the Zambezi River. The river drains a catchment of
about 157,000 Km? accounting for about 20% of the total
land area of Zambia (Kambole 2003). Sediment samples
(n=54) were collected from six sites along the river that
were selected based on their relative location to the Cop-
perbelt mining area and proximity to fishing camps. The
sites were: Chimfunshi (upstream of the Copperbelt min-
ing area, pristine); Chililabombwe, Chingola-Kanyemo
and Chingola-Hippo Pool (within Copperbelt mining area);
Kafue flats and Kafue town (downstream to Copperbelt
mining area). Sediment samples were collected accord-
ing to the method of Choongo et al. (2005) in 2014 during
the warm-rainy (April, n=18), dry-cold (June, n=18) and

Fig. 1 Map of Zambia showing the location of the mining areas and sampling sites along Kafue River
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dry-hot seasons (September, n=18). Briefly, three surface
sediment composite samples were collected in 600 mL
polypropylene bottles from each site in each season. Sam-
ples were collected from the same location in all seasons.
The composite sediment samples were then transported in
cooler boxes to the University of Zambia, and stored at 4°C
before transportation to the University of Warwick, Depart-
ment of Chemistry for analysis.

Analytical grade chemicals and ultrapure water
(>18 MQ cm; Millipore Milli-Q) was used for the prepa-
ration of all solutions for heavy metal analysis. The sedi-
ment samples were oven dried (Status, Thermal Control)
at 100°C for two days, ground, homogenized and sieved
through a 2 mm mesh. Approximately 0.5 g of each dried
sediment sample was acid digested with 7 mL of 72% (v/v)
HNO; and 1 mL of 30% (v/v) H,O, (Fisher Scientific)
using a closed microwave digestion system (Start D, Mile-
stone) for 90 min until the solution was clear and filtered.
Solutions from digested sediment samples were analyzed
in triplicate for total concentrations of 2’Al, *Cr, *Mn,
S6Fe,®Co, Ni, ©3Cu, Zn, As, $2Se, 'Cd, 2?Hg and
208pp using a 7500 series ICP-MS (Agilent Technologies).

A multi-element standard solution IV(4) for inductively
coupled plasma (ICP) and a single mercury standard solu-
tion for ICP (Fluka Analytical, Buchs) were used to prepare
eight multi-element standards to provide suitable calibra-
tion curves. Only calibration curves with R?>0.999 were
accepted for concentration calculations. Erbium (1%°Er)
was used as an internal standard. For quality control, sam-
ple triplicates were used to assess precision of the analysis,
and reagent blanks and certified reference material (CRM)
(CRMO15; ISO Guide 34:2009 and ISO/IEC 17,025:2005,
fresh water sediment 2) were used to assess method accu-
racy. Hence, each inductively coupled plasma mass spec-
trometry (ICP-MS) run included standards and triplicate
blanks, triplicate samples and triplicate certified reference
material and the results were expressed as the mean. In this
study, the measured mean concentrations of each metal in
each season at Chimfunshi which is an upstream preindus-
trial site (Choongo et al. 2005) were used as background
concentrations (C,) (Table 2) to calculate the ecological
indicators (contamination factor (CF), pollution load index
(PLI), geoaccumulation index (I,.,) and potential ecologi-
cal risk (RI)).

The CF was used to assess the pollution load of the
sediments with respect to each heavy metal. CF is a ratio
between the content of each metal at a contaminated site
(C,) and the background contents in sediment (C,) (Loska
et al. 2004). It was calculated as follows:

CFmetals = Cc/Cb (1)
The PLI of metals is dependent on the CF and gives
an additive indication of the overall level of sediment

geo
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metal toxicity at a particular site. It was calculated
according to Suresh et al. (2011), as:

I/n
PLI = (CFme[all X CFmelalZ X CFmelalB X... CFn) (2)

where, CF,., is the contamination factor of each metal,
n=number of metals measured.

The I, value is used to determine the degree of
anthropogenic enrichment of heavy metals and hence
determines the anthropogenic source of heavy metals and
how much they impact the sediment (Loska et al. 2004).

It was calculated as follows:

Igeo = logZ(Cc/l'SCb) (3)

where C, is the measured concentration of each metal at a
contaminated site and C, is the background concentration
of each metal (Islam et al. 2014) as determined for the pre-
industrial site. The factor of 1.5 is introduced to minimize
the possible variations in the background values attributed
to lithogenic effects (Miiller 1969).

The RI value indicates the combined potential ecologi-
cal risk factors of metals in the monitored sediment and
was calculated according to Hakanson (1980) as:

RI = Z Ermetal’ Where, Ermetal = Trmetal (Cc/cb) (4)

where Er, .., is the potential ecological risk factor for each
metal. It considers each heavy metal level in the sediment
associating ecological and environmental effects with toxi-
cology, and evaluates metal pollution using comparable
and equivalent property index grading method (Qui 2010).
Tr . 1S the toxic response factor of each selected metal
(Hg=40, Cd=30, As =10, Pb=5, Cu=5, Cr=2, Ni=35,
and Zn=1) (Zhao et al. 2005). The Tr,,, reflects the tox-
icity of each heavy metal and the degree of environment
sensitivity of bio-organism to the respective heavy metal.
C. is the content of metal in the samples at the contami-
nated site, Cy is the background reference sample content
for each metal.

Descriptive statistics were calculated using Microsoft
Excel® 2013 spreadsheet. Statistical analyses were per-
formed using R statistical software (R Core Team, 2014,
Vienna Austria). The data were log;, transformed due
to a small sample size and non-normal distribution. One
way analysis of variance (ANOVA) was used to test for
site and seasonal differences of each metal analyzed in
the Kafue River sediment and considered to be signifi-
cant when p <0.05. Where significant differences were
present, the mean values were separated using post-hoc
Tukey’s HSD pairwise comparison test (Stevens 1999).
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Results and Discussion

For quality control and to assess method accuracy, the
sediment CRM (CRM15) was analyzed for Al, Cr, Mn,
Fe, Co, Ni, Cu, Zn, As, Se, Cd, Hg and Pb. The meas-
ured mean+ SD values which were determined by this
study (means of replicates), certified values +SD which
are determined values by the manufacturer of the CRM
and percent recoveries (measured mean value divided
by certified value and expressed as a percentage) of each
heavy metal in the sediment certified reference material
are reported in Table 1. Results showed that the heavy
metal recoveries for the sediment CRM were satisfac-
tory for most heavy metals; although often higher than
100% (with extremely high recoveries for Al and Cr). The
detection limits (ppb) for each metal are also shown in
Table 1.

Table 2 shows concentrations (mean+ SD) of metals
in Kafue River sediment which showed significant site
and seasonal differences (p <0.05). Notable observations
were that concentrations of Mn, Co, Cu, Zn, As and Pb
were found to be higher at sites in the Copperbelt mining
area compared to the other sites (p <0.05) (Table 2) prob-
ably due to Cu mining and smelting activities in the area
that discharge waste into the Kafue River. Contamination
with Co and Cu decreased downstream the Kafue River
to Kafue flats and Kafue town (Table 2; Fig. 1). This
finding is in agreement with previous studies (Choongo
et al. 2005; Sracek et al. 2012) that reported concentra-
tions of some metals such as Cu to be higher at sampling
sites in Copperbelt mining area than sites downstream
and upstream of the Copperbelt mining area. Concentra-
tions of Al, Cr, Fe, Ni, Se, Cd and Hg were observed to
be higher at various sites outside the Copperbelt min-
ing area (p<0.05) (Table 2). The differences in metal
concentrations among sampling sites suggest diverse

sources of metals in the Kafue River sediment rather
than one common source. Comparing the results of mean
metal concentrations in this study with previous studies
(Choongo et al. 2005; Ikenaka et al. 2010; Sracek et al.
2012) showed that the river’s sediment was not improv-
ing and still under pressure from metal contamination.
The present study observed that most metals tended to
show higher concentrations in the dry-hot season com-
pared to the other seasons (p <0.05) (Table 2) in agree-
ment with findings by Choongo et al. (2005). Higher
levels of most metals in the dry-hot season could be due
to the slower movement of water over the sediment and
possible higher heavy-metal adsorption ability of the
sediment in the dry-hot season (Nwadinigwe et al. 2014).
Heavy metal absorption ability is increased in the dry-
hot season because of an increase in temperature which
enhances efficient sedimentation of metals (Nwadinigwe
et al. 2014). High metal discharge into the river and
hence availability of metals for adsorption to sediment in
the dry-hot season could be another reason why metals
were higher in the dry-hot season compared to the other
seasons. Apart from temperature, seasonal variations of
metal concentrations in sediment are influenced by fac-
tors such as salinity (Hatje et al. 2003), organic matter
(Peng et al. 2009) and changes in the levels of pollutant
discharge over time (Srikanth and Rao 2014).

The CF for most metals in the warm rainy season
(Table 3) indicated a moderate degree of contamination,
except for Hg and Cd which showed a low degree of con-
tamination at all the sites. CF for Mn, Co and Cu particu-
larly at sites in the Copperbelt mining area showed very
high degrees of contamination and this could be attributed
to Cu mining and smelting activities in the area. A CF
value of 3.18 for As at Chingola-Hippo Pool indicated a
considerable degree of contamination which could be due
to smelting of As-rich copper concentrates. Similar trends
of CFs were observed in the dry-cold and dry-hot seasons

Table 1 Detection limits (ppb,

Heavy metal Detection limit Measured mean + SD Certified value+SD Percent recoveries
dry-wt.), measured mean +SD
concentrations (ppm dry-wt.) EON| 0.773 28,208 +296 9200 +976 306.61
f:;‘:irﬁ“;g‘jglzzsti‘zi‘;iya’m y :Cr 0.02 36.73+1.10 143+1.44 256.88
(ppm dry-wt.) in sediment “Mn 0.02 197+£9.94 183 +4.52 107.46
reference material and percent SFe 1.346 21,142+91.00 17,100£717 123.64
recoveries of each heavy metal $Co 0.005 6.41+0.04 6.04+0.142 106.04
ONj 0.02 19.3+1.01 17.5+0.52 110.42
Cy 0.1 15.7+0.31 16.1+0.585 97.22
Zn 0.11 75.3+0.85 69.9+2.82 107.68
As 0.016 6.29+0.08 6.6+0.433 95.37
825e 0.597 0.85+0.04 0.8 (non-certified) 106.19
g 0.004 0.35+0.03 0.52 (non-certified) 68.26
202Hg 0.014 0.24+0.04 0.221+0.00619 110.44
208pp, 0.004 14.8+0.08 15+0.539 98.96
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Table 3 CF and PLI of metals at study sites in all seasons
Contamination factor (CF) PLI
Season Site Al Cr Mn Fe Co Ni Cu Zn  As Se Cd Hg Pb
Warm-rainy ~ Chililabombwe 161 1.10 120 219 2841 129 14522 350 161 737 068 0.86 261 3.58
Chingola-Kanyemo 083 095 381 1.84 2692 121 146.00 275 131 841 052 053 241 276
Chingola-Hippo pool 0.59 0.69 3.04 150 1481 099 67.63 256 4.04 134 038 038 227 2.00
Kafue flats 215 170 064 211 082 1.69 040 136 1.04 183 ND 046 1.00 1.09
Kafue town 0.67 059 042 092 037 0.55 046 2.05 127 065 050 046 234 0.71
Dry-cold Chililabombwe 131 113 594 182 1333 136 7181 216 115 281 022 081 217 232
Chingola-Kanyemo 084 087 550 180 17.51 1.14 12909 147 120 173 001 083 236 1.68
Chingola-Hippopool 0.23 027 266 1.18 7.13 047 5041 1.09 3.18 ND 0.003 0.60 1.67 093
Kafue flats 282 198 129 272 066 1.72 043 097 106 ND ND 054 143 1.17
Kafue town 126 135 077 156 035 1.25 023 037 083 ND 054 049 081 0.72
Dry-hot Chililabombwe 055 0.57 1230 142 2740 0.76 30222 280 200 ND 0.08 1.09 237 225
Chingola-Kanyemo 047 050 925 158 2881 049 26135 254 148 ND 0.05 094 285 196
Chingola-Hippo pool 0.56 0.78 9.15 197 1893 0.72 15632 3.08 875 ND 020 1.04 3.62 2.66
Kafue flats 1.74 132 286 219 1.05 1.09 1.02 150 157 ND 001 083 124 094
Kafue town 156 176 287 274 094 3.16 059 091 145 ND 0003 0.75 0.81 0.84

NDNot detected. CF (Loska et al. 1997) due to a given metal element: Low degree (CF < 1), Moderate degree (1 <CF <3), Considerable degree
(3<CF<®6), Very high degree (CF >6). PLI Pollution of a particular site (PLI> 1)

(Table 3), although the actual CF values of most metals
(Cu, Mn, Co and As) were higher in the dry-hot season, in
agreement with the observed increased concentrations of
these metals in this season. The CFs for Ni, Cr and Fe were
higher at Kafue town especially in the dry-hot season in
agreement with observed increased concentrations of these
metals at Kafue town compared to other sites. The high Ni
values may be attributed to discharge from a Ni mine near
the area. The CF for Cr was higher at Kafue town, probably
due to the presence of a tannery that uses chromium sul-
phate in tanning animal skins.

The PLI>1 indicates pollution of a particular site
(Loska et al. 1997). Results (Table 3) revealed high PLI
values at sites in the Copperbelt mining area, with Cu, Co
and Mn contributing much to the pollution load. This is
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0.00 - - i -
-1.00 Al Cr Mn Fe Co Ni
-2.00
-3.00

Geoaccumulation index (Igeo)

u Chililabombwe Chingola-Kanyemo

Fig. 2 L., values of metals at the study sites in the warm-rainy season

consistent with the suggestion that the pollution in these
areas is mainly due to mining and smelting activities.
Although Kafue flats lies further downstream to the Cop-
perbelt mining sites, results suggest that the site is also
polluted. Kafue town showed PLI values of less than one,
however, concerns about pollution are likely as PLI values
were fairly close to one (Table 3).

The trends of I, values in the warm-rainy season
(Fig. 2) were similar to those in the dry-cold and dry-hot
seasons with small variations in values. The I, is used
to estimate anthropogenic enrichment of metal ions in the
environment (Miiller 1969) and I, values were inter-
preted as: I,,<O=practically no anthropogenic enrich-
ment; 0<I,,<1=no to moderate anthropogenic enrich-
ment; 1<I,,<2=moderate anthropogenic enrichment;

Cu Zn As Se I Cd Hg Pb
Metal/Site
Chingola-Hippo pool Kafue flats Kafue town
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2<I,,<3=moderate to heavy anthropogenic enrich-
ment; 3<I,,<4=heavy anthropogenic enrichment;
4 <I,,<5=heavy to extreme anthropogenic enrichment;
and I,.,>5=extreme anthropogenic enrichment (Bhuiyan
et al. 2010). Results showed variations in anthropogenic
enrichment of metal ions at the study sites. In the warm-
rainy season (Fig. 2), there was no anthropogenic enrich-
ment to moderate anthropogenic enrichment with Al,
Fe, Zn, As, Se and Pb at various sampling sites. Moder-
ate anthropogenic enrichment with Mn, Zn and As was
observed at some sites in the Copperbelt mining area.
Chililabombwe and Chingola-Kanyemo showed moderate
to heavy anthropogenic enrichment with Mn and Se. Heavy
to extreme anthropogenic enrichment with Co and extreme
anthropogenic enrichment with Cu was observed at all sites
in the Copperbelt mining area.

The RI value is the sum of individual metals’ poten-
tial ecological risk factors (Er.,). RI values of <150,
150-300, 300-600, and >600 represent low, moderate,
considerable, and very high levels of potential ecological
risk, respectively (Hakanson 1980). Only metals (Hg, Cd,
As, Pb, Cu, Cr, Ni and Zn) with available toxic response
factors (Tr,.,) (Zhao et al. 2005) were used to calculate RI
in this study. Results of RI showed site and seasonal varia-
tions (Table 4) with a low (RI < 150) to extremely high level
(RI>600) of potential ecological risk. Metals may cause
physiological, biochemical, morphological and haemato-
logical changes as well as antioxidant responses in various
aquatic organisms (Basha and Rani 2003). Metal accu-
mulation within the Kafue River has been associated with

various toxicological manifestations. For instance, Mwase
et al. (1998) and Norrgren et al. (2000) demonstrated
increased fish mortality and decreased aquatic productiv-
ity following exposure of caged fish, eggs and fry to water
and sediment from Kafue River in the Copperbelt mining
area. Choongo et al. (2005) reported high Cu levels in fish
at Copperbelt mining area sites along the Kafue River. The
fish at these sites also recorded a low coefficient of condi-
tion probably as a result of Cu toxicity. Most of the sites in
the Copperbelt mining area in the various seasons showed
a considerable level of ecological risk (RI=300-600) to
an extremely high level (RI>600) of potential ecological
risk for the river’s organisms. Kafue flats and Kafue town
in all seasons had RI values which revealed a low poten-
tial ecological risk (RI<150). Of the selected metals used
to calculate RI, Cu and As would possibly cause adverse
biological effects, especially in the mining areas, because
their individual Er, ., (Table 4) were moderate (40-80) to
significantly high (>320). Mn and Co were also elevated at
sites in the mining area and could possibly cause adverse
biological effects, however, the Tr,,, were not available to
calculate their Er, ;.

This study has for the first time elaborated the contribu-
tion of 13 heavy metals investigated in Kafue River sedi-
ment to the ecological risk at various sites. Sediment from
the Copperbelt mining area of the Kafue River revealed a
high degree of anthropogenic Cu, Co, Mn and As contami-
nation. The highest level of contamination was observed
in the dry-hot season. However, the degree of both natu-
ral and anthropogenic causes of metal contamination was

Table 4 Er, ., and RI of

T Potential ecological risk factors (Erq.,) RI
metals at study sites in all
seasons Season Site Cr Ni Cu Zn  As Cd Hg Pb
Warm-rainy Chililabombwe 219 647 726.00 3.50 16.10 20.50 34.40 13.10 822.26
Chingola-Kanyemo  1.90 6.04 732.00 2.75 13.10 15.80 21.10 12.10 804.79
Chingola-Hippo Pool 1.39 4.97 338.00 2.56 40.40 11.40 1520 11.40 42532
Kafue flats 339 846 1.99 136 1040 0.00 1830 498  48.88
Kafue town 1.18 273 230 2.05 1270 1490 1840 11.70  65.96
Dry-cold Chililabombwe 226 6.81 359.00 2.16 11.50 6.45 3240 10.90 431.48
Chingola-Kanyemo  1.73  5.72 643.00 1.47 12.00 023 33.00 11.80 708.95
Chingola-Hippo Pool 0.53 2.37 252.00 1.09 31.80 0.10 23.80 8.34 320.03
Katfue flats 396 8.61 2.14 097 1060 0.00 21.70 7.17 55.15
Kafue town 2770 623 1.13 037 828 1630 19.60 4.04  58.65
Dry-hot Chililabombwe 1.15  3.78 1510.00 2.80 20.00 2.35 4340 11.80 1595.28
Chingola-Kanyemo  1.01 2.47 1307.00 2.54 1490 148 37.50 14.30 1381.20
Chingola-Hippo Pool 1.56 3.60 778.00 3.08 87.50 595 41.70 18.10 939.49
Katfue flats 264 544 512 150 1570 034 3330 6.19 70.23
Kafue town 3.52 15.80 293 091 1450 0.10 2990 4.04 71.70

Er, o.q (Hakanson 1980): Low (<40), Moderate (40-80), Considerable (80-160), High (160-320), Signifi-

cantly high (>320)

RI: Low (RI< 150), Moderate (RI 150-300), Considerable (RI 300-600, Very high (RI>600)

@ Springer
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low at sites away from the Copperbelt mining area. The
RI showed that Cu, As and possibly Co and Mn at sites in
the Copperbelt mining area of the Kafue River were likely
to cause harmful biological effects to aquatic organisms.
Therefore, a management plan for testing and monitoring
for toxic effects of a mixture of these metals in the Copper-
belt mining area is proposed. It is recommended that Zam-
bia Environmental Management Agency (ZEMA) should
monitor levels of these toxic elements in all the seasons at
known or suspected point sources in order to identify erring
industries that should be made to control their discharges
into the river in line with international limits since Zambia
does not have its own regulatory limits. Therefore, regula-
tory limits should be established and existing environmen-
tal regulations should be implemented.
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Abstract: Heavy metal contamination is a serious issue in many post-mining regions around the
world. Kabwe town, Zambia, is known as one of the most polluted cities in the world, where
high lead (Pb) levels have been reported in soils, plants, animals and human blood.
Multidisciplinary approaches are critically needed to understand the current situation and to
remediate the polluted area. In the current research, a large-scale preliminary field survey was
performed to understand the current situation in Kabwe and to plan future mitigation approaches.
Three aspects were mainly observed; 1) plant communities during the dry season in Kabwe city,
2) spectral images of the land surfaces in various locations in Kabwe and 3) Pb concentrations
in soils and water. Overall, >15 different plant species were observed and many of them
maintained their green colour even during the dry season. Some tree species, for example,
Caesalpiniaceae and Fabaceae families may be utilised as phytostabilization approaches
although their impacts on the soil Pb mobility should be further studied. For the spectral images,
we used a handmade portable spectrometer, and our obtained spectral images showed typical
curves observed from soils. These data may be used to understand the distribution of different
soil types in this area, using aboveground images such as satellite images. For Pb concentrations
in soils, extremely high total Pb levels (>1,000 ppm) was observed only within 2 km from the
mining site. There was a weak but a positive correlation between the total and soluble Pb thus
further study should also focus on the mobility of Pb from soils to plant ecosystems.

Keywords: Pb, spectral images, plant community structures
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1. Introduction

There have been many studies done to evaluate the status of heavy metal contamination in
Kabwe, Zambia. Due to the history of mining of lead (Pb) and zinc (Zn), it was reported that
soils were contaminated with not only by Pb and Zn but also withcopper (Cu) and cadmium
(Cd) (Nwankwo & Elinder, 1979; Tembo, Sichilongo, & Cernak, 2006). The contamination of
the soils in the area resulted in extensive heavy metal pollution of livestock (Yabe et al., 2011;
Yabe et al., 2013), vegetables, and humans (Clark, 1977; Yabe et al., 2015).

Some remediation approaches are needed in this area. Although the number of scientific reports
is small, it has been identified that a phytoremediation approach could be used in Kabwe, where
plants are used to reduce the risks related to the soil contamination (Reilly & Reilly, 1973;
Leteinturier et al. 2001). Plants can remediate heavy metals using different mechanisms, for
example, they may be able to extract heavy metals from the soil, and the plants can be taken
away from the area to cleanse the contaminated soils. Contrastingly, plants are used to stabilize
the heavy metals in soils, preventing them from escaping to other ecosystems (e.g. to
groundwater or other soil surfaces as dust). Either way, the societal implementation of the
phytoremediation approaches can be efficient when locally available or indigenous species are
used.

Thus, a better understanding of the plant community structures for phytoremediation is needed
in Kabwe. Earlier intensive surveys that were conducted for plant communities around the
mining area in Kabwe recorded nearly 40 species (Leteinturier et al. 2001). However, these
previous surveys were performed within the mining site, not extending to the whole Kabwe
township. Also, the survey was performed at the end and the beginning of the wet season (April
and November), thus not providing information for the driest period of the year (i.e.
July—October). We believe that plants surviving in the dry season are critically important
regarding their potential use as phytoremediation methods. Plants that become dominant during
the dry season might be difficult to efficiently stabilise the Pb-containing soils because it was
observed that extensive amount of fine soil particle (dust) is blown off during the dry season
and plants may reduce the amount of dust.

Additionally, the adaptation (survival) of plant species and their efficacy regarding soil
stabilisation are often influenced by soil types. Thus, detailed soil mapping is very important.
Spectral sensing approaches can be an option to differentiate soil types according to their
spectral curves and are often used using satellite data (Nanni et al. 2012). Soil properties such as
soil moisture contents can also be quantified using the spectral data (Weidong et al. 2002). Also,
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the availability (mobility) of Pb in soils is another factor that must be considered to plan
efficient phytoremediation approaches. Generally, in soils, Pb that is available to plants is very
small when compared to the total Pb in soil. Thus, a better understanding of the amount of
available Pb in soils is required not only to investigate the plant survival rates but also to
investigate the risk of Pb leaching to water ecosystems (Gleyzes et al. 2002).

Thus, in the present study, plant community structures were investigated as well as land spectral
images at various places in Kabwe town. Moreover, some basic information on soil Pb
characteristics were studied.

2. Research methods

2.1. Research sites

The field survey was conducted from 5™ July to 8" July 2016, in Kabwe town, Zambia. The
sites where soil and plant samples were collected are shwn in Fig. 1. From the mine residue
damping zone (“022_DUMP”, 14°27'44"'S, 28°25'51"E), 0-5 km zones were covered in all the
directions. The detailed description of each site is also stated in Table 1. Due to scarce rainfall
during this period, most of the sites were dry, but some wetlands were found, particularly in
northern part of the town (sites “015_dambo”, “016_dambo”, and “017_dambo_bridge”), where
soils were saturated (Photo 1).
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Figure 1. Major roads in Kabwe town, Zambia and our field survey sites (white circles). The
shaded area was the mine residue dump site. The centre of the sampling sites, “022_DUMP”
was at 14°27'44"S, 28°25'51"E. The map is North on the top, and the 2 km scale bar is

indicated.
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Table 1. Detailed description of the field survey sites.

Plant community Spectral image Soil ~ XRF Soluble  Pb Distance from the mine
Number Site name information data data data (m)

I 1 I 002_house | No | Yes | Yes | Yes | 3,787 |
2 003_many_houses 'No Yes Yes Yes 3,298
3 004_bricks No No Yes Yes 987
4 005_far_away No Yes Yes Yes 4,956
5 006_shop Yes No No No 2,275
6 007_shop No No No No 1,674
7 008_canal No No Yes Yes 1,334
8 009_yui No No Yes Yes 1,112
9 010_burnt_field Yes No Yes Yes 1,928

10 011_sarah_farm No No Yes Yes 1,821
11 012_canal No No No No 1,323
12 013_canal No No Yes Yes 1,349
13 014_black_soil Yes Yes Yes Yes 4,954
14 014 2 brick Yes Yes No No 3,391
15 015_dambo No No No Yes 5,556
16 016_dambo Yes No No No 6,903
17 017_dambo_bridge | Yes No No No 7,626
18 018_maize Yes Yes Yes Yes 5,993
19 020_BOHO2 Yes No Yes No 577

20 021_BOHO3 No No Yes No 613

21 022_DUMP Yes No Yes No 0
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Photo 1. (Left) Dry field (site “018_maize”) and (Right) wetland site (site “016_dambo™) (taken
on July 6+, 2016).

2.2. Plant survey

At each plant survey site (Fig. 1), plant species were visually observed. To identify species, van
Wyk and van Wyk (2013) and Pienaar and Smith (2011) were referred to as well as
communications with locals.

2.3. Measurement of soil Pb concentrations using X-ray fluorescence approaches (XRF) and a
portable colorimetric Pb measurement Kits

Approximately 200 g of soils were collected from each soil sampling site. They were placed in
plastic bags (Ziploc, Asahi Kasei Home Products Corporation, Japan) and measured for total Pb
concentrations using a portable XRF analyser (Innov-X Alpha Series~ Advantages, Innov-X
Systems, Inc. USA). Then, the metals in soils were extracted with hot water (80°C, 1 hour,
soil:water = 1:10). The supernatant was analysed for the soluble Pb concentrations using a
colorimetric kit. Also, some surface and groundwater were analysed for soluble Pb, using the
same Kit.

2.4. Spectral sensing

A portable spectral sensor was used to investigate the spectrum of land surfaces in different
areas in Kabwe. The compact hyperspectral sensor with a USB camera (MCM-4304, Micro
Vision Co., Ltd. Japan) was used. The measurement was taken using following approaches: first,
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a total reflection at each soil measurement site was obtained by taking a picture of a white filter
paper (Tokyo Roshi Kaisha, Ltd. Japan). Then, a soil reflectance was measured without moving
the sensor (the sensor was secured on a stand, as shown in Photo 2). Five replicates were taken
for each sample.

Photo 2. The compact hyperspectral sensor with a USB camera. The camera was set up at a
right angle from the sun to avoid the shadow.

For data analyses, ImageJ software (ver. 1.6.0_24, National Institutes of Health, USA) was used.
First, the spectral data was converted to values depending on the strength of white. Then, the
X-axis was adjusted for the wavelength using a Hg light value. Spectral data of Hg light has
some specific peaks, and these peaks are known as specific wavelengths (Sansonetti et al. 1996).
To show the data as reflectance, the data from the soil samples were divided by the spectral data
taken from a white filter paper.

3. Research activities and snapshots of the preliminary findings from the field survey in
Kabwe

3.1. Observed plant species

The plant communities in Kabwe were recorded in detail by Leteinturier et al. (2001). Most of
the plants found in the present study were also reported in the previous report. As shown in
Table 1 a total of 20 plant species were identified in the present study. The survey conducted in
the current study was not intensive enough to discuss the effect of the mine residue on plant
community structures or diversities. On the mine residue, many African fountain grass species
(Pennisetum setaceum) was observed. According to verbal communication with the landowners,
this species has been markedly increasing over the last decades and helped to reduce the dust
blowing around the residues. In a wetland site (site 016), totally different plant community
structures were observed, including Phragmites and Ipomoea. This suggests that the availability
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of water is probably one of the major factors controlling the plant community structures in
Kabwe area. Further studies must focus on plant characteristics regarding the mobility of heavy
metals.
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Table 1. Plant species observed in Kabwe, Zambia, during the dry season (July 2015). Plant
species were visually determined according to Leteinturier et al. (2001), van Wyk and van Wyk
(2013) and Pienaar and Smith (2011). The “+” sign means that species were observed at each
site. The site names were in the order of distance from the mine (m), from left to right.

Distance from the mine

(m) 0 613 1,112 1,349 2,275 3,391 4,954 5,556 5,993 6,093

ISpecies IFamin/Site name I022I020I 009 | 013 | 005 I014_2I 014 | 015 | 018 | 016 |
IAgeratum conyzoides L. IAsteraceae | | | | | | | I+ | | |
Amaranthus dubius Mart. ex Thell. Amaranthaceae +

Argemone mexicana Papavaceae +

Bauhinia petersiana bolle Caesalpiniaceae + + + +

Bidens oligoflora (Klatt) Wild Asteraceae + +

Bidens pilosa Asteraceae +

Celosia trigyna Amaranthaceae +

Crotalaria agatiflora Fabaceae

Cynodon dactylon (L.) Pers. Poaceae +

Cyperus involucratus Rotth. Cyperaceae +

Flaveria trinerva (Spreng.) Mohr Asteraceae +

Ipomoea cairica (L.) Sweet Convolvulaceae +
Lebeckia cytisoides Fabaceae +

Pennisetum setaceum (Forssk.) Chiov. Poaceae + o+

Phragmites mauntianus L. Poaceae + +
Ricinus communis var. communis Euphorbiaceae +

Solanum incarnum L. Solanaceae +

Trichodesma zeylanicum (Burm f.) R

Br. Boraginaceae +

Tridax procumbens L. Asteraceae + +

Vernonia erinacea Wild Asteraceae + +
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3.2. Heavy metal concentrations in surface soils

Based on XRF measurements in the current study, the total Pb contents in soils ranged from 20
ppm (site 014_2 brick) to 10,000 ppm (site 008_canal). There was a weak but positive
relationship between the total and water soluble Pb contents (Fig. 1a). The water soluble Pb
contents ranged from 0 to 4 ppm and it was, in general, less than 1% of the total Pb. We believe
that soil characteristics (e.g. parent materials and clay contents) are the major factors controlling
the ratio between the total and water soluble Pb. Further research is needed in this area because
water soluble Pb can be more mobile and pose a higher risk to plant and animal absorption.

Figure 2. (a) The correlation between water soluble Pb concentration and total Pb concentration
and (b) the correlation between the total Pb concentration and the distance from the mine site
(site 022). The Y axis were shown as a log-scale. For a detailed description of the site, refer to
Fig. 1 and Table 1.
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3.3. Spectral characteristics of the site

Fig. 3 shows photos of some soil samples with their reflectance data. The soil from site 005 was
brighter in colour and its spectral data shows a marked difference compared with other soils.
Moreover, soil samples from site 014 showed a different pattern. Based on personal
communications, local people valued this soil as a relatively more fertile soil (called “black
soil”) and the identification of this soil, when compared with other soils, seemed promising
based on preliminary data from the current study. The data below 400 nm or above 900 nm
showed large variabilities, but the data between these values (i.e. 400-900 nm) could be used to
differentiate the soils. The influence of soil moisture was ignored since the soils were very dry
but future analyses should also focus on the effects of soil moisture.

Figure 3. Photos of some of the sampled soils in Kabwe (top) and their reflectance (bottom).

4. Conclusion

The preliminary field survey in the current study clearly indicated that an extensive area within
Kabwe was contaminated with Pb. Plant community structure observation revealed that plant
species such as Caesalpiniaceae and Fabaceae families remained viable during the dry season
and could potentially be utilised to stabilise the contaminated soils. The percentage of water
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soluble Pb in the total soil Pb was < 1 %, but the extreme values were observed within 2 km
zone from the mining site. The preliminary taken spectral curves suggested that remote-sensing
techniques may be used to differentiate soil types. Further studies should focus on more detailed
analyses of plant communities as well as their capacities to stabilise soils and Pb. Also, soil
moisture has to be taken into account to further evaluate the potential use of spectral images in
the area.

Acknowledgements

We acknowledge the support from Russell Dowling (Pure Earth) and Jack Caravanos (Pure
Earth) for XRF measurement. This research was supported by JST/JICA, SATREPS (Science
and Technology Research Partnership for Sustainable Development).

References:

Clark, A. R. 1977. Placental transfer of lead and its effects on the newborn. Postgraduate
Medical Journal 53: 674-678.

Leteinturier, B., Laroche, J., Matera, J. & Malaisse, F. 2001. Reclamation of lead/zinc
processing wastes at Kabwe, Zambia: a phytogeochemical approach. South African
Journal of Science 97: 624-626.

Nanni, M. R., Dematté, J. A., Chicati, M. L., Fiorio, P. R., Cézar, E., & Oliveira, R. B. (2012,
11). Soil surface spectral data from Landsat imagery for soil class discrimination. Acta
Sci. Agron. Acta Scientiarum. Agronomy, 34(1). doi:10.4025/actasciagron.v34i1.12204

Nwankwo, J. N. & Elinder, C. G. (1979). Cadmium, lead and zinc concentrations in soils and in
food grown near a zinc and lead smelter in Zambia. Bulletin of Environmental
Contamination and Toxicology, 22(1), 625-631. http://doi.org/10.1007/BF02026998

Piennar, K. & Smith, G. F. 2011. The Southern African What Flower Is That? (Fifth edition).
Struik Lifestyle (an imprint of Random House Struik (Pty) Ltd), Cape Town, South
Africa.

Reilly, A. & Reilly, C. (1973). Zinc, Lead and Copper Tolerance in the Grass Stereochlaena
Cameronii (stapf) Clayton. New Phytologist, 72(5), 1041-1046.
http://doi.org/10.1111/j.1469-8137.1973.tb02080.x

Sansonetti, C.J., Salit, M.L. & Reader, J. (1996). Wavelength of spectral lines in mercury pencil
lamps. Applied Optics, 35 (1), 74-77.

Tembo, B. D., Sichilongo, K., & Cernak, J. (2006). Distribution of copper, lead, cadmium and

zinc concentrations in soils around Kabwe town in Zambia. Chemosphere, 63(3),
497-501. http://doi.org/10.1016/j.chemosphere.2005.08.002



bioRxiv preprint doi: https://doi.org/10.1101/096164. The copyright holder for this preprint (which was not peer-reviewed) is the
author/funder. All rights reserved. No reuse allowed without permission.

Yabe, J., Nakayama, S. M. M., Ikenaka, Y., Muzandu, K., Ishizuka, M., & Umemura, T. (2011).
Uptake of lead, cadmium, and other metals in the liver and kidneys of cattle near a
lead-zinc mine in Kabwe, Zambia. Environmental Toxicology and Chemistry, 30(8),
1892-1897. http://doi.org/10.1002/etc.580

Yabe, J., Nakayama, S. M. M., lkenaka, Y., Muzandu, K., Choongo, K., Mainda, G.,
Kabeta, M., Ishizuka, M., & Umemura, T. (2013). Metal distribution in tissues
of free-range chickens near a lead-zinc mine in Kabwe, Zambia. Environmental
Toxicology and Chemistry, 32(1), 189-192.

van Wyk B. and van Wyk P. (2013). Field Guide To Trees of Southern Africa. Struik Nature (an
imprint of Penguin Random House (Pty) Ltd). Cape Town, South Africa.

Weidong, L., Baret, F., Xingfa, G., Qingxi, T., Lanfen, Z., & Bing, Z. (2002). Relating soil
surface moisture to reflectance. Remote Sensing of Environment, 81(2-3), 238-246.
doi:10.1016/s0034-4257(01)00347-9

Yabe, J., Nakayama, S. M. M., lkenaka, Y., Yohannes, Y. B., Bortey-Sam, N., Oroszlany, B.,
Ishizuka, M. (2015). Lead poisoning in children from townships in the vicinity of a

lead—zinc  mine in Kabwe, Zambia. Chemosphere, 119, 941-947.
http://doi.org/10.1016/j.chemosphere.2014.09.028




Chemosphere 202 (2018) 48—55

Contents lists available at ScienceDirect

Chemosphere

journal homepage: www.elsevier.com/locate/chemosphere

Lead and cadmium excretion in feces and urine of children from
polluted townships near a lead-zinc mine in Kabwe, Zambia

Check for
updates

John Yabe ¢, Shouta M.M. Nakayama °, Yoshinori Ikenaka ”, Yared B. Yohannes °,
Nesta Bortey-Sam °, Abel Nketani Kabalo ¢, John Ntapisha ¢, Hazuki Mizukawa ,

Takashi Umemura °, Mayumi Ishizuka >
2 The University of Zambia, School of Veterinary Medicine, P.0. Box 32379, Lusaka, Zambia

b Graduate School of Veterinary Medicine, Hokkaido University, Kita 18, Nishi 9, Kita-ku, Sapporo 060-0818, Japan
¢ Ministry of Health, District Health Office, PO. Box 80735, Kabwe, Zambia

HIGHLIGHTS

e We measured lead and cadmium excretion levels in children near a Pb-Zn mine in Zambia.
e Fecal and urine Pb levels up to 2252 mg/kg and 2914 ug/L, respectively, were very high.

e Cd in fecal (up to 4.49 mg/kg) and urine (up to 18.1 ug/L) samples were elevated.

o Positive correlations were observed between fecal and urinary levels of Pb and Cd.

o Children living near the Pb-Zn mine are at serious risks of Pb and Cd poisoning.
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ABSTRACT

Lead (Pb) and cadmium (Cd) are toxic metals that exist ubiquitously in the environment. Children in
polluted areas are particularly vulnerable to metal exposure, where clinical signs and symptoms could be
nonspecific. Absorbed metals are excreted primarily in urine and reflect exposure from all sources. We
analyzed Pb and Cd concentrations in blood, feces and urine of children from polluted townships near a
lead-zinc mine in Kabwe, Zambia, to determine concurrent childhood exposure to the metals. Moreover,
the study determined the Pb and Cd relationships among urine, feces and blood as well as accessed the
potential of urine and fecal analysis for biomonitoring of Pb and Cd exposure in children. Fecal Pb (up to
2252 mg/kg, dry weight) and urine Pb (up to 2914 ug/L) were extremely high. Concentrations of Cd in
blood (Cd-B) of up to 7.7 pg/L, fecal (up to 4.49 mg/kg, dry weight) and urine (up to 18.1 ug/L) samples
were elevated. metal levels were higher in younger children (0—3 years old) than older children (4—7).
Positive correlations were recorded for Pb and Cd among blood, urine and fecal samples whereas
negative correlations were recorded with age. These findings indicate children are exposed to both
metals at their current home environment. Moreover, urine and feces could be useful for biomonitoring
of metals due to their strong relationships with blood levels. There is need to conduct a clinical evalu-
ation of the affected children to fully appreciate the health impact of these metal exposure.

© 2018 Published by Elsevier Ltd.

1. Introduction

environments are particularly vulnerable to Pb exposure because of
their inclination to ingest soil through pica and to assimilate a

Lead (Pb) and cadmium (Cd) are ubiquitous environmental
toxicants as a result of contamination from a variety of sources
including natural and anthropogenic causes. Children in polluted

* Corresponding author.
E-mail address: ishizum@vetmed.hokudai.ac.jp (M. Ishizuka).

https://doi.org/10.1016/j.chemosphere.2018.03.079
0045-6535/© 2018 Published by Elsevier Ltd.

relatively greater amount of ingested Pb than adults (Calabrese
et al., 1997, Manton et al., 2000; Caravanos et al., 2013). The detri-
mental effects of low blood lead levels (BLLs) are usually subclinical
and may include neurodevelopmental impairment such as
decreased IQ in children (Canfield et al., 2003). It has been observed
that high BLLs in children can cause abdominal pain, encephalop-
athy, convulsions, coma and death (Needleman, 2004). Recently,
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more than 400 children died of Pb poisoning due to artisanal
mining activities in Nigeria, where long-term neurological
impairment including blindness and deafness were also recorded
(Pure Earth, 2014; Dooyema et al., 2012; Lo et al., 2012).

Similarly, Cd toxicity results in a wide range of biochemical and
physiological dysfunctions in humans (Ercal et al., 2001). One of the
most severe forms of chronic Cd toxicity is itai itai disease (a Jap-
anese term meaning “ouch-ouch”), which is characterized by
nephrotoxicity, osteoporosis and cardiovascular diseases (Kido
et al., 1990; Uno et al., 2005). Cadmium has also been classified as
a group I carcinogen as chronic inhalation exposure can produce
lung cancer in humans (IARC, 1993). Although the toxic effects of Cd
are mainly seen in adults (Kido et al., 1990; Umemura, 2000),
exposure to children in even low amounts has associated with
neurodevelopmental defects (Ciesielski et al., 2012). Moreover,
exposure may have long-term consequences since Cd is a cumu-
lative toxin and has a very long half time in the body.

Major sources of Pb and Cd pollution in many African countries
include mining, industrial activities, municipal wastes and agri-
cultural activities (Yabe et al., 2010). In Zambia, the closed Pb-Zn
mine that operated from 1902 to 1994 in Kabwe town has
contributed to extensive metal pollution in the surrounding resi-
dential areas, especially with Pb and Cd that was produced as by-
product. Despite closure of the mine, dust emanating from the
mine dumps has continued to serve as a source of metal pollution.
In earlier studies, extensive Pb and Cd contamination of township
soils in the vicinity of the mine were reported and pose a serious
health risk to children in these townships (Water Management
Consultants Ltd, 2006; Nakayama et al., 2011). Recently, clear evi-
dence of Pb poisoning was reported in children from townships
around the mine in Kabwe (Yabe et al., 2015). Using stable Pb
isotope analysis, Nakata et al. (2016) revealed that soil was likely
the main source of Pb exposure in Kabwe.

Clinical presentations of metal poisoning vary widely depending
upon the age at exposure, the amount of exposure and the duration
of exposure. Since chronic Pb poisoning in children is asymptom-
atic and may result in a delay in the appropriate diagnosis, mea-
surement of concentrations in biological samples plays a pivotal
role in the diagnosis and management of patients (Lowry, 2010).
Currently, Pb concentration in whole blood (Pb-B) is the main
biomarker used to monitor exposure and has been widely used in
epidemiological studies (CDC, 2012). However, independent of the
mode of exposure, absorbed metals such as Pb and Cd are excreted
primarily in urine and the biliary-fecal route (Gwiazda et al., 2005;
Swaran and Vidhu, 2010). Therefore, Pb and Cd biomonitoring us-
ing fecal and urine samples could be useful as they are easy to
collect and are non-invasive. Moreover, whereas blood Cd (Cd-B) is
the most common marker of recent exposure, urinary Cd (Cd-U)
may reflect the kidney burden and is associated with renal health
effects (Akerstrom et al., 2013). Evaluating relationships of Pb and
Cd among blood, urine and fecal compartments may be useful for
understanding exposure patterns. Therefore, the current study
measured Pb and Cd concentrations in blood, feces and urine of
children with known BLLs (Yabe et al., 2015), from contaminated
townships in the vicinity of a Pb-Zn mine in Kabwe, Zambia to
determine concurrent childhood exposure. Moreover, the study
analysed Pb and Cd relationships in matched feces, urine and blood
as well as accessed the potential of urine and fecal analysis for
biomonitoring of Pb and Cd exposure in children.

2. Materials and methods
2.1. Sampling sites

Kabwe town, the fourth largest town and the provincial capital

of Zambia's Central Province, is located at about 28°26’'E and
14°27'S. Kabwe has a long history of open-pit Pb-Zn mining. The
mine operated almost continuously from 1902 to 1994 without
addressing the potential risks of metal pollution. Cadmium was
obtained as a by-product of processing zinc-containing ores. As
shown in the survey by Water Management Consultants Ltd (2006),
soils in townships in the vicinity of the closed mine and homes
downwind from the mine dumps were highly polluted with Pb
exceeding acceptable levels for residential areas (Fig. 1). In the
current study, fecal and urine samples were collected from children
at health centers located in Chowa, Kasanda and Makukulu town-
ships, in May—June of 2012. Matched samples were collected from
the same children and townships where extremely high levels of
Pb-B were reported by Yabe et al. (2015). More details about the
study site and township description, which are in the vicinity of the
mine can be obtained from the previous study (Yabe et al., 2015).

2.2. Sample collection

The study was approved by the University of Zambia Research
Ethics Committee (UNZAREC) and the Ministry of Health, Zambia.
Before sampling commenced, an awareness campaign about the
research activities was conducted by community health workers in
each township to encourage parents/guardians to take their chil-
dren under the age of 7 to the selected health centres for sample
collection. After informed and written consent was obtained from
the children's parents or guardians, paired fecal and urine (morning
spot-urine) samples were collected in clean metal-free specimen
containers at Chowa, Kasanda and Makululu clinics. Blood samples
were collected as described earlier by Yabe et al. (2015). For each
child, data on the age, sex, residential area, medical history and past
or current metal chelation therapy were recorded. Sample collec-
tion and questionnaire administration were done by laboratory
technicians and nurses, respectively. In addition to selecting chil-
dren under the age of 7 years, other inclusion criteria included
children that were residing in communities in the vicinity of the
Pb-Zn mine. The children must have been born or resided in the
selected communities for at least 1 year. Only the children whose
parents responded to the awareness campaign and signed the
informed consent were selected. Efforts were made to collect urine
samples in 50 ml urine containers in the morning of sample
collection at the health centres. To avoid sample contamination, all
sample collection supplies were kept in plastic ziploc storage bags

Fig. 1. Map of Kabwe showing distribution of Pb (mg/kg) in township soils around the
Pb-Zn mining complex (Water Management Consultants Ltd, 2006).
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before sample collection. For fecal samples, parents/guardians were
handed 50 ml stool containers equipped with scoops and instruc-
ted to let their children deposit their stool on a clean plastic/paper
in the morning of the following day. Only the top surface was
scooped into a stool container and returned to the health centre the
same day to avoid sample storage at home. For infants, fecal sam-
ples were scooped from a soiled diaper. After submission, samples
were then transferred into 15ml falcon tubes for storage and
transportation. The samples were immediately stored at —20°C
after sampling and then transported in cooler boxes on dry ice to
the laboratory of the Kabwe District Health Offices where they were
again stored at - 20 °C. After obtaining the material transfer clear-
ance from the Zambia National Health Research Ethics Committee
(NHREC), the samples were transported to Japan in cooler boxes on
dry ice and analyzed for metal concentrations in the Laboratory of
Toxicology, Graduate School of Veterinary Medicine, Hokkaido
University.

2.3. Sample preparation and metal extraction

All laboratory materials and instruments used in metal extrac-
tion were washed in 2% nitric acid (HNO3) and oven dried. The
metals were extracted in fecal and urine samples using microwave
digestion system (Speedwave MWS-2; Berghof) according to the
manufacture's instruction and published reports (Fukui et al., 2004;
Yabe et al., 2011). Thawed fecal samples were weighed onto heat-
resistant tissue drying plates and dried for 24 h in a tissue drying
oven at 60 °C while urine samples were just thawed. Briefly, 1 mL of
each urine sample and 50 mg of oven-dried fecal sample were
separately placed in prewashed microwave digestion flasks. To
these samples, 5 mL of 60% nitric acid (Kanto Chemical) and 1 mL of
30% hydrogen peroxide (Kanto Chemical) were added. After
digestion in the microwave for 52 min and temperatures of up to
190°C, the digested samples were each transferred into 15 ml
plastic tubes. The volume was then made up to 10 mL with bi-
distilled and de-ionized water (Milli-Q).

2.4. Metal analysis

Blood samples for Cd measurements were prepared and ana-
lysed as described earlier (Yabe et al., 2015). Fecal and urine metals
(Pb and Cd) concentrations were analyzed by Inductively Coupled
Plasma-Mass Spectrometer (ICP-MS; 7700 series, Agilent technol-
ogies, Tokyo, Japan). The precision and accuracy of the applied
analytical method was evaluated by analyzing the recovery rate
using digested urine samples and spiking Pb and Cd standard so-
lutions. Using this method, good recoveries of 95% for both Pb and
Cd were obtained. Certified Reference Materials, DORM-3 (Fish
protein, National Research Council of Canada, Ottawa, Canada) and
DOLT-4 (Dogfish liver, National Research Council of Canada, Ottawa,
Canada) were used to evaluate recoveries. Replicate analysis of
these reference materials also showed good accuracy (relative
standard deviation, RSD, < 3%) and recovery rates ranged from
(95—105%). Using the Certified Reference Materials, the detection
limits of Cd and Pb were 0.0005 pg/L and 0.0022 ug/L, respectively
(Ogbomida et al., 2018). The instrument detection limit (IDL) was
0.001 pg/L. Replicate urine samples were used at 4 different spike
concentrations of 0.01 ppb, 0.1 ppb, 1 ppb and 10 ppb. These yielded
detection limits of 0.006 pg/L (Cd) and 0.043 pg/L (Pb) as well as
recovery rates of 85.5—99.7% (Cd) and 104.8—107.7% (Pb). To
compensate for variations in urine dilution, measured urine-Pb
(Pb-U) and urine-Cd (Cd-U) concentrations were adjusted for spe-
cific gravity (SG). Urinary SG was measured by a hand refractometer
(ATAGO, PAL-095, Tokyo, Japan). Obtained mean SG for Kasanda
(1.012) and Makululu (1.021) were used to adjust urinary metal

concentrations as illustrated in other studies (Suwazono et al.,
2005; Nermell et al., 2008). For example, SG adjusted Pb-Usg was
calculated using the obtained mean value of 1.012 and the following
formula: Pb-Usg = Pb-U x (1.012—1)/(SG - 1.000) where Pb-Usg is
the adjusted value for SG and Pb-U is the measured concentration.
The same was done for Pb-U in Makululu as well as Cd-U in
Makululu and Kasanda.

2.5. Statistical analysis

Specific gravity-adjusted concentrations of Pb and Cd in urine
are presented as Pb-Usg and Cd-Usg, respectively. The data of blood
Cd (Cd-B), fecal Pb (Pb-F), Pb-Usg, fecal-Cd (Cd-F) and Cd-Usg were
log-transformed to stabilize variances. Statistical analysis was
performed using JMP version 10 (SAS Institute, USA). The data are
presented as mean, geometric mean (GM), median and minimum-
maximum values in mg/kg (feces) and pg/L (urine). Student's t-test
was used to analyze area differences of metal accumulation. Pear-
son's correlation was used to analyse associations between Pb and
Cd in matched blood, feces and urine. Multiple logistic regression
analyses on log-transformed data were used to estimate the in-
fluence of area, sex and age on Pb and Cd excretions in feces and
urine. Samples from Chowa were not included in the comparisons
due to small number of sampled children less than 7 years old
compared with Kasanda and Makululu. A p value of less than 0.05
was considered to indicate statistical significance. Data of blood Pb
(Pb-B) from the already published results (Yabe et al., 2015) were
used (with permission from the journal) for correlations with
matched fecal and urine samples.

3. Results
3.1. Sample sizes and characteristics

A total of 190 fecal samples were collected from children, up to 7
years old, at Chowa (n =8 samples), Kasanda (n = 88) and Maku-
lulu (n =94) health centres. The children were classified as male/
female and younger (8 months—3 years)/older (4—7 years) as
shown in Table 1. The data on mean age (4.2 years), median (4
years) and ranges (8 months—7 years) are not shown.

3.2. Fecal lead (Pb-F) and urine lead (Pb-U) levels

As shown in Table 2, concentrations of Pb in fecal samples (mg/
kg, dry weight) were high in all the sampled children. Similarly, a
total of 190 urine samples were collected at Chowa (n = 8 samples),
Kasanda (n=88) and Makululu (n=94) health centres. The con-
centrations of Pb in urine (Pb-Usc) were extremely high, with
concentration up to 2914 ug/L recorded in Kasanda Township
(Table 2). Only five (about 2.6%) of the total sampled children had a
history of metal chelation therapy.

3.3. Fecal cadmium (Cd-F), urine cadmium (Cd-U) and blood (Cd-B)
levels

As shown in Table 3, concentrations of Cd in fecal samples (mg/
kg, dry weight) were elevated in all the sampled children with a
maximum concentration of 4.49 mg/kg. The concentrations of Cd in
urine (Cd-Usg) were elevated, especially for Kasanda with a mean
(GM) of 0.46 pg/L. Similarly, concentrations of Cd in blood were
higher in Kasanda, where Cd-B concentrations of up to 7.70 ug/L
were recorded.
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3.4. Measured Pb-U and Cd-U vs Biomonitoring Equivalents (BE)
values

As shown in Table 4, the measured Cd-Usg and Cd-B concen-
trations were compared with the current BE values that are
consistent with established exposure guideline values to evaluate if
measured values in the current study were of low, medium, or high
priority for risk assessment follow-up of (Hays et al., 2008). The
measured Cd-Usg and Cd-B were below the BE values.

3.5. Site, age and sex differences

Multiple logistic regression analyses were performed on log-
transformed data to estimate the influence of independent vari-
ables (age as continuous variable, sex represented as 0 for girls and
1 for boys, location (area) represented as 0 for Makululu and 1 for
Kasanda) on Pb-F. Similar analyses were done on Cd-F, Pb-Usg and
Cd-Usg (Table 5). Fecal Pb and Cd as well as urinary Pb concentra-
tions in children from Kasanda were higher than those from
Makululu (p <0.05). Children from Kasanda and Makululu had
similar concentrations of urinary Cd (p > 0.05). Similarly, there was
no difference in the concentration of Pb-F and Cd-F between boys
and girls. However, girls excreted more urinary Pb and Cd than boys
(p <0.05), with the difference in Cd-U being substantial consid-
ering an estimated increase of 1.26 pg/L against median concen-
trations of 0.40 pg/L (female) and 0.31 pg/L (male children). Fecal Pb
levels in younger children aged between 8 months and 3 years old
were slightly higher than levels in children aged 4—7 years
(p=0.05) but not Cd-F. There were urinary Pb and Cd concentra-
tion differences between the younger (8 months—3 years) and
older (4—7 years) children (p < 0.05).

3.6. Pb and Cd correlations

Using Pearson correlation analysis, strong positive correlations
were observed between Pb and Cd in feces (r=0.81; p <0.0001)
and urine (r=0.84; p<0.0001) of children from Kasanda and
Makululu. Lead concentrations also showed positive correlations
among blood, feces and urine of children from the polluted town-
ships. Cadmium concentrations showed similar positive associa-
tions (Table 6).

When presented by age groups of 8 months—3 years and 4—7
years, Pb concentrations had strong positive associations (p < 0.05)
among blood, feces and urine (Fig. 2). Correlations of Pb in blood,
feces and urine with age were negative but not significant
(p>0.05).

4. Discussion

The current study has demonstrated Pb and Cd excretion in
urine and feces of children from polluted townships in Zambia's
Kabwe mining town. This highlighted concurrent toxic metal
exposure, especially in children from Kasanda Township, which is

Table 1
Sample sizes and sample characteristics of children from Chowa, Kasanda and
Makululu townships near the Pb-Zn in Kabwe, Zambia.

Chowa Kasanda Makululu Totals
Sample size 8 88 94 190
Males 4 40 39 83
Females 4 48 55 107
Median age 5.9 3.6 4.6 42
Younger children (8 months—3 years) 1 42 29 72
Older children (4—7 years) 7 46 65 118

Table 2

Pb-F (mg/kg, dry weight) and Pb-Usg (ng/L, adjusted for SG) concentrations of
children from Chowa, Kasanda and Makululu townships near the Pb-Zn mine in
Kabwe, Zambia.

Sample n Mean GM Median Minimum Maximum IQR

Pb-F (mg/kg)

Chowa 8 116 932 103 3.03 92.7 19.9-5.17
Kasanda 88 90.6 353 319 3.45 1259 71.2-15.4
Makululu 94 67.8 203 15.0 227 2252 53.3—-7.99
Pb-Usc (pg/L)

Chowa 8 134 121 135 4.62 19.9 17.8—8.88
Kasanda 88 207 67.8 59.6 1.84 2914 117.8-31.2
Makululu 94 813 35.1 297 2.57 1113 56.4—18.6

Pb-F = fecal Pb; Pb-U = urinary Pb; n=number of samples; IQR = Interquartile
Range.

Table 3
Cd-F (mg/kg) and Cd-Usg (pg/L, adjusted for SG) concentrations of children from
Chowa, Kasanda and Makululu townships in vicinity of the Pb-Zn mine in Kabwe,
Zambia.

Sample n Mean GM Median Minimum Maximum IQR

Cd-F (mg/kg)

Chowa 8 018 015 0.16 0.07 043 0.23—0.09
Kasanda 88 0.54 031 028 0.04 4.49 0.57-0.15
Makululu 94 0.26 0.18 0.17 0.04 1.58 0.29-0.10
Cd-Usc (ng/L)

Chowa 8 043 019 013 0.06 1.67 0.93-0.09
Kasanda 88 147 046 038 0.02 18.1 0.79—0.19
Makululu 94 0.71 035 0.30 0.03 7.66 0.61-0.17
Cd-B (pg/L)

Chowa 8 069 066 0.67 0.46 1.06 0.80—0.51
Kasanda 88 1.10 0.84 0.72 0.24 7.70 1.31-0.40
Makululu 94 0.52 044 049 0.08 1.56 0.68—0.32

Cd-F = fecal Cd; Cd-Usg = urinary Cd adjusted for SG; Cd-B = blood CD; n = number
of samples; IQR = Interquartile Range.

closest to the mine. The study targeted children under the age of 7
years from Kasanda, Makululu and Chowa townships following
preliminary studies where extremely elevated Pb-B levels were
revealed in the same children by Yabe et al. (2015). All of the
sampled children in the current study showed alarming Pb expo-
sure with geometric means up to 35.3 mg/kg (Pb-F) and 67.8 ug/L
(Pb-U). The health risk due to Cd was evident as Cd levels up to
4.49 mg/kg (Cd-F), 18.1 ug/L (Cd-U) and 7.70 pg/L (Cd-B) indicated
increased exposure. Elevated childhood exposure to Pb could be
hazardous as the developing nervous system is sensitive to its
neurotoxic effects (Lidsky and Schneider, 2003; Bellinger, 2004).
Although Cd toxicity in children is not clear, low-level exposure in
children has been implicated with adverse neurodevelopmental
outcomes with increasing evidence of learning disabilities and
need for special education (Jiang et al., 1990; Ciesielski et al., 2012).
Therefore, the findings in the current study are worrisome as
simultaneous exposure to Pb and Cd could have detrimental effects
on the neurodevelopment of the exposed children given that
neurodevelopmental toxicity is dependent on co-exposure to
multiple neurotoxicants (Bellinger, 2008).

Biomonitoring methods using fecal and urine metal concen-
trations may provide alternatives to blood analysis in children from
polluted environments (Dos Santosa et al., 2018). As such, mea-
surement of fecal and urine metals have been used to estimate the
overall magnitude of metal intake and elimination (Iwao, 1977;
Kjellstrom et al., 1978; Moon et al., 1999). According to Gwiazda
et al. (2005), fecal Pb content reflects an integrated measure of Pb
exposure from all sources, including dietary. Although most of the
metals in feces represent the unabsorbed fraction of ingested
metals, their presence in feces may also reflect their endogenous
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Table 4

Comparison between Cd-U and Cd-B concentrations (pg/L) measured in urine and blood samples of children from Chowa, Kasanda and Makululu townships in vicinity of the

Pb-Zn mine in Kabwe, Zambia with Biomonitoring Equivalents (BE) values.

Data set Chowa Kasanda Makululu USEPA (BE value) ATSDR (BE value)
Cd-U (ug/L) 0.19 pg/L 0.46 pg/L 0.35 pg/L 1.5 pg/L 1.2 pg/L
Cd-B (ug/L) 0.66 pug/L 1.10 pg/L 0.44 ug/L 1.7 ug/L 1.4 pug/L

USEPA and ATSDR Biomonitoring Equivalents (BE) values of blood Cd and creatinine-adjusted urinary Cd (Hays et al., 2008).

Table 5

Log-transformed fecal (Pb and Cd) and urine (Pb and Cd) concentration differences (site, age and sex) multiple logistic regression analyses in children from Kasanda and

Makululu townships in Kabwe, Zambia.

Parameter Estimate nDF SS F Ratio p value (Prob>F)
Pb-F (mg/kg) Intercept 1.59 1.00 0.00 0.00 1
Area {Makululu-Kasanda} -0.10 1.00 1.75 5.89 0.016
Age -0.042 1.00 1.14 3.85 0.051
Sex{M-F} -0.055 1.00 0.53 1.79 0.183
Cd-F (mg/kg) Intercept -0.61 1.00 0.00 0.00 1.00
Area {Makululu-Kasanda} -0.123 1.00 247 16.09 0.0001
Age -0.005 1.00 0.01 0.09 0.77
Sex{M-F} -0.02 1.00 0.11 0.69 041
Pb-U (pg/L) Intercept 2.05 1.00 0.00 0.00 1.00
Area {Makululu-Kasanda} -0.10 1.00 1.76 6.53 0.01
Age -0.09 1.00 4.90 1821 0.00003
Sex{M-F} -0.13 1.00 2.74 10.18 0.00168
Cd-U (pg/L) Intercept -022 1.00 0.00 0.00 1.00
Area {Makululu-Kasanda} -0.043 1.00 032 1.16 0.28
Age -0.045 1.00 1.28 4.63 0.03
Sex{M-F} -0.10 1.00 1.89 6.84 0.01

Kasanda (n = 88) and Makululu (n = 94) townships in the vicinity of the Pb-Zn mining area in Kabwe; Age — children between 8 months—3 years (n = 71) years old vs children
between 4 and 7 (n = 111) years; Sex — M (n =79) vs F (n = 103); P values in bold indicate significant (p < 0.05); nDF - number if degrees of freedom for a term; SS - Sequential

Sum of Squares.

Table 6

Correlations among Pb concentrations in blood (Pb-B), feces (Pb-F) and urine (Pb-U)
as well as Cd in blood (Cd-B), feces (Cd-F) and urine (Cd-U) of children from polluted
townships in Kabwe, Zambia.

Township r value p value
Pb (Kasanda and Makululu)

Pb-B: Pb-U 0.27 =0.0005
Pb-B: Pb-F 0.36 <0.0001
Pb-U: Pb-F 0.33 <0.0001
Cd (Kasanda and Makululu) <0.0001
Cd-B: Cd-U 0.26 =0.0005
Cd-B: Cd-F 0.37 <0.0001
Cd-U: Cd-F 0.21 =0.007

r=Pearson's correlation coefficient; n = 182.

biliary excretion into feces (Hammond et al., 1980; Gregus and
Klaassen, 1986; Gwiazda et al., 2005). Mean (GM) concentrations
of Pb-F of 9.32 mg/kg (Makululu) and 35.3 mg/kg (Kasanda) in the
current study were extremely high and showed that children from
the polluted townships in Kabwe are exposed to high levels of Pb.
Similarly, Cd-F concentrations of up to 4.49 mg/kg in the current
study could raise health concerns in the children from the polluted
townships. Since the living space are important sources of envi-
ronmental exposure for young children (Hornberg and Pauli, 2007),
findings of the current study indicate that the current home envi-
ronment of the children in Kabwe could be the source of metal
exposure. This is because young children spend most of their time
at home and ingested metals are expected to be eliminated in the
feces probably within 24—48 h after exposure (Smith, 2013).
Although fecal metal measurements may be convenient than
urinalysis due to difficulties in collecting urine samples in infants,
urinary metal biomonitoring is preferred because absorbed Pb and
Cd are excreted primarily in urine (Heitland and Koster, 2006). In
contrast to blood, urine is equally easy to collect and non-invasive

(Zhang et al., 2016). In the current study, recorded mean (GM) Pb-U
of 12.1 pg/L (Makululu) and 67.8 ug/L (Kasanda) with levels up to
2914 pg/L were extremely higher than Pb-Usg of 4.08 ug/L recorded
in children between 4 and 10 years from a general population in
Korea (Moon et al., 2003). Moreover, Pb-U levels in the current
study markedly exceeded concentrations of 0.9 ug/L (adjusted for
creatinine) recorded in children in USA (Shao et al., 2017). When
compared with records in children from the US National Health and
Nutrition Examination Survey (NHANES) of 2013—2014, Pb-U levels
in the current study extremely exceeded the 0.22 pg/L in US (CDC -
Fourth National Report on Human Exposure to Environmental
Chemicals, 2017). These findings reveal high Pb exposure among
children in Kabwe, Zambia, and could have serious health
implications.

Mean (GM) urinary Cd-Usg of 0.19 ug/L (Chowa), 0.35pg/L
(Kasanda) and 0.46 ug/L (Makululu) in the current study were
lower than the biomonitoring equivalent values of Hays et al.
(2008) for urine Cd according to USEPA (1.5pug/L) and ATSDR
(1.2 pg/L). The current findings were however, similar to median
Cd-Usc concentrations of 0.23 pg/L (girls) and 0.22 pg/L (boys) in a
cross-sectional study among school children in Belgium (Wang
et al., 2017). Although Cd-U concentrations in the current study
exceeded the mean (GM) urine level of 0.185 pg/L (adjusted for
creatinine) set by ATSDR (2012) in unexposed children, they were
of low priority for risk assessment follow-up according to the cur-
rent health-based exposure guidelines (Hays et al., 2008). However,
this should be interpreted with caution given that 23 percent of the
171 sampled children had urinary Cd concentrations exceeding the
urine Cd BE values and could be at risk of nephrotoxicity. The means
(GM) in the current study also extremely exceeded US children's
Cd-U records of 0.057 pg/L in 2009—2010 NHANES (CDC - Fourth
National Report on Human Exposure to Environmental Chemicals,
2017). Moreover, 7 percent of the 181 sampled children in the
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Fig. 2. Positive correlations among Pb concentrations in blood, feces and urine of younger children (8 months—3 years, (n=71)) and older children (4—7 years, (n = 111)) from
Kasanda and Makululu townships of Kabwe, Zambia. Strong positive correlations were also observed between fecal Pb and Cd (p = 0.81, <0.0001) as well as between urinary Pb and

Cd (p=0.83, <0.0001).

current study had Cd-B concentrations exceeding the BE values for
Cd in blood.

The difference in Pb-U between the two age groups appeared
minimal as the concentration of Pb-U marginally increased by
1.23 pg/L (estimate log value = —0.09) in younger children in rela-
tion to the higher median of 66.7 ug/L (younger children) and
31.2 ug/L (older children). On the other hand, the Cd-U difference
between the two age groups was wide considering an increase
estimate of about 1.11 pug/L (estimate log value = —0.045) in relation
to the lower median values of 0.38 pug/L (younger children) and
0.31 pug/L (older children). Given that urinary Cd, which reflects
body burden increases with age (Hays et al., 2008; Jarup and
Akesson, 2009), the higher Cd-U in younger children in the cur-
rent study could be attributed to behavioural differences as
younger children are more exposed to metals due to increased
hand-mouth activities. Moreover, the age difference between the
two age groups was minimal for the older group to have accumu-
lated more Cd.

Since findings in the current study do not imply that urinary Cd
reduces with age, regular biomonitoring of the exposed children up
to adulthood in Kabwe need to be conducted, particularly pregnant
women as Cd from the placenta may impair fetal development
including neurodevelopmental impairment (Ciesielski et al., 2012;
Kippler et al., 2010, 2012; Llanos and Ronco, 2009; Salpietro et al.,
2002; Zhang et al., 2004). The finding of higher excretion levels
of Pb and Cd in the urine of girls compared with boys from both
Kasanda and Makululu townships was interesting. More studies
need to be conducted to establish gender differences in metal
accumulation and excretion in children as the high absorption rate
following oral exposures in women is associated with iron defi-
ciency (ATSDR, 2008), which might not be the case in children.

Concurrent exposure to Pb and Cd can result in metal in-
teractions, which may be characterized by alterations in both tissue
metal concentrations and toxicity (Mahaffey et al., 1981). In the
current study, strong positive correlations were seen between Pb
and Cd in both feces and urine of the sampled children, thus indi-
cating concurrent exposure to Pb and Cd. This was not surprising as
soils from the selected townships are highly polluted with Pb and
Cd (Nakayama et al., 2011). Data on correlations between Pb and Cd
levels in feces and urine of children from polluted areas in rare. In a
study among adults in the general population in Japan, no close
correlations between Pb-U and Cd-U were detected (Fukui et al.,
2004). Joint toxicity can result in various effects including greater

than additive (synergism and potentiation), additive (no interac-
tion) and less than additive (antagonism and inhibition). However,
since additivity is the default assumption for evaluating health ef-
fects of multiple chemicals, evaluation of the simultaneous effects
of Pb and Cd in Kabwe is needed as it is now known that children
from the polluted townships are exposed to both Pb and Cd in their
current environment. The current study also revealed positive as-
sociations of Pb and Cd concentrations among blood, urine and
feces. These findings indicate that either urine or feces could be
useful for biomonitoring of Pb and Cd in polluted environments.

5. Conclusions

Childhood Pb and Cd co-exposure in Kabwe poses serious im-
plications on the health of the exposed children and should be
given attention. A thorough clinical evaluation of Pb and Cd expo-
sure among children in townships surrounding the Pb-Zn mine in
Kabwe is long over-due as it has never been done despite alarming
metal exposure. Regular fecal and urine biomonitoring should be
considered for prompt remedial measures to avoid irreversible Pb-
induced neurological dysfunction. Urgent interventions are
required to reduce Pb and Cd exposure in the affected townships.
This can be done through community-based programs to educate
the affected communities about the health effects of Pb and Cd,
sources of the metals and practical ways of reducing exposure in
their homes and communities.
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Abstract Zambia’s Kafue River receives wastes from
various sources, resulting in metal pollution. This study
determined the degree of contamination of 13 metals (Al,
Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Cd, Hg and Pb) in
Kafue River sediment and the associated ecological risks at
six sites in three different seasons. The level of contamina-
tion for most metals showed significant site and seasonal
differences. The contamination factor and pollution load
index indicated that concentrations of most metals particu-
larly copper (Cu), cobalt (Co), manganese (Mn) and arsenic
(As) were very high at sites within the Copperbelt mining
area. The geoaccumulation index showed an absence of
anthropogenic enrichment with Cd and Hg at all the study
sites and extreme anthropogenic enrichment with Cu at
sites in the Copperbelt mining area. Potential ecological
risk showed that Cu and As were likely to cause adverse
biological effects to aquatic organisms in the Copperbelt
mining region of the Kafue River.
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Metal pollution of water sources has evoked a global inter-
est because metal ions are indestructible and bio-accumu-
late in aquatic ecosystems such as aquatic plants, inverte-
brates and fish and humans (Gupta et al. 2009; Solomon
2009). Anthropogenic sources of metals include mining,
discharge of untreated domestic and industrial wastes
(Khadse et al. 2008) and agricultural run-off (Hatje et al.
1998). Natural sources include weathering of rocks and
minerals (Karbassi et al. 2008). Metals released into aquatic
bodies may be immobilized within sediment but can be
retained or released to the water posing a risk to aquatic
life and humans through the food chain (Calmano et al.
1990). Therefore, sediments are important environmen-
tal indicators for metal pollution in aquatic bodies (Alaoui
et al. 2010). Although metals such as Fe, Zn, Se and Cu are
essential to life, they are toxic at high concentrations. Met-
als like Cd, As, Hg and Pb are non-essential and are toxic at
minute concentrations (Fernandes et al. 2008; Mayo et al.
2015). Developing countries including Zambia are plagued
by the impact of metal pollution especially from mining
(Yabe et al. 2010) with the level of contamination increas-
ing with an increase in industrial activities.

The Kafue River receives large amounts of Cu and
Co mining waste from mines in the Copperbelt province
(Sracek et al. 2012). The main composition of mineral
ores within the Copperbelt mining area include pyrite
(FeS,), chalcopyrite (CuFeS,), bornite (CusFeS,), chal-
cocite (CuS,), digenite (CuqSs), linnaeite (CosS,) and
carrolite (Cu(Co,Ni),S,) which are embedded in carbon-
ate-rich shales and argillite (Mendelsohn 1961). As the
Kafue River passes through this extensive mining region,
it receives large volumes of metal effluent. These include
waste water discharging from chemical processing plants,
erosion and wash out of fine particles from old tailings,
mining waste piles, metallurgical slag deposits, and
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seepage and overflow of suspensions from active tailing
ponds (Sracek et al. 2012). This has resulted in extensive
environmental impacts detected in various environmen-
tal samples downstream of the mining area (Béckstrom
1996; M’kandawire et al. 2012). Studies conducted on the
Kafue River sediment have revealed elevated concentra-
tions of Cu. For example, Choongo et al. (2005) reported
high levels of this metal in sediment and low coefficient
of condition of fish probably due to Cu toxicity. Ikenaka
et al. (2010) demonstrated the presence of heavy metals
in national parks downstream to the Copperbelt mining
area. Total metal contents in sediment showed that the
Kafue River was highly enriched with Cu and exceeded
the Canadian limit for freshwater sediments (Sracek et al.
2012). However, these previous studies have only exam-
ined a few metals in sediment; information which in itself
is limiting considering that the river’s sediment might be
contaminated with many other metals. In addition, there
is no information on ecological risk assessment of metal
contaminants in the Kafue River. These assessments are
essential as they provide policy makers with information
on the extent of aquatic ecosystem contamination and are
used as early-warning signals of ecological challenges.
Therefore, the objective of the study was to determine the
degree of contamination of 13 heavy metals in sediment

and their associated ecological risk to Kafue River’s
organisms.

Materials and Methods

A cross sectional study was conducted to determine heavy
metal concentrations in sediment along the Kafue River
(Fig. 1). The river lies completely within Zambia span-
ning 1600 Km. From its origin in the North Western Prov-
ince of Zambia, the river flows through Copperbelt, Cen-
tral, Southern and Lusaka provinces, before discharging
into the Zambezi River. The river drains a catchment of
about 157,000 Km? accounting for about 20% of the total
land area of Zambia (Kambole 2003). Sediment samples
(n=54) were collected from six sites along the river that
were selected based on their relative location to the Cop-
perbelt mining area and proximity to fishing camps. The
sites were: Chimfunshi (upstream of the Copperbelt min-
ing area, pristine); Chililabombwe, Chingola-Kanyemo
and Chingola-Hippo Pool (within Copperbelt mining area);
Kafue flats and Kafue town (downstream to Copperbelt
mining area). Sediment samples were collected accord-
ing to the method of Choongo et al. (2005) in 2014 during
the warm-rainy (April, n=18), dry-cold (June, n=18) and

Fig. 1 Map of Zambia showing the location of the mining areas and sampling sites along Kafue River
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dry-hot seasons (September, n=18). Briefly, three surface
sediment composite samples were collected in 600 mL
polypropylene bottles from each site in each season. Sam-
ples were collected from the same location in all seasons.
The composite sediment samples were then transported in
cooler boxes to the University of Zambia, and stored at 4°C
before transportation to the University of Warwick, Depart-
ment of Chemistry for analysis.

Analytical grade chemicals and ultrapure water
(>18 MQ cm; Millipore Milli-Q) was used for the prepa-
ration of all solutions for heavy metal analysis. The sedi-
ment samples were oven dried (Status, Thermal Control)
at 100°C for two days, ground, homogenized and sieved
through a 2 mm mesh. Approximately 0.5 g of each dried
sediment sample was acid digested with 7 mL of 72% (v/v)
HNO; and 1 mL of 30% (v/v) H,O, (Fisher Scientific)
using a closed microwave digestion system (Start D, Mile-
stone) for 90 min until the solution was clear and filtered.
Solutions from digested sediment samples were analyzed
in triplicate for total concentrations of 2’Al, *Cr, *Mn,
S6Fe,®Co, Ni, ©3Cu, Zn, As, $2Se, 'Cd, 2?Hg and
208pp using a 7500 series ICP-MS (Agilent Technologies).

A multi-element standard solution IV(4) for inductively
coupled plasma (ICP) and a single mercury standard solu-
tion for ICP (Fluka Analytical, Buchs) were used to prepare
eight multi-element standards to provide suitable calibra-
tion curves. Only calibration curves with R?>0.999 were
accepted for concentration calculations. Erbium (1%°Er)
was used as an internal standard. For quality control, sam-
ple triplicates were used to assess precision of the analysis,
and reagent blanks and certified reference material (CRM)
(CRMO15; ISO Guide 34:2009 and ISO/IEC 17,025:2005,
fresh water sediment 2) were used to assess method accu-
racy. Hence, each inductively coupled plasma mass spec-
trometry (ICP-MS) run included standards and triplicate
blanks, triplicate samples and triplicate certified reference
material and the results were expressed as the mean. In this
study, the measured mean concentrations of each metal in
each season at Chimfunshi which is an upstream preindus-
trial site (Choongo et al. 2005) were used as background
concentrations (C,) (Table 2) to calculate the ecological
indicators (contamination factor (CF), pollution load index
(PLI), geoaccumulation index (I,.,) and potential ecologi-
cal risk (RI)).

The CF was used to assess the pollution load of the
sediments with respect to each heavy metal. CF is a ratio
between the content of each metal at a contaminated site
(C,) and the background contents in sediment (C,) (Loska
et al. 2004). It was calculated as follows:

CFmetals = Cc/Cb (1)
The PLI of metals is dependent on the CF and gives
an additive indication of the overall level of sediment

geo
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metal toxicity at a particular site. It was calculated
according to Suresh et al. (2011), as:

I/n
PLI = (CFme[all X CFmelalZ X CFmelalB X... CFn) (2)

where, CF,., is the contamination factor of each metal,
n=number of metals measured.

The I, value is used to determine the degree of
anthropogenic enrichment of heavy metals and hence
determines the anthropogenic source of heavy metals and
how much they impact the sediment (Loska et al. 2004).

It was calculated as follows:

Igeo = logZ(Cc/l'SCb) (3)

where C, is the measured concentration of each metal at a
contaminated site and C, is the background concentration
of each metal (Islam et al. 2014) as determined for the pre-
industrial site. The factor of 1.5 is introduced to minimize
the possible variations in the background values attributed
to lithogenic effects (Miiller 1969).

The RI value indicates the combined potential ecologi-
cal risk factors of metals in the monitored sediment and
was calculated according to Hakanson (1980) as:

RI = Z Ermetal’ Where, Ermetal = Trmetal (Cc/cb) (4)

where Er, .., is the potential ecological risk factor for each
metal. It considers each heavy metal level in the sediment
associating ecological and environmental effects with toxi-
cology, and evaluates metal pollution using comparable
and equivalent property index grading method (Qui 2010).
Tr . 1S the toxic response factor of each selected metal
(Hg=40, Cd=30, As =10, Pb=5, Cu=5, Cr=2, Ni=35,
and Zn=1) (Zhao et al. 2005). The Tr,,, reflects the tox-
icity of each heavy metal and the degree of environment
sensitivity of bio-organism to the respective heavy metal.
C. is the content of metal in the samples at the contami-
nated site, Cy is the background reference sample content
for each metal.

Descriptive statistics were calculated using Microsoft
Excel® 2013 spreadsheet. Statistical analyses were per-
formed using R statistical software (R Core Team, 2014,
Vienna Austria). The data were log;, transformed due
to a small sample size and non-normal distribution. One
way analysis of variance (ANOVA) was used to test for
site and seasonal differences of each metal analyzed in
the Kafue River sediment and considered to be signifi-
cant when p <0.05. Where significant differences were
present, the mean values were separated using post-hoc
Tukey’s HSD pairwise comparison test (Stevens 1999).
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Results and Discussion

For quality control and to assess method accuracy, the
sediment CRM (CRM15) was analyzed for Al, Cr, Mn,
Fe, Co, Ni, Cu, Zn, As, Se, Cd, Hg and Pb. The meas-
ured mean+ SD values which were determined by this
study (means of replicates), certified values +SD which
are determined values by the manufacturer of the CRM
and percent recoveries (measured mean value divided
by certified value and expressed as a percentage) of each
heavy metal in the sediment certified reference material
are reported in Table 1. Results showed that the heavy
metal recoveries for the sediment CRM were satisfac-
tory for most heavy metals; although often higher than
100% (with extremely high recoveries for Al and Cr). The
detection limits (ppb) for each metal are also shown in
Table 1.

Table 2 shows concentrations (mean+ SD) of metals
in Kafue River sediment which showed significant site
and seasonal differences (p <0.05). Notable observations
were that concentrations of Mn, Co, Cu, Zn, As and Pb
were found to be higher at sites in the Copperbelt mining
area compared to the other sites (p <0.05) (Table 2) prob-
ably due to Cu mining and smelting activities in the area
that discharge waste into the Kafue River. Contamination
with Co and Cu decreased downstream the Kafue River
to Kafue flats and Kafue town (Table 2; Fig. 1). This
finding is in agreement with previous studies (Choongo
et al. 2005; Sracek et al. 2012) that reported concentra-
tions of some metals such as Cu to be higher at sampling
sites in Copperbelt mining area than sites downstream
and upstream of the Copperbelt mining area. Concentra-
tions of Al, Cr, Fe, Ni, Se, Cd and Hg were observed to
be higher at various sites outside the Copperbelt min-
ing area (p<0.05) (Table 2). The differences in metal
concentrations among sampling sites suggest diverse

sources of metals in the Kafue River sediment rather
than one common source. Comparing the results of mean
metal concentrations in this study with previous studies
(Choongo et al. 2005; Ikenaka et al. 2010; Sracek et al.
2012) showed that the river’s sediment was not improv-
ing and still under pressure from metal contamination.
The present study observed that most metals tended to
show higher concentrations in the dry-hot season com-
pared to the other seasons (p <0.05) (Table 2) in agree-
ment with findings by Choongo et al. (2005). Higher
levels of most metals in the dry-hot season could be due
to the slower movement of water over the sediment and
possible higher heavy-metal adsorption ability of the
sediment in the dry-hot season (Nwadinigwe et al. 2014).
Heavy metal absorption ability is increased in the dry-
hot season because of an increase in temperature which
enhances efficient sedimentation of metals (Nwadinigwe
et al. 2014). High metal discharge into the river and
hence availability of metals for adsorption to sediment in
the dry-hot season could be another reason why metals
were higher in the dry-hot season compared to the other
seasons. Apart from temperature, seasonal variations of
metal concentrations in sediment are influenced by fac-
tors such as salinity (Hatje et al. 2003), organic matter
(Peng et al. 2009) and changes in the levels of pollutant
discharge over time (Srikanth and Rao 2014).

The CF for most metals in the warm rainy season
(Table 3) indicated a moderate degree of contamination,
except for Hg and Cd which showed a low degree of con-
tamination at all the sites. CF for Mn, Co and Cu particu-
larly at sites in the Copperbelt mining area showed very
high degrees of contamination and this could be attributed
to Cu mining and smelting activities in the area. A CF
value of 3.18 for As at Chingola-Hippo Pool indicated a
considerable degree of contamination which could be due
to smelting of As-rich copper concentrates. Similar trends
of CFs were observed in the dry-cold and dry-hot seasons

Table 1 Detection limits (ppb,

Heavy metal Detection limit Measured mean + SD Certified value+SD Percent recoveries
dry-wt.), measured mean +SD
concentrations (ppm dry-wt.) EON| 0.773 28,208 +296 9200 +976 306.61
f:;‘:irﬁ“;g‘jglzzsti‘zi‘;iya’m y :Cr 0.02 36.73+1.10 143+1.44 256.88
(ppm dry-wt.) in sediment “Mn 0.02 197+£9.94 183 +4.52 107.46
reference material and percent SFe 1.346 21,142+91.00 17,100£717 123.64
recoveries of each heavy metal $Co 0.005 6.41+0.04 6.04+0.142 106.04
ONj 0.02 19.3+1.01 17.5+0.52 110.42
Cy 0.1 15.7+0.31 16.1+0.585 97.22
Zn 0.11 75.3+0.85 69.9+2.82 107.68
As 0.016 6.29+0.08 6.6+0.433 95.37
825e 0.597 0.85+0.04 0.8 (non-certified) 106.19
g 0.004 0.35+0.03 0.52 (non-certified) 68.26
202Hg 0.014 0.24+0.04 0.221+0.00619 110.44
208pp, 0.004 14.8+0.08 15+0.539 98.96
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Table 3 CF and PLI of metals at study sites in all seasons
Contamination factor (CF) PLI
Season Site Al Cr Mn Fe Co Ni Cu Zn  As Se Cd Hg Pb
Warm-rainy ~ Chililabombwe 161 1.10 120 219 2841 129 14522 350 161 737 068 0.86 261 3.58
Chingola-Kanyemo 083 095 381 1.84 2692 121 146.00 275 131 841 052 053 241 276
Chingola-Hippo pool 0.59 0.69 3.04 150 1481 099 67.63 256 4.04 134 038 038 227 2.00
Kafue flats 215 170 064 211 082 1.69 040 136 1.04 183 ND 046 1.00 1.09
Kafue town 0.67 059 042 092 037 0.55 046 2.05 127 065 050 046 234 0.71
Dry-cold Chililabombwe 131 113 594 182 1333 136 7181 216 115 281 022 081 217 232
Chingola-Kanyemo 084 087 550 180 17.51 1.14 12909 147 120 173 001 083 236 1.68
Chingola-Hippopool 0.23 027 266 1.18 7.13 047 5041 1.09 3.18 ND 0.003 0.60 1.67 093
Kafue flats 282 198 129 272 066 1.72 043 097 106 ND ND 054 143 1.17
Kafue town 126 135 077 156 035 1.25 023 037 083 ND 054 049 081 0.72
Dry-hot Chililabombwe 055 0.57 1230 142 2740 0.76 30222 280 200 ND 0.08 1.09 237 225
Chingola-Kanyemo 047 050 925 158 2881 049 26135 254 148 ND 0.05 094 285 196
Chingola-Hippo pool 0.56 0.78 9.15 197 1893 0.72 15632 3.08 875 ND 020 1.04 3.62 2.66
Kafue flats 1.74 132 286 219 1.05 1.09 1.02 150 157 ND 001 083 124 094
Kafue town 156 176 287 274 094 3.16 059 091 145 ND 0003 0.75 0.81 0.84

NDNot detected. CF (Loska et al. 1997) due to a given metal element: Low degree (CF < 1), Moderate degree (1 <CF <3), Considerable degree
(3<CF<®6), Very high degree (CF >6). PLI Pollution of a particular site (PLI> 1)

(Table 3), although the actual CF values of most metals
(Cu, Mn, Co and As) were higher in the dry-hot season, in
agreement with the observed increased concentrations of
these metals in this season. The CFs for Ni, Cr and Fe were
higher at Kafue town especially in the dry-hot season in
agreement with observed increased concentrations of these
metals at Kafue town compared to other sites. The high Ni
values may be attributed to discharge from a Ni mine near
the area. The CF for Cr was higher at Kafue town, probably
due to the presence of a tannery that uses chromium sul-
phate in tanning animal skins.

The PLI>1 indicates pollution of a particular site
(Loska et al. 1997). Results (Table 3) revealed high PLI
values at sites in the Copperbelt mining area, with Cu, Co
and Mn contributing much to the pollution load. This is
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0.00 - - i -
-1.00 Al Cr Mn Fe Co Ni
-2.00
-3.00

Geoaccumulation index (Igeo)

u Chililabombwe Chingola-Kanyemo

Fig. 2 L., values of metals at the study sites in the warm-rainy season

consistent with the suggestion that the pollution in these
areas is mainly due to mining and smelting activities.
Although Kafue flats lies further downstream to the Cop-
perbelt mining sites, results suggest that the site is also
polluted. Kafue town showed PLI values of less than one,
however, concerns about pollution are likely as PLI values
were fairly close to one (Table 3).

The trends of I, values in the warm-rainy season
(Fig. 2) were similar to those in the dry-cold and dry-hot
seasons with small variations in values. The I, is used
to estimate anthropogenic enrichment of metal ions in the
environment (Miiller 1969) and I, values were inter-
preted as: I,,<O=practically no anthropogenic enrich-
ment; 0<I,,<1=no to moderate anthropogenic enrich-
ment; 1<I,,<2=moderate anthropogenic enrichment;

Cu Zn As Se I Cd Hg Pb
Metal/Site
Chingola-Hippo pool Kafue flats Kafue town
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2<I,,<3=moderate to heavy anthropogenic enrich-
ment; 3<I,,<4=heavy anthropogenic enrichment;
4 <I,,<5=heavy to extreme anthropogenic enrichment;
and I,.,>5=extreme anthropogenic enrichment (Bhuiyan
et al. 2010). Results showed variations in anthropogenic
enrichment of metal ions at the study sites. In the warm-
rainy season (Fig. 2), there was no anthropogenic enrich-
ment to moderate anthropogenic enrichment with Al,
Fe, Zn, As, Se and Pb at various sampling sites. Moder-
ate anthropogenic enrichment with Mn, Zn and As was
observed at some sites in the Copperbelt mining area.
Chililabombwe and Chingola-Kanyemo showed moderate
to heavy anthropogenic enrichment with Mn and Se. Heavy
to extreme anthropogenic enrichment with Co and extreme
anthropogenic enrichment with Cu was observed at all sites
in the Copperbelt mining area.

The RI value is the sum of individual metals’ poten-
tial ecological risk factors (Er.,). RI values of <150,
150-300, 300-600, and >600 represent low, moderate,
considerable, and very high levels of potential ecological
risk, respectively (Hakanson 1980). Only metals (Hg, Cd,
As, Pb, Cu, Cr, Ni and Zn) with available toxic response
factors (Tr,.,) (Zhao et al. 2005) were used to calculate RI
in this study. Results of RI showed site and seasonal varia-
tions (Table 4) with a low (RI < 150) to extremely high level
(RI>600) of potential ecological risk. Metals may cause
physiological, biochemical, morphological and haemato-
logical changes as well as antioxidant responses in various
aquatic organisms (Basha and Rani 2003). Metal accu-
mulation within the Kafue River has been associated with

various toxicological manifestations. For instance, Mwase
et al. (1998) and Norrgren et al. (2000) demonstrated
increased fish mortality and decreased aquatic productiv-
ity following exposure of caged fish, eggs and fry to water
and sediment from Kafue River in the Copperbelt mining
area. Choongo et al. (2005) reported high Cu levels in fish
at Copperbelt mining area sites along the Kafue River. The
fish at these sites also recorded a low coefficient of condi-
tion probably as a result of Cu toxicity. Most of the sites in
the Copperbelt mining area in the various seasons showed
a considerable level of ecological risk (RI=300-600) to
an extremely high level (RI>600) of potential ecological
risk for the river’s organisms. Kafue flats and Kafue town
in all seasons had RI values which revealed a low poten-
tial ecological risk (RI<150). Of the selected metals used
to calculate RI, Cu and As would possibly cause adverse
biological effects, especially in the mining areas, because
their individual Er, ., (Table 4) were moderate (40-80) to
significantly high (>320). Mn and Co were also elevated at
sites in the mining area and could possibly cause adverse
biological effects, however, the Tr,,, were not available to
calculate their Er, ;.

This study has for the first time elaborated the contribu-
tion of 13 heavy metals investigated in Kafue River sedi-
ment to the ecological risk at various sites. Sediment from
the Copperbelt mining area of the Kafue River revealed a
high degree of anthropogenic Cu, Co, Mn and As contami-
nation. The highest level of contamination was observed
in the dry-hot season. However, the degree of both natu-
ral and anthropogenic causes of metal contamination was

Table 4 Er, ., and RI of

T Potential ecological risk factors (Erq.,) RI
metals at study sites in all
seasons Season Site Cr Ni Cu Zn  As Cd Hg Pb
Warm-rainy Chililabombwe 219 647 726.00 3.50 16.10 20.50 34.40 13.10 822.26
Chingola-Kanyemo  1.90 6.04 732.00 2.75 13.10 15.80 21.10 12.10 804.79
Chingola-Hippo Pool 1.39 4.97 338.00 2.56 40.40 11.40 1520 11.40 42532
Kafue flats 339 846 1.99 136 1040 0.00 1830 498  48.88
Kafue town 1.18 273 230 2.05 1270 1490 1840 11.70  65.96
Dry-cold Chililabombwe 226 6.81 359.00 2.16 11.50 6.45 3240 10.90 431.48
Chingola-Kanyemo  1.73  5.72 643.00 1.47 12.00 023 33.00 11.80 708.95
Chingola-Hippo Pool 0.53 2.37 252.00 1.09 31.80 0.10 23.80 8.34 320.03
Katfue flats 396 8.61 2.14 097 1060 0.00 21.70 7.17 55.15
Kafue town 2770 623 1.13 037 828 1630 19.60 4.04  58.65
Dry-hot Chililabombwe 1.15  3.78 1510.00 2.80 20.00 2.35 4340 11.80 1595.28
Chingola-Kanyemo  1.01 2.47 1307.00 2.54 1490 148 37.50 14.30 1381.20
Chingola-Hippo Pool 1.56 3.60 778.00 3.08 87.50 595 41.70 18.10 939.49
Katfue flats 264 544 512 150 1570 034 3330 6.19 70.23
Kafue town 3.52 15.80 293 091 1450 0.10 2990 4.04 71.70

Er, o.q (Hakanson 1980): Low (<40), Moderate (40-80), Considerable (80-160), High (160-320), Signifi-

cantly high (>320)

RI: Low (RI< 150), Moderate (RI 150-300), Considerable (RI 300-600, Very high (RI>600)
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low at sites away from the Copperbelt mining area. The
RI showed that Cu, As and possibly Co and Mn at sites in
the Copperbelt mining area of the Kafue River were likely
to cause harmful biological effects to aquatic organisms.
Therefore, a management plan for testing and monitoring
for toxic effects of a mixture of these metals in the Copper-
belt mining area is proposed. It is recommended that Zam-
bia Environmental Management Agency (ZEMA) should
monitor levels of these toxic elements in all the seasons at
known or suspected point sources in order to identify erring
industries that should be made to control their discharges
into the river in line with international limits since Zambia
does not have its own regulatory limits. Therefore, regula-
tory limits should be established and existing environmen-
tal regulations should be implemented.
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ARTICLE INFO ABSTRACT

Keywords: Lead (Pb®*) is a toxic heavy metal that has a severe negative effect on human health and the environment.
Biomineral Physical, chemical and biological remediation techniques have long been used to remediate lead contamination.
Bioremediation However, because of the great danger posed by lead contamination, there is increasing interest to apply eco-
Micr_‘"?ial%y induced calcium carbonate friendly and sustainable methods to remediate lead. Therefore, this study was conducted to use the microbially
Ezzzlpltatmﬂ induced calcium carbonate precipitation (MICP) technique in conjunction with the bacterium Pararhodobacter

sp. to bioremediate lead. Laboratory scale experiments were conducted and complete removal of 1036 mg/L of
Pb2* was achieved. These results were further confirmed by scanning electron microscope (SEM) and X-ray
diffraction (XRD) analysis, which indicated coprecipitation of calcium carbonate (CaCO3) and lead. The un-
confined compressive strength increased with an increase in injection interval with maximum unconfined
compressive strength of 1.33 MPa for fine sand, 2.87 MPa for coarse sand and 2.80 MPa for mixed sand. For
Pararhodobacter sp. to efficiently induce lead immobilisation the bacterial interval required is four times with a
calcium and urea concentration of 0.5M and bacterial concentration of 10° cfu/mL. Very few low-cost in situ
heavy metal treatment processes for lead bioremediation are available; therefore, bioimmobilization of lead by
MICP has the potential for application as a low-cost and eco-friendly method for heavy metal remediation.

1. Introduction respectively (ZCCM-IH, Zambia Copper and Cobalt Mining-Investment
Holding Plc., 2002). In the past, a portion of the coarse kiln slag was
used to cover the fine leached plant residue to prevent water erosion

and windblown dust.

Lead (Pb%™) has been studied extensively worldwide because of its
effects on human health and the environment (Yabe et al., 2015; Lin

et al., 2009). The main characteristics of lead are that it persists in all
parts of the environment, cannot be degraded or destroyed and enters
the body through food, drinking water, and air. Lead poisoning results
in brain and central nervous system damage, coma, convulsion and
even death, mostly in children because they absorb 4-5 times as much
lead as adults (Lanphear, 2005). One such area that is heavily con-
taminated with lead due to mining and smelting is Kabwe Mine, Zambia
(Nyambe et al., 2013), which was selected as the study area for this
investigation.

The Kabwe mine was a Pb-Zn mine that operated from 1902 to
1994, during which time it caused lead poisoning affecting close to
300,000 people. Despite closure of the mine, its wastes have continued
to pollute the soil and water. Plant residue leachate of waste from
tailings and thickeners and kiln slag are the major sources of lead,
covering an area of approximately 86,600 m®> and 164,800 m?

* Corresponding author.
E-mail address: nakashima@geo-er.eng.hokudai.ac.jp (K. Nakashima).

http://dx.doi.org/10.1016/j.ecoleng.2017.09.011

Several physical, chemical and biological remediation techniques
have been used for many years to remediate lead contamination.
However, the major challenge of physical-chemical lead remediation
technologies involves a huge cost for complete removal or containment
of contaminants to prevent them from migrating to surrounding areas.
In this study, we seek to investigate the possibility of bioremediation of
lead-contaminated mine waste in Kabwe based on microbially induced
calcium carbonate precipitation (MICP). This technique involves the
hydrolysis of urea into ammonium and carbamate by urease catalysis
(Eq. (1)), resulting in CaCO3 formation in the presence of Ca2" ions
(Egs. (2)-(3)) (Whiffin et al., 2007).

Urease
CO(NH,), + H, 0—— H,NCOO~ + NH,* @
H,NCOO- + H,0 — HCO; + NH; )
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Ca?" + HCO;~ + NH;3 — CaCOs3 + NH, ™" 3)

The role of calcium ion in bioremediation using the MICP technique
takes advantage of the incorporation of the Pb?* onto their surfaces
through substitution in the calcite lattice (Eq. (4)), after which Pb2* are
changed from soluble form to insoluble forms hence detoxifying the
toxic lead ions (Anbu et al., 2016). The calcium carbonate formed can
either be immobilize or form undissolved substances, with the free ions
being attached onto the surfaces of calcium carbonate to yield a che-
mically stable and non-toxic form (Volodymyr and Viktor, 2017).

Pb%2" + CO32~ — PbCO; (O]

Bioremediation using this technique is promising for heavy metals
(cd?*, Ni%*, Pb%* etc.) contaminated soils, sediment and water and
has been successfully applied in recent studies (Kang et al., 2014; Zhu
et al., 2016; Achal et al., 2012). In this study, we determine for the very
first time the use of Pararhodobacter sp. for laboratory scale bior-
emediation of lead. Pararhodobacter sp. was selected for investigation
because it has shown high urease activity and can maintain the enzyme
activity for a long time (Fujita et al., 2017). This characteristic is useful
in bioremediation as the bacteria is resilient when injected in the
ground and its enzyme activity sustained for a longer period to ac-
complish biocementation and immobilization of the toxic ions. Previous
researchers conducted solidification using Pararhodobacter sp. for
ground improvement methods for marine (Danjo and Kawasaki, 2016)
and land usage purposes (unpublished). However, in this study, Para-
rhodobacter sp. was investigated for both mine waste immobilization
and to determine if it exhibits any Pb?* resistance and its applicability
for bioremediation. Further investigation on the bacteria would be
necessary before possible application of this bacteria in-field.

An improved understanding of this process and mechanism will
provide a scientific basis for the development of sound strategies for the
provision and sustainable use of ureolytic bacteria for bioremediation
of lead contaminated sites such as the Kabwe area in Zambia. The ra-
tionale for choosing this technique for mine waste bioremediation is to
prevent wind-blown dust from uncovered waste dump sites, as well as
to prevent erosion that leads to the transportation of sediments down-
stream. To achieve this, we determined the solidification and bior-
emediation conditions necessary for remediation using in vitro experi-
ments by bioaugmentation, then will scale these up for field application
via biostimulation (Fig. 1). Studies by Gomez et al., 2017 and Gat et al.,
2016 reported that biostimulation offers important economic and en-
vironmental benefits through the elimination of expensive nonnative
monoclonal bacterial cultivation as well as avoid changes to indigenous
microbial population which may be affected to an unknown extent.
Thus, the specific objectives of the present study (steps 1 and 2) were
to: investigate the effects of lead on urease activity and microbial
growth; determine the effectiveness of lead removal by Pararhodobacter
sp.; determine the effects of varying the injection interval of the
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bacteria on unconfined compressive strength (UCS) for fine and coarse-
grained sand; and evaluate the usefulness of Pararhodobacter sp. for lead
bioremediation. The results from this study will be used in future stu-
dies as outlined in Fig. 1.

2. Materials and methods
2.1. Bacteria, media, and Pb** stock solution preparation

Pararhodobacter sp., a ureolytic bacterium isolated from the soil
near beachrock in Okinawa, Japan, was used in this study (Danjo and
Kawasaki, 2013). Cells were cultured in ZoBell2216 medium, which
contained 5.0 g/L hipolypeptone (Nihon Seiyaku Co., Ltd., Tokyo,
Japan), 1.0 g/L yeast extract (BD Biosciences Advanced Bioprocessing,
Miami, FL, USA), and 0.1 g/L FePO4 (Junsei Chemical Co., Ltd., Tokyo,
Japan) prepared with artificial seawater with the final solution pH
adjusted to 7.6-7.8 using 1 M NaOH (Fujita et al., 2017). Stock solution
of lead was prepared using PbCl, (Wako Pure Chemical Industries Ltd.,
Tokyo, Japan), which was dissolved in distilled water, sterilized with a
0.22 um filter and preserved at 4 °C. Different working concentrations
of lead were then obtained by serial dilution.

2.2. Effect of lead on microbial growth and urease activity

The tolerance of Pararhodobacter sp. to lead was evaluated to elu-
cidate its usefulness in bioremediation. Different concentrations of
Pb2* (0OmM, 0.01 mM, and 0.5mM) were prepared in 100 mL
Erlenmeyer flasks containing Pararhodobacter sp. and ZoBell2216 cul-
ture medium and the time course of cell growth was determined based
on the optical density (OD) values at 600 nm by UV-vis spectro-
photometry (V-730, Jasco International Co., Ltd., Tokyo, Japan) for
14 days in the presence of Pb**.

The urease activity of bacterial cells was determined by monitoring
ammonium ions generated in urea hydrolysis using the indophenol blue
method based on Berthelot's reaction in a water bath maintained at
30 °C (Weatherburn, 1967; Natarajan, 1995). After bacterial cultivation
for 48 h, a bacterial suspension (1 mL) (ODgoo = 1.0) was added to
0.1 M phosphate buffer (100 mL) containing 0.1 M urea. To determine
the effects of lead on urease activity, different concentrations of lead
(0-0.5 mM) were added. Samples were then collected at intervals of
5min (0, 5, 10 and 15 min) and passed through a 0.22 um filter to
remove cells. Next, a 2 mL aliquot of the filtered sample was mixed with
phenol nitroprusside reagent (4 mL) (0.25M phenol in 100 mL of
deionized water containing 23 uM of sodium nitroprusside) and hypo-
chlorite reagent (4 mL) (0.05M sodium hydroxide in 100 mL of deio-
nized water containing 7.5 mL bleach (5% NaOCl)). Each reaction
mixture was vortexed and then incubated at 50 °C-60 °C for 10 min.
The amount of ammonium ion released because of urea hydrolysis was
determined by referring to a previously prepared standard curve re-
lating the absorbance at 630 nm to ammonium ion concentration

Fig. 1. Flowchart of the study. The steps described in
this study are highlighted in grey.
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(0-10 mg/L). Using this curve, one unit of urease activity (U) was de-
fined as the amount of enzyme that would hydrolyze 1 umol of urea per
minute. The release of 2 umol of ammonia is equivalent to the hydro-
lysis of 1 umol of urea.

2.3. Bioprecipitation of calcium carbonate and lead

To elucidate the coprecipitation mechanism of lead and calcium,
Pb2*  bioprecipitation experiments were carried out. Specifically,
Pararhodobacter sp. was precultured for 24h in 5mL ZoBell2216
medium, after which 1 mL of preculture was inoculated into 100 mL of
the main culture at 30 °C for 48 h with continuous aeration at 160 rpm.
The bacterial suspension (5mL) was then added to 2 mL calcium
chloride (0.5 M) and 2 mL urea (0.5 M), after which different lead final
concentrations were added (0 mM, 0.01 mM and 5 mM). The mixture
was subsequently incubated for 6 h at 30 °C with shaking (160 rpm) and
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Fig. 2. (a) Conceptual setup and (b) images of the
syringe solidification of coarse- and fine-grained
sand.

then further centrifuged (15,000 rpm for 5 min) to collect the pre-
cipitate. The concentration of lead in the supernatant was determined
by inductively coupled plasma atomic emission spectroscopy (ICP-AES;
ICPE-9000, Shimadzu Corporation, Tokyo, Japan), whereas the pre-
cipitate was analyzed by XRD/SEM as described in section 2.5. Pre-
cipitation experiments were conducted in triplicate.

2.4. Syringe solidification of coarse- and fine-grained sand

The most practical way of remediating a contaminated site is via in
situ treatment of a contaminated material facilitated by the injection of
microorganisms and nutrients. To understand the optimal injection
interval of bacteria, four different injection intervals were tested in
syringe solidification experiments. All syringe solidification experi-
ments were conducted in an incubator at 30 °C. A method described by
Danjo and Kawasaki was adopted for the syringe solidification
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Fig. 3. Effect of lead on Pararhodobacter sp. growth curve. Values are averages from two
independent experiments.

experiments (Danjo and Kawasaki, 2016). Briefly, 40 g of fine sand
(mean diameter, Ds; = 170 um) and/or coarse sand (mean diameter,
Dso = 1.2 mm) was oven dried at 105 °C for 48 h and then placed in a
35 mL syringe (mean diameter, Dso = 2.5 cm and height, h = 7 cm)
(Fig. 2). The laboratory experiment was designed to mimic the field
conditions in Kabwe mine as closely as possible based on grain size,
with the very fine and coarse sand representing the plant residue and
kiln slag, respectively. The mixed system was selected to mimic slag
used to cover leached plant residue to prevent water and wind erosion
on site. Bacterial culture (16 mL) (ODggo = 1.0 = 10° cfu/mL) and
20 mL of solidification solution (0.5 M urea; 0.5 M calcium chloride;
0.02 M sodium hydrogen carbonate; and 0.2 M ammonium chloride
and nutrient broth 3 g/L) were sequentially added to the syringe and
drained, leaving about 2 mL of solution above the surface of the sand to
maintain wet conditions as conceptualized in Fig. 2a. The outlet solu-
tion from the syringe was measured for pH and Ca®*. After 14 days of
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curing, the UCS was estimated using a needle penetration device (SH-
70, Maruto Testing Machine Company, Tokyo, Japan).

2.5. XRD and SEM analyses

X-ray diffraction (XRD; MiniFlex™, Rigaku Co., Ltd., Tokyo, Japan)
and a scanning electron microscope (SEM; Miniscope TM3000, Hitachi,
Tokyo, Japan) were used to qualitatively analyze the MICP precipitate.
The sample for XRD was dried at 105 °C and ground into powder using
a Multi-beads shocker (Yasui Kikai, Tokyo, Japan). X-ray diffraction
was conducted under Ni-filtered Cul.5406A radiation. Scans were re-
corded from 5 to 80° 26, at a rate of 20°/min. The crystalline phases
were identified using the International Centre for Diffraction Data
(ICDD) database and MATCH 3.4 (Klaus and Putz, 2017). SEM images
were taken under the microscope after mounting on a carbon tape.

3. Results and discussion
3.1. Effect of lead on microbial growth

Pararhodobacter sp. clearly exhibited increased growth following the
lag, logarithmic, stationary and retardation phases in lead free media
(Fig. 3). In the presence of lead, the logarithmic phase was slightly
retarded and an overall decrease in growth was observed. The effects of
lead on microbial growth were negligible, whereas no growth was ob-
served for concentrations greater than 1 mM (data not shown). These
results indicate that Pararhodobacter sp. can be used for bioremediation
of lead, even though it was not isolated from a lead contaminated site
(Kang et al., 2015). The measured pH of the solution decreased during
the logarithmic phase, then increased consistently. It is unclear why a
high pH was maintained during incubation; however, this could have
occurred because of the release of metabolites in the solution, such as
ammonia, by the live cells. The ammonia generation could have ori-
ginated from amino acids contained in the yeast extract. In many stu-
dies, increased pH was only recorded when urea was added to the
growth media. These findings are in tandem with those of previous
studies, although the effects of lead ions differ for different micro-
organisms because of different inhibitory concentrations among or-
ganisms (Govarthanan et al., 2013; Naik and Dubey, 2013).

3.2. Effect of lead on urease activity

Urease activity of bacterial cells was studied because it serves as a

Fig. 4. Effect of lead on urease activity based on the
ODgoo of Pararhodobacter sp. Values are averages
from two independent experiments.
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Fig. 5. SEM images (a, b) and XRD data (c, d) of precipitates formed by Pararhodobacter sp. in the absence (a, c) and presence of 5 mM Pb?* (b, d). (C = Calcite (CaCOs); V = Vaterite

(CaCO3); L = Lead Oxide (PbO)).

good bioindicator of enzyme activity in the MICP bioremediation
technique and is used to assess environmental health changes occurring
in the environment. As shown in Fig. 4, the urease activity was not
significantly affected by lead. This pattern, which was probably because
of the effects of lead on enzyme activity, reinforces the findings re-
ported by Fujita et al. (2017), who found that urease accumulated in/on
cells of Pararhodobacter sp. However, several authors have reported a
significant decrease in enzyme activity and microbial activity because
of heavy metals pollution of aquatic and soil ecosystems (Sadler and
Trudinger, 1967; Nwuche and Ugoji, 2008; Begum et al., 2009). The
present study revealed a negligible decreased in urease and microbial
activity. These results were probably because of other factors such as
synergy of heavy metals as reported by Nwuche and Ugoji (2008), who
observed inhibition of soil microbial activities in response to a combi-
nation of Cu and Zn.

3.3. Lead bioprecipitation

Pararhodobacter sp. was effective at complete removal of Pb>*.
Comparison of the removal percentage of lead during bioprecipitation
between this study and previous studies shows comparable figures to
other ureolytic bacteria isolated from various sites such as Rhodobacter
spharoides isolated from an oil field achieved 90.31% (Li et al., 2016);
Enterobacter cloacae isolated from an abandoned mine achieved 68.1%
(Kang et al., 2015); Sporosarcina pasteurii achieved 100% (Mugwar and
Harbottle, 2016); and Terrabacter tumescens achieved 100% (Li et al.,
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2015). The capability of Pararhodobacter to completely remove lead lies
in its ability to efficiently hydrolyze urea to generate carbonate ions and
elevate the pH to alkaline conditions (8.0-9.1), which promotes pre-
cipitation of lead and calcium carbonate.

Fig. 5 shows SEM images and XRD patterns of the control (a, ¢) and
bioremediated (b, d) precipitates. Fig. 6a shows the spherical particles
of calcium carbonate precipitated in the absence of lead and confirmed
by XRD analysis in Fig. 6¢. This finding has been observed from pre-
vious studies that reported different polymorphs of calcium carbonate
in the form of vaterite and calcite being formed when biomineralization
occurs via mediation by bacteria (Park et al., 2010; Gonzalez-Mufoz
et al., 2010). Vaterite does not occur in abundance in the natural en-
vironment but is an important precursor in calcite formation of a more
stable form of calcium carbonate (Nehrke and Van Cappellen, 2006).
Furthermore, Fig. 6b shows the SEM image of precipitate in the pre-
sence of lead. In the figure, framboidal aggregates were identified as
vaterite, whereas spherical and rhombohedral shaped precipitates were
identified as calcite. In the MICP process, calcium carbonate can adsorb
or incorporate free toxic ions Pb?* through substitution of the divalent
calcium ion in the CaCOs5 lattice (Fig. 6d). Detoxification of the lead to
insoluble form occurs when the toxic free ion is transformed into a
chemically stable and non-toxic form of lead as elucidated in another
study by Li et al. (2013).
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Table 1

Solidification conditions of the injection intervals.

Ecological Engineering 109 (2017) 57-64

Fig. 6. Pictorial images of the results of all syringe
tests after 14 days while varying the bacterial injec-
tion interval to (a) one (b) two (c¢) four and (d) seven
times. Left, fine sand; center, coarse sand; right,
mixture of course and fine sand.

Sand particle Bacterial injection Solidification solution Bacterial Temp. (°C) Timing Condition of solidification
size times injection ODgoo (Day)
Top Middle Bottom
Case 1 170 pm Once Daily 1.0 30 14 Moderately Not solidified Not solidified
solidified
Case 2 1.2mm Once Daily 1.00 30 14 Solidified Not solidified Not solidified
Case 3 170 uym/1.2mm Once Daily 1.00 30 14 Solidified Not solidified Not solidified
Case 1 170 pm Twice Daily 1.00 30 14 Moderately Not solidified Not solidified
solidified
Case 2 1.2mm Twice Daily 1.00 30 14 Not solidified Not solidified Not solidified
Case 3 170um/1.2mm Twice Daily 1.00 30 14 Weakly solidified Not solidified Not solidified
Case 4 170 pm Four times Daily 1.00 30 14 Solidified Solidified Solidified
Case 5 1.2mm Four times Daily 1.00 30 14 Solidified Not solidified Not solidified
Case 6 170 um/1.2mm Four times Daily 1.00 30 14 Moderately Solidified Solidified
Solidified
Case 4 170 pm Seven times Daily 1.00 30 14 Solidified Solidified Solidified
Case 5 1.2mm Seven times Daily 1.00 30 14 Solidified Solidified Solidified
Case 6 170 pm/1.2mm  Seven times Daily 1.00 30 14 Solidified Solidified Solidified

3.4. Syringe solidification experiment

Pictorial images of sand samples from all syringe solidification ex-
periments after 14 days are shown in Fig. 6. The UCS comparison of the
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results obtained after varying the injection interval (once, twice, four
and seven times) is summarized in Table 1 and graphically shown in
Fig. 7. The classification scheme adopted in this paper was based on
that developed by Shafii and Clough (1982), in which weakly cemented
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sand was defined as having a UCS of less than 0.3 MPa, moderately
cemented sand was defined as having a UCS between 0.4 Mpa and
1 MPa and solidified sand was that with greater than 1 MPa (Shafii and
Clough, 1982). Generally, UCS increased with increasing injection in-
terval as well as the top part of the sample was solidified more than the
bottom. This increase in UCS at the top can be attributed to calcite
crystals forming cohesive bonds between sand grains mediated by
Pararhodobacter, which accumulated at the top of the sample.
Increasing cohesive bonds result in cementation leading to de-
creased permeability, as was observed during the investigation.
Therefore, MICP can both immobilize the lead and induce high re-
sistance of the contaminated materials to erosion. This phenomenon
was also observed when conducting a steep slope experiment using
Sporosarcina pasteurii (Salifu et al., 2016). Overall, the data obtained
using the syringe test demonstrated that MICP is a viable option for use
in coarse- and fine-grained sand. In syringe experiments, the pH value
ranged from 8.0 to 9.5, which is similar to what has been observed in
other studies (Stocks-Fischer et al., 1999). The calcium ion concentra-
tion was lower in the first 7 days of the experiment, indicating de-
position of calcite in the column and a decrease in deposition in the
latter half. Clogging of the porous media was greater in coarse sand
than in finely graded sand. This clogging was because of the cell growth
and calcium carbonate formation that accompany the MICP process.

4. Conclusion

In this study, we demonstrated for the first time that lead (Pb) can
be bioremediated by Pararhodobacter sp. and that the microorganism
was capable of complete removal of 1036 mg/L Pb>* during 6 h of
incubation via elevation of the pH to alkaline conditions (8.0-9.1). SEM
and XRD further confirmed transformation of toxic free Pb*>* ions to a
more stable form of lead that bioprecipitated together with calcite or
vaterite, which were predominant. Furthermore, syringe experiments
revealed that UCS was greater when seven injection were performed as
opposed to less injection interval of bacteria. The unconfined com-
pressive strength increased with an increase in injection interval with
maximum unconfined compressive strength of 1.33 MPa for fine sand,
2.87 MPa for coarse sand and 2.80 MPa for mixed sand. For
Pararhodobacter to efficiently induce lead immobilisation the bacterial
interval required is four times with a calcium and urea concentration of
0.5M and bacterial concentration of 10° cfu/mL. These results will
facilitate the bioremediation of lead in both fine and coarse materials as
an eco-friendly and sustainable method of heavy metal remediation.
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Abstract

Biocementation of hazardous waste is used in reducing the mobility of contaminants, but studies on evaluating its efficacy have
not been well documented. Therefore, to evaluate the efficacy of this method, physicochemical factors affecting stabilized
hazardous products of in situ microbially induced calcium carbonate precipitation (MICP) were determined. The strength and
leach resistance were investigated using the bacterium Pararhodobacter sp. Pb-contaminated kiln slag (KS) and leach plant
residue (LPR) collected from Kabwe, Zambia, were investigated. Biocemented KS and KS/LPR had leachate Pb concentrations
below the detection limit of < 0.001 mg/L, resisted slaking, and had maximum unconfined compressive strengths of 8 MPa for
KS and 4 MPa for KS/LPR. Furthermore, biocemented KS and KS/LPR exhibited lower water absorption coefficient values,
which could potentially reduce the water transportation of Pb>*. The results of this study show that MICP can reduce Pb**
mobility in mine wastes. The improved physicochemical properties of the biocemented materials, therefore, indicates that this
technique is an effective tool in stabilizing hazardous mine wastes and, consequently, preventing water and soil contamination.

Keywords Abandoned mine - Solidification - Leaching - Strength - Efficacy

Introduction

Mining and smelting operations generate large quantities of
mine wastes that result in contamination of both soil and water
resources. The wastes pose a significant risk for biota since
they do not undergo biodegradation (Jaishankar et al. 2014).
Stabilization or solidification (S/S) is a method commonly
used for immobilizing hazardous wastes (Al-Kindi 2019).
Recent studies have accomplished S/S using Portland cement
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(Al-Kindi 2019), fly ash (Tsang et al. 2014), geopolymers (Li
et al. 2018), phosphates (Huang et al. 2016), and organic ma-
terials (Ashrafi et al. 2015). However, most of these methods
are costly and have sub-optimum performance (Jena and Dey
2016). One of the promising techniques for heavy metal re-
mediation is immobilization by microbially induced calcium
carbonate precipitation (MICP) using ureolytic bacteria
(Ivanov and Stabnikov 2016; Zhang et al. 2016a). Although
Achal et al. (2013), Nam et al. (2016), Zhu et al. (2016), Chen
et al. (2017), and Kim and Lee (2018) recommended the use
of in situ MICP to immobilize hazardous mine waste, they did
not evaluate the physicochemical stability of the method.
Understanding the physicochemical properties of stabilized
mine wastes is essential in evaluating the long-term potential
of the technique to prevent water and soil pollution, thus ex-
tending the existing knowledge. The effectiveness of stabi-
lized mine wastes is defined by strength and leach resistance
(Li et al. 2018; Al-Kindi 2019; Pan et al. 2019). Strength of
stabilized mine wastes depend on mechanical strength, slak-
ing, and water absorption, whereas the leaching concentration
of an element of concern depends on pH, its mineralogy, and
hydraulic conductivity (Fig. 1). In this study, MICP was in-
vestigated as a method for stabilizing Pb-contaminated kiln

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-019-04984-8&domain=pdf
mailto:nakashima@geo-er.eng.hokudai.ac.jp

15654

Environ Sci Pollut Res (2019) 26:15653-15664

Fig. 1 Flowchart showing the
research methodology adopted in
this study to evaluate both the
leachability and the strength of
immobilized mine waste

slag (KS) and leach plant residue (LPR) collected from
Kabwe, Zambia. Several researchers have reported Pb con-
tamination general in Kabwe (Blacksmith 2013) and particu-
larly in soils and both surface and groundwater (Kiibek et al.
2019) and in humans (Yabe et al. 2018) and livestock (Yabe
et al. 2011). Therefore, stabilization of hazardous materials in
Kabwe is critical in both mitigating and controlling pollution
in Kabwe. The technique can be extended to other regions
where the legacies of closed mines have raised background
levels of heavy metals in ecosystems. Biocementation can also
be used to mitigate and rehabilitate environments impacted by
anthropogenic activities during and after the closure of mining
companies.

The objective of this study was to characterize the physical
and chemical stability of stabilized mine wastes and, therefore,
evaluate the effectiveness of in situ MICP in mitigation and
controlling heavy metal pollution. The authors found no pre-
vious studies that evaluated the efficacy of in situ MICP for
stabilizing mine wastes. Such investigations would be valu-
able in facilitating the long-term design of bioremediation
systems using MICP.

Materials and methods
Mine waste samples

The mine wastes—KS and LPR—used in this study were col-
lected from the abandoned Kabwe Mine of Central Province,
Zambia. Figure 2 shows the location of the study area and
sampling points for KS (site 1) and LPR (site 2). The mine
waste was permitted under approval no. SEP/055/17. KS is
granular round ill-sorted pebbles with mean particle diameter
size of 1000 um, density of 2.88 g/cm3 with bioavailable Pb
concentration of 5.40 mg/L, whereas LPR is very fine to fine

@ Springer

sand with a mean particle diameter size of 9 um, density of
2.39 g/cm’, and bioavailable Pb concentration of 7.87 mg/L.

Culturing of bacteria

Pararhodobacter sp., the biosafety level 1 bacterium used in
this study, was cultured in ZoBell 2216 medium. The ZoBell
2216 contained 5.0 g/L hipolypeptone (Nihon Seiyaku Co.,
Ltd., Tokyo, Japan), 1.0 g/L yeast extract (BD Biosciences
Advanced Bioprocessing, Miami, FL, USA), and 0.1 g/L
FePO, (Junsei Chemical Co., Ltd., Tokyo, Japan) prepared
with artificial seawater using Aquamarin (Yashima Pure
Chemical Co., Ltd.), and the chemical composition is listed
in Table 1. The final solution was adjusted to a pH of 7.6-7.8
using 1 M NaOH (Wako Pure Chemical Industries, Ltd.,
Tokyo, Japan). Pararhodobacter sp. was precultured for
24 h in 5 mL of ZoBell 2216 medium. Then, 1 mL of
preculture was introduced into 100 mL of the main culture
at 30 °C for 48 h with continuous aeration at 160 rpm. This
culture was used for subsequent solidification experiments.
All supplies and media were sterilized in an autoclave (LSX-
500, Tomy Seiko Co., Ltd., Tokyo, Japan) at 121 °C for
20 min.

Biocementation of mine wastes by bacteria

To minimize interferences from antecedent microbes, the LPR
and KS samples were oven dried at 110 °C for 48 h. Each
dried sample was hand packed into a 35-mL sterile syringe
(mean diameter, D5y =2.5 cm, and height, #=7 cm). A vol-
ume of 16 mL of grown bacteria suspension (ODggg=4.0)
was initially added. Bacteria fixation was added on days 1,
3,5, and 7. After 2 h, a flush of 20 mL of cementation solution
(0.5 M urea, 0.5 M calcium chloride, 0.02 M sodium hydro-
gen carbonate, 0.2 M ammonium chloride, and 3 g/L nutrient
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Fig. 2 Location of the study area and sampling sites for KS (site 1) and LPR (site 2)

broth) was added sequentially to the syringe and drained at a
constant rate of 2 mL/min for a 14-day period at 30 °C. Two
sets of experiments were conducted with procedures formu-
lated to mimic possible conditions for in situ injection of treat-
ment solutions into contaminated ground. The two procedures
are illustrated in Fig. 3. In the first set of experiments, 2 mL of
cementation solution was left above the surface of the waste to
mimic saturated conditions, so this procedure was called the
immersed method (Fig. 3a). The second set of experiments
was conducted such that solution was added sequentially with
all solution drained, so this procedure was called the flow
through method (Fig. 3b). Additionally, KS/LPR was an
amendment formulated to mimic the mixing of 50% KS and
50% LPR by weight to represent the mix of materials in waste
piles at the mine site. In the control, distilled water was used
instead of bacterial suspension.

Physical testing procedures
Needle penetration test

Unconfined compressive strength (UCS) was measured using
a needle penetration device (SH-70, Maruto Testing Machine
Company, Tokyo, Japan) according to ISRM (International
Society for Rock Mechanics 2015). To determine the strength

Table 1 Chemical composition of artificial seawater (g/L)

NaCl MgC126H20 Nast4 CaClzszo KCl
2453 11.11 4.094 1.535 0.695
KBr SrCl, H;BO; NaF NaHCO;
0.101 0.043 0.027 0.003 0.201

of a sample, the needle penetration inclination (V,,) value of
each sample was measured using needle penetration device
and the UCS was estimated from N, value. The strength of
the sample (V, value) was calculated using Eq. 1

N, = F/D (1)

where F is the penetration load (N) and D is the depth of
penetration (mm). The unit of N, is Newton per millimeter.
From the chart of UCS-Np correlation, estimated UCS value
was determined.

Capillary water absorption tests

The water absorption tests were conducted in accordance with
ASTM C1585-13 (ASTM International 2013). The surface
subjected to water absorption was immersed in water (2 £
I mm depth) in a shallow tray and covered to prevent air
circulation and contact with atmospheric water vapor. The
water absorption coefficient (S, kg/(m2 h?)) was determined
by the slope of the curve of the water absorbed per unit area
(kg/mz) and the square root of the sinking time (sec”). The
tests were conducted on untreated and treated KS and KS/LPR
that was prepared by both immersed and flow through
methods.

Jar slake test

The jar slake tests were conducted according to ASTM
D4644-16 (ASTM International 2016). In brief, samples were
oven-dried at 105 °C, cooled, and placed into empty plastic
antistatic weighing dishes. Distilled water was poured into the
dishes to submerge each sample for 24 h, and the samples
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Fig. 3 Experimental setups for a
immersed and b flow through
methods for immobilization of
mine wastes

were observed and described after 30 min and after 24 h. The
samples were classified as 1-6 with corresponding descrip-
tions as follows: (1) degrades to a pile of flakes or mud, (2)
breaks rapidly and/or forms many chips, (3) breaks slowly
and/or forms few chips, (4) breaks rapidly and/or develops
several fractures, (5) breaks slowly and/or develops few frac-
tures, and (6) no change. The tests were conducted on untreat-
ed and treated KS and KS/LPR that were prepared by both
immersed and flow through methods.

Hydraulic conductivity

A hydraulic conductivity was conducted by the falling head
method using a DIK 4000 system (Daiki Rika Kogyo Co.,
Ltd., Saitama, Japan) according to ASTM D5084-03
(ASTM International 2003). The molds for DIK 4000 were
used for solidification of samples which has outside

Fig. 4 a DIK 4000 system for
measuring hydraulic conductivity
where 1 = scale tube; 2 = weight
for supporting scale tube; 3 =
silicon rubber ring; 4 = O ring; 5 =
cylindrical sample holder; 6 =
casing for sample holder; 7 =
water tank. b DIK 4000 system
used in this study with a
stopwatch

@ Springer

dimension of width 530 mm x diameter 260 mm x height of
380 mm (Fig. 4). To calculate the hydraulic conductivity, Eq.
2 was used.

K= 2.3a.L

10/
w, Log T (2)
where K (m/s) is the hydraulic conductivity, a =0.503 cm?
cross-sectional area of the scale tube, L = 5.1 cm which is thick-
ness of the sample, A =19.6 cm? which is the sectional area of
sample, 7, =17 cm, h, =7 cm, and ¢ is the time (s) taken for
water level to drop from top to bottom of the scale tube.

The methodology described in “Biocementation of mine
wastes by bacteria” was used for biocementation, but the bac-
teria and cementation solutions were scaled up according to
the mass of the mine waste in the mold. The samples were
saturated and then placed in a desiccator for 48 h before hy-
draulic conductivity was determined.
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Chemical and mineralogical characterization methods
XRD analysis

X-ray diffraction (XRD) analysis (MiniFlex™, Rigaku Co.,
Ltd., Tokyo, Japan) was conducted using Ni-filtered Cu
1.5406 A radiation to determine the mineral phases of both
the untreated and treated KS and KS/LPR. Scans were record-
ed from 5 to 80° 26 at a rate of 20°/min.

SEM and SEM-EDS

The microstructure of fractions of the samples was examined
by scanning electron microscopy (SEM) (Miniscope
TM3000, Hitachi, Tokyo, Japan) and by energy-dispersive
X-ray spectroscopy (EDS) (JSM-IT200, Joel Ltd., Tokyo,
Japan). Micrographs and element compositions were acquired
under the microscope using samples mounted on carbon tape.

Leaching test of biocemented KS and KS/LPR

USA EPA Method 1315 for mass transfer rates of constituents
in monolithic materials using a semi-dynamic tank leaching
procedure was used to determine the cumulative release of Pb
from the biocemented KS and KS/LPR, as shown in Fig. 5
(U.S. EPA 2017). To determine the rate of release,
biocemented KS and KS/LPR samples treated by the flow
through method and were immersed in deionized water with
the liquid—surface area ratio (L/A) maintained at 9+ 1 mL/
cm?. Leaching was allowed to continue for 231 days with
leachate collected in a sealed high-density polyethylene
(HDPE) bucket at defined intervals. Leachate was collected
after 8 h, 1 day, 2 days, every 7 days from day 7 to day 49,
after 63 days, and every 14 days from day 63 to day 231. Pb**
concentration, pH, and electrical conductivity were measured

Fig. 5 USA EPA Method 1315
setup of the 3D leaching

configuration of a biocemented
KS and b biocemented KS/LPR

for the collected leachate at the end of each interval. The
leachate was filtered through a 0.45-um nylon filter into a
polypropylene centrifuge tube, acidified, and stored in a re-
frigerator at 4 °C for analysis by ICP-AES.

Statistical analysis

The data was analyzed by comparing means by independent
two-sample ¢ test using R Statistical Package Version 3.5.2
(Team R. Core 2018).

Results and discussion
Physical characterization of the biocemented waste
Needle penetration test

Figure 6 shows untreated and biocemented KS and KS/LPR
prepared by the immersed and flow through methods, whereas
Table 2 shows the corresponding estimated UCS results. KS,
prepared by the immersed method, had a maximum estimated
UCS of 8.0 MPa, compared to 5.0 MPa when prepared by the
flow through method. KS/LPR, prepared by the immersed
method, had a maximum UCS of 4.0 MPa, compared to only
2.8 MPa when prepared by the flow through method.
Statistical analysis revealed that there was non-significant dif-
ference found between the control and KS treated by im-
mersed method (p =0.10). This result could be due to accu-
mulation of reactants and bacteria at the injection point; hence,
only top of the specimen was solidified, whereas comparison
between the means of the control and flow through method
yielded a significant difference (p = 0.02). This further agrees
with the results of a previous study that found that the flow
through method models environmental conditions and is more
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Fig. 6 Comparative view of untreated and treated KS and KS/LPR prepared by the immersed and flow through methods

conducive for effective formation of calcium carbonate
(CaCO;) crystals at various degrees of saturation (Cheng
et al. 2013). For KS/LPR, statistical analysis revealed that
there was no significant difference between the control and
both immersed (p =0.933) and flow through (p = 0.06) treat-
ment methods. The fine nature of the LPR retards the flow of
bacteria down. Therefore, flow through was the most optimal
of the two methods. The top of the column closest to the
injection point is probably exposed to significantly more re-
actants than the bottom as described by a previous studies that
observed clogging due to accumulation of bacteria and reac-
tants near the injection point (Cheng and Cord-Ruwisch 2014;
Eryiirtik et al. 2015; Dhami et al. 2016). Additionally, it was
observed the stabilized products of in situ MICP were not
blown by wind. A handheld blower was used to blow on
unstabilized and stabilized mine waste at different angles.
No dust was observed for biocemented KS and KS/LPR pre-
pared by either the immersed or the flow through methods,
while the unstabilized waste was completely dispersed.
Similar results were reported in a previous study by
Doostmohammadi et al. (2017). The increased particle size
resulting from MICP makes the aggregated material less sus-
ceptible to being blown by wind, eliminating a current

exposure pathway to humans and animals in and around the
mine site.

Capillary water absorption

Table 3 shows the water absorption results of untreated KS
and KS/LPR, as well as biocemented KS and KS/LPR pre-
pared by the immersed and flow through methods. The water
absorption coefficient of unstabilized KS was
3.56 kg m ? h™ %> and that of KS/LPR was
6.56 kg m 2 h™*>. The water absorption coefficient for
biocemented KS was 1.31 kg m > h™® for the immersed
method and 1.96 kg m 2 h % for the flow through method,
whereas the water absorption coefficient for KS/LPR was
2.42 kg m > h™ % for the immersed method and
5.92 kg m 2 h™* for the flow through method. It was ob-
served that all the treatment methods were statistically signif-
icant (p <0.05). The results in this study are similar to those
observed in previous studies for materials such as mca20/80
and handmade bricks (Karagiannis et al. 2016) and concrete
(Demirci and Sahin 2014). The low water absorption ability of
the biocemented mine waste can be attributed to the in situ
precipitation of CaCOj in the pore spaces of the material. This

Table 2 Estimated unconfined
compressive strength (UCS) of
untreated and biocemented KS

Type of treatment

Estimated UCS of KS (MPa)  Estimated UCS of KS/LPR (MPa)

and KS/LPR by the immersed and Top Middle  Bottom  Top Middle Bottom
flow through method
Untreated 0 0 0 0 0
Biocementation by immersed method 8 1.8 1.7 4
Biocementation by flow through method 5 4.6 2.5 2.8 2.1 0.5
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Table 3 Water absorption results of untreated and biocemented KS and KS/LPR prepared by immersed and flow through methods
Type of material Untreated Immersed condition Flow through method Water absorption of Source of results

after biocementation after biocementation conventional materials

(kg m2 h°%) (kg m2 h°%) (ke m2 h 0%
KS 3.56 1.31 1.96 - This study
KS/LPR 6.56 242 5.92 - This study
mca20/80 brick - - - 32 Karagiannis et al. 2016
Handmade brick - - - 4.5 Karagiannis et al. 2016
Concrete - - - 1.00 Demirci and Sahin, 2014

deposition increased the compressive strength and decreased
capillary absorption rate. Possible sources of capillary water
include rainfall, runoff from slopes of the mine waste, and
capillary rise of groundwater. These results suggest that
MICP can bind loose waste material to reduce water absorp-
tion, thereby reducing infiltration and increasing runoff, which
could prevent water transport of Pb-laden mine wastes into the
surrounding water bodies. The findings are in agreement with
results reported by Achal et al. (2013) when they stabilized
chromium-contaminated slag from China.

Slaking behavior

Slaking tests were conducted to determine the stability of the
immobilized mine wastes and to qualitatively predict resis-
tance to erosion. Figure 7 shows the slaking behavior of un-
treated and treated KS and KS/LPR at 0 min, 30 min, and 24 h.
Untreated KS and KS/LPR easily degraded into a pile of mud
after the addition of water and were given a classification of 1.

These results indicate that untreated KS and KS/LPR cannot
resist disruptive forces such as rain or wind and, therefore, will
continue to leach Pb** freely and disperse easily to the sur-
rounding flora and fauna. However, the biocemented KS and
KS/LPR, prepared by both immersed and flow through
methods, resisted slaking. They were given a classification
of 6 since no reaction occurred after immersion in water for
24 h. This observation was further confirmed after five cycles
of wetting and drying of the same sample. These results sug-
gest that the biocemented KS and KS/LPR is stable and resist
the disruptive forces of wind and rain.

Hydraulic conductivity

It was observed that the unstabilized KS had the hydraulic
conductivity of 1.2 x 10> m/s while that of unstabilized
K/LPR was 8.8 x 10~ m/s. Results further revealed that treat-
ment by immersed method resulted in a KS stabilized material
with a hydraulic conductivity value of 3.9 x 10~ m/s and also

Fig.7 Slaking test images of untreated KS and KS/LPR and biocemented KS and KS/LPR for dry specimen, 30 min after immersion in water, and 24 h

after immersion. Left: KS/LPR. Right: KS
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stabilized KS/LPR material with a hydraulic conductivity val-
ue of 5.8 x 107> m/s, whereas the flow through method
showed that KS and KS/LPR had hydraulic conductivity
values of 3.2x 10 m/s and 2.1 x 107® m/s, a reduction of
one and two orders of magnitude respectively. KS had a lower
hydraulic conductivity compared to KS/LPR probably due to
pore size distribution (Ren and Santamarina 2017). For stabi-
lized hazardous materials, reduced hydraulic conductivity is
desired because it reduces the ability of water to contact con-
taminants and, therefore, reduces contaminant leaching rates.

Chemical testing procedures
XRD

Results obtained from XRD analysis of the untreated waste
revealed that the mineral composition of the stabilized mine
waste material KS included quartz, hematite, goethite, mag-
netite, cerussite, and anglesite (Fig. 8). Similar findings were
reported by Gutiérrez et al. (2016) and Liu et al. (2018) who
noted that the minerals observed in this current study are typ-
ical of waste from sites that have the footprints of mining
activities. The quartz, hematite, goethite and magnetite min-
eral components were due to the ore host rock which is char-
acteristic of the geology in Kabwe. The Pb-based minerals
identified - cerussite, and anglesite - are associated with
sulfide-bearing mine wastes, which are the main source of

Fig. 8 X-ray diffraction (XRD)
patterns of untreated and
biocemented KS and KS/LPR

@ Springer

contamination in and around the Kabwe mine site. The
XRD patterns of the biocemented waste were similar to those
of the original waste, with calcite as the most abundant min-
eral components. The precipitated CaCOj in the voids of the
wastes, acted as a binder to the wastes and rendering them less
soluble and less likely to cause toxicity to humans, animals
and the environment in Kabwe and similar sites.

SEM and EDS

The results of SEM analysis of untreated and biocemented KS
are shown in Fig. 9. Figure 9a, b shows that the untreated KS
is rough and separated, with no particle bonding. However,
the biocemented KS (Fig. 9¢, d) had spherical CaCO3 depos-
ited on the surface and between the sand grains. The deposit-
ed, spherical CaCOs caused bridging, which further rough-
ened the surface and decreased the pore space size by filling
the voids between particles and causing particle binding. The
decrease in pore space size has been reported in a number of
previous studies (Ng et al. 2012; Rowshanbakht et al. 2016;
Mujah et al. 2017).

The EDS analysis revealed that untreated KS consisted
mainly of C, O, S, Mg, Ca, Fe, Si, Zn, and Pb, whereas
the biocemented KS and KS/LPR prepared by flow
through and immersed methods consisted of C, O, S,
Mg, Ca, Fe, Zn, Pb, Si, P, Na, Cl, and Al. This composi-
tion is due to the heterogeneous nature of the orebody and
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Fig. 9 Scanning electron
microscope (SEM) images of a
untreated KS at x 100
magnification, b untreated KS at
% 300 magnification, ¢
biocemented KS prepared by
immersed method at x 100
magnification, and d biocemented
KS prepared by immersed
method at x 300 magnification

subsequent MICP process. The element composition is  and KS/LPR prepared by both flow through and im-
consistent with the minerals identified by XRD—quartz, = mersed methods. The presence of Ca and Pb in treated
hematite, goethite, magnetite, cerussite, and anglesite. wastes is evident, which indicates that Pb, after treatment,
Figure 10 shows typical, representative EDS elemental ~ was immobilized, resulting in the prevention of Pb migra-
mapping of Pb and Ca in untreated and biocemented KS  tion out of the solid phase.

Fig. 10 Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) images of untreated and biocemented KS and KS/LPR
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Fig. 11 Results of leaching test
for biocemented KS and KS/LPR
prepared by flow through method.
a pH. b Hydraulic conductivity

Leaching test results

The results of the leaching stability test results are shown in
Fig. 11. After continuous leaching for 231 days, the concen-
trations of leached Pb>* were below 0.001 mg/L for
biocemented KS and KS/LPR prepared by the flow through
method. This means that leachability, which is the material’s
ability to release a contaminant from a solid phase into a
contacting liquid, was prevented. Therefore, results of the cur-
rent study indicate that Pb from the biocemented monolith
was negligible. Furthermore, it means that the stabilized mine
waste was not influenced by contact with an eluent, binders,
and by the solubility of the contaminant (Bates and Hills
2015). These results indicate that Pb release from the
biocemented monolith was negligible. Compared with stabi-
lized materials which had a leachability of below 0.001 mg/L,

Fig. 12 Conceptual model for
immobilization of Pb-
contaminated mine wastes at
Kabwe Mine site using MICP by
Pararhodobacter sp.

@ Springer

the leachable concentrations of KS of 5.40 mg/L and that of
KS/LPR of 7.87 mg/L Pb>* were observed. This further re-
veals that biocementation can be used to prevent pollution of
ecosystems, whereby pollutants like heavy metals cannot be
leached into ecosystems to raise background levels of these
pollutants. The leachability test results confirm that the Pb**
was effectively immobilized preventing toxic, water-soluble
Pb from leaching out of the wastes. The water-soluble fraction
of Pb is considered the most toxic fraction due to its potential
to contaminate the food chain, surface water, and groundwater
(Akbar et al. 2016; Tang et al. 2016; Yutong et al. 2016). The
pH values of the leachate from the biocemented KS and KS/
LPR are shown in Fig. 11a. The biocemented KS and KS/LPR
changed the initial pH of deionized water from pH 6.5 to a
maximum pH of 9.5. The increased pH of the leachate, com-
pared to the initial deionized water, could be due to the
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buffering capacity of the CaCOjs in the biocemented material
(Zhang et al. 2016b). The pH of the leachate was weakly
alkaline and was within the bounds of the Zambia
Environmental Management Agency (ZEMA) guidelines of
6.0 and 9.5 for effluent and wastewater discharge into the
environment, indicated by the purple and blue lines in
Fig. 11a (ZEMA 2013). The electrical conductivity of the
leachate from the KS and KS/LPR is shown in Fig. 11b, rang-
ing from 130 to 550 uS/cm. Schedule III 7(2) of the ZEMA
(2013) guidelines for wastewater discharge into the environ-
ment is electrical conductivity of less than 4300 pS/cm.

Strategy for immobilization of mine waste in Kabwe

Strength and leach resistance were used to assess the effec-
tiveness of MICP in making stabilized products critical in
controlling pollution (Pan et al. 2019). It was observed that
biocemented KS had increased strength, with maximum UCS
of 8 MPa and KS/LPR had 4 MPa (Table 2). The increased
strength is attributed to the hydrolysis of urea and the precip-
itation of CaCOj3, which significantly reduced hydraulic con-
ductivity. Results revealed that leachability of Pb** was below
0.001 mg/L for both the biocemented KS and KS/LPR. The
result was obtained after leaching for 231 days. Furthermore,
reduced slaking (Fig. 7) and reduced water absorption capac-
ity (Table 3) of the biocemented samples were noted. This
minimizes the mobility of pollutants into lower horizons and
consequently and prevents the pollution of aquifers. It was
noted that biocemented wastes were not dispersed by a hand-
held fan. This means that airborne transportation of Pb-
contaminated dust particles can be eliminated. Consequently,
MICP has potential to reduce the risk of exposure to contam-
inated particulate matter to living organisms, humans inclu-
sive. The findings of the current study is in agreement with the
results of Wang et al. (2018) who reported that MICP can
alleviate cracking and wind erosion and can control the diffu-
sion of dust from desert sand. The overall conceptual model
for biocementing the Kabwe mine wastes in situ, based on the
results of this study, is shown in Fig. 12.

Conclusion

This research promotes the utilization of biocementation as an
alternative technique for effectively biocementing mine
wastes. The maximum strength value of biocemented KS
was observed to be 8 MPa while that of KS/LPR was
4 MPa. The slaking test results revealed that biocemented
KS and KS/LPR did not disintegrate and, therefore, are stable
and resist erosion by wind and rain. The water absorption
coefficient was reduced compared to the unstabilized sample
in the treated wastes, which would also improve resistance to
water and wind erosion. Finally, leachable Pb”* was below the

detection limit after 231 days of continuous leaching. This
technique is potentially eco-friendly, easy to manage, and
cost-effective because it uses onsite materials. Very few low-
cost, in situ heavy metal treatment processes for bioremedia-
tion of Pb are available worldwide. Solidification of waste by
MICP has the potential for application as a low-cost and eco-
friendly method for heavy metal remediation not only at the
Kabwe mine but also at other heavy metal-contaminated sites.
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Metal pollution has been associated with anthropogenic activities, such as effluents and emissions from
mines. Soil could be exposure route of wild rats to metals, especially in mining areas. The aim of this
study was to verify whether soil exposure under environmentally relevant circumstances results in metal
accumulation and epigenetic modifications. Wistar rats were divided to three groups: 1) control without
soil exposure, 2) low-metal exposure group exposed to soil containing low metal levels (Pb: 75 mg/kg;
Cd: 0.4), and 3) high-metal exposure group exposed to soil (Pb: 3750; Cd: 6). After 1 year of exposure, the
metal levels, Pb isotopic values, and molecular indicators were measured. Rats in the high-group showed
significantly greater concentrations of Pb and Cd in tissues. Higher accumulation factors (tissue/soil) of
Cd than Pb were observed in the liver, kidney, brain, and lung, while the factor of Pb was higher in the
tibia. The obtained results of metal accumulation ratios (lung/liver) and stable Pb isotope ratios in the
tissues indicated that the respiratory exposure would account for an important share of metal absorption
into the body. Genome-wide methylation status and DNA methyltransferase (Dnmt 3a/3b) mRNA ex-
pressions in testis were higher in the high-group, suggesting that exposure to soil caused metal accu-
mulation and epigenetic alterations in rats.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Lo et al., 2012). Children in polluted areas are vulnerable to metal
exposure because of their inclination to ingest Pb through pica

Lead (Pb) and cadmium (Cd) are toxic metals that co-exist
ubiquitously in the environment. Mining and smelting activities
are among the major sources of these metals, and metal pollution is
a matter of worldwide concern. Recently, more than 400 children
died of Pb poisoning in Zamfara state, Nigeria, where long-term
neurological impairment, including blindness and deafness, were
also documented (Blacksmith Institute, 2014; Dooyema et al., 2012;
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behavior and to assimilate relatively larger amounts of inhaled and
ingested Pb than adults (Calabrese et al., 1997; Manton et al., 2000).
With regard to Cd, one of the most severe forms of chronic toxicity
is itai itai disease (a Japanese term meaning “ouch-ouch”), which is
characterized by nephrotoxicity, osteoporosis, and cardiovascular
disease (Jarup and Akesson, 2009; Uno et al., 2005).

To evaluate the toxic effects of Cd and Pb exposure and their
mechanisms, many laboratory studies have been performed using
in vitro, in vivo, as well as in silico techniques in rodent animal
models, such as mice and rats. In addition, in field studies, wild rats
(e.g., Rattus norvegicus, Rattus rattus) have frequently been used as
sentinel animals to monitor metal pollution around mining areas
(Nakayama et al,, 2011; Nakayama et al, 2013). These studies
showed that fairly high concentrations of metals were accumulated
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in the tissues of wild rats collected from mining sites compared to
those from control sites, resulting in biological reactions such as
metallothionein (MT) upregulation. The authors suggested that soil
may be major route of exposure to toxic metals in wild rats, espe-
cially in mining areas where soil possesses abundant mineral de-
posits. However, to our knowledge, there have been no reports of
laboratory experiments to verify whether soil exposure under
environmentally relevant conditions (i.e., not as oral/gavage
administration) could result in metal accumulations in rats. As it is
difficult to control the experimental conditions in field studies,
laboratory soil exposure experiments should be performed to
examine this issue. Many studies have been conducted using
earthworms as a model animal to characterize metal accumulation
patterns and accumulation factors between soil and terrestrial
animals (Qiu et al., 2014), but there have been no such laboratory
studies in mammals. To provide new knowledge on soil exposure in
terrestrial mammals, we used the laboratory rat (R. norvegicus)
because of the wealth of toxicological knowledge as well as geno-
mics and epigenetics methodological strategies for this species.

We performed prolonged (1-year) exposure of Wistar rats to soil
containing Cd and Pb collected in the Kabwe mining area, Zambia
(Nakayama et al., 2011), to estimate accumulation factors in tissues
of rats. Soil samples from Kabwe were used in this study because
high concentrations of Cd and Pb were reported previously in soil,
rat, chicken, goat, cattle, and children in this area (Nakata et al.,
2016; Nakayama et al., 2011; Yabe et al., 2011; Yabe et al., 2015;
Yabe et al., 2018). As inhalation of soil and metal accumulation were
expected, we collected lung tissue from rats in addition to tissues
known to accumulate Cd and Pb, such as the liver and kidney.
Neurological effects, including decreased intelligence quotient (IQ),
are serious problems associated with Pb exposure in humans,
especially children (Manton et al., 2000). Therefore, brain tissues
were also collected. The tibiae were collected as Pb accumulation
targets because of the very long half-life of this metal in bone
(Gerhardsson et al., 1993).

Pb isotope ratios of the 2%8Pb/2%°Pb and 2’Pb/?%°Pb were also
measured to clarify the change of those values by accumulation
level and the differences among the tissues. A large number of
studies has utilized the method of Pb isotopic analysis since an
identification of Pb pollution source is highly required to prevent
and mitigate the further Pb exposure from the environment. Pb
isotopic compositions which consist of four main stable isotopes:
208pp, 207pp, 206pp, and 2%4Pb are not affected to a measurable
extent by physico-chemical fractionation processes (Bollhofer and
Rosman, 2001; Veysseyre et al., 2001). It is thus well known that
isotopic ratios of the 2°®Pb/?°Pb and 2°7Pb/?°®Pb can be used as
natural tracers and open up another possibility for tracking the Pb
source and pathway. Nevertheless, some previous studies revealed
large differences in the isotopic composition of Pb among biological
samples within rats (Rattus norvegicus), goats and humans (Liu
et al, 2014; Nakata et al.,, 2016; Smith et al., 1996; Wu et al,,
2012). It was also suggested the possible biological fractionation
system of Pb isotopes and its threshold in the body (Nakata et al.,
2016). Given these, we verified the change of Pb isotopic compo-
sitions in rat tissues in case of exposure from soil via inhalation.

Biological reactions, such as MT elevation as well as epigenetic
alterations regarding global DNA methylation, were examined to
provide new insight into epigenetic events associated with chronic
metal exposure. This study is significant due to the environmentally
relevant soil exposure conditions used to evaluate metal accumu-
lation and biological alterations in rats. In addition, global DNA
methylation analysis was performed because DNA 5-
methylcytosine (5-mC) modification is increasingly recognized as
a key process in the pathogenesis of complex disorders, including

cancer, diabetes, and cardiovascular disease (Feinberg, 2010;
Ordovas and Smith, 2010). This is another significant point of the
present study because a recent review (Ray et al., 2014) noted that
there have been few studies to assess associations between DNA
methylation and Cd or Pb exposure. Alterations of the DNA meth-
yltransferase (Dnmt) family were also examined because these
molecules mediate cytosine methylation through the transfer of a
single methyl group from S-adenosine methionine (SAM) to cyto-
sine (Feinberg, 2010; Ordovas and Smith, 2010).

2. Materials and Methods
2.1. Soil sampling

We collected soil samples in Kabwe, Zambia (May 2009),
because soil in this area is highly polluted with Pb (9—51188 mg/kg)
and Cd (0.01-139 mg/kg) (Nakayama et al.,, 2011). Soil samples
were passed through a 2 mm sieve and transported to the Labo-
ratory of Toxicology, Graduate School of Veterinary Medicine,
Hokkaido University, Japan, for laboratory exposure experiments as
described in the following section. Details on soil sampling method
are mentioned in supporting information of Materials and Methods
section.

2.2. Animals and experimental design

All animal experiments were performed under the supervision
and with the approval of the Institutional Animal Care and Use
Committee of Hokkaido University (approval number 09—0220).

Thirty male Wistar rats (R. norvegicus, 7 weeks old) were pur-
chased from Sankyo Labo Service Corporation, Inc. (Tokyo, Japan).
The rats (8 weeks of age) were divided into three groups (n = 10 for
each group): 1) control without soil exposure, 2) low-metal expo-
sure group exposed to soil containing low metal levels (Pb: 75 mg/
kg; Cd: 0.4 mg/kg), and 3) high-metal exposure group exposed to
soil containing high metal levels (Pb: 3750 mg/kg; Cd: 6 mg/kg)
(Supplementary Table S1). Concentrations of Cd and Pb in the test
soil samples were determined prior to exposure experiments by
atomic absorption spectrometry (AAS) (Z-2010; Hitachi High-
Technologies Corporation, Tokyo, Japan) according to the method
described previously (Nakayama et al., 2011). Soil samples were
spread at the bottom of the cage and rats were exposed to the soil
for 1 year (Supplementary Fig. S1). The rats were housed in cages
containing either soil for the exposure groups or a bedding of paper
chips (Paper Clean; Japan SLC, Hamamatsu, Japan) for the control
group (Supplementary Fig. S1). Body weight of the individual rats
was measured once every 2 weeks, and no differences were
observed among the groups (Tukey's test) during the 1-year
exposure period (Supplementary Fig. S2). Details on animal
experiment design are also shown in supporting information of
Materials and Methods section.

To evaluate the effects of metal exposure, behavioral activity of
rats was monitored using a Scanet MV-10 (Matys Co., Tokyo, Japan)
before starting exposure (day 0) and after 2, 6, and 12 months of
exposure. Rats were placed in a box measuring 480 mm x 480 mm
that had infrared ray detectors set 12.5 cm above the floor. Larger
(MOVE 1) and smaller (MOVE 2) horizontal movements and vertical
movement (rearing) were recorded every 2min for 20 min
(Supplementary Fig. S3). This instrument allowed monitoring of the
rat behavior by one examiner without special training. Behavioral
experiments were performed at night (20:30—23:00) as rats are
nocturnal animals.

After 1 year of soil exposure, rats were euthanized by CO;
inhalation, and heparinized total blood, liver, kidney, lung, brain,
testis, and tibia were collected. Tissue samples other than the tibia
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were immediately frozen in liquid nitrogen. Plasma was collected
after centrifugation (2000xg, 15 min at room temperature) of total
blood with heparin for blood biochemistry analysis. The collected
samples were stored at —80 °C until analyses.

2.3. Blood biochemistry

A conventional blood chemical analyzer (COBAS Ready; Roche
Diagnostic Systems, Basel, Switzerland and Spotchem panels I and
II; Arkray, Kyoto, Japan) was used to analyze the levels of alanine
aminotransferase (ALT), aspartate aminotransferase (AST), gamma
glutamyltranspeptidase (GGT), lactase dehydrogenase (LDH), alka-
line phosphatase (ALP), total bilirubin (T-Bil), total protein (TP),
blood urea nitrogen (BUN), albumin (Alb), urea acid (UA), and
creatinine (Cre).

2.4. Cd and Pb extraction and concentration analysis

Extraction of metals in tissues were performed as described
previously (Yabe et al., 2015) with slight modifications. Details on
sample digestion and metal extraction procedures are also
described in supporting information of Materials and Methods
section.

The concentrations of Cd and Pb were determined using an
inductively coupled plasma — mass spectrometer (ICP-MS 7700
series; Agilent Technologies, Tokyo, Japan). Analytical quality con-
trol was performed using the DORM-3 (fish protein, National
Research Council of Canada, Ottawa, Canada) and DOLT-4 (dogfish
liver, National Research Council of Canada) certified reference
materials. Replicate analysis of these reference materials showed
good recoveries (95%—105%). The instrument detection limit was
0.001 pg/L. The accumulation factor for the high-metal exposure
group was calculated using the equation: [metal concentration in
rat tissue/metal concentration in soil].

2.5. Sample purification and Pb stable isotope analysis

Sample dissolution procedure was similar to the method
described by Kuritani and Nakamura (2002). The extracted solu-
tions of liver, kidney, lung, brain, and blood, except for one kidney
each of control and low-metal exposure groups whose solution
volumes were not enough, were transferred into Teflon tubes after
the analyses of Cd and Pb levels. The Pb isotopic data of one kidney
sample of each control and low-metal exposure group were not
analyzed due to insufficient volume of the solution. Details on
sample dissolution and purification procedures are also shown in
supporting information of Materials and Methods section.

Pb isotopic ratios of the 2%8Pb/2°°Pb and 2°7Pb/?°°Pb were
determined on a multiple collector (MC)-ICP-MS (Neptune Plus,
Thermo Finnigan, California, USA) in static mode with the Faraday
cup configuration. Other general parameters were described in
Supplementary Table S2. Details on corrections of fractionation are
indicated in supporting information of Materials and Methods
section.

2.6. Quantitative reverse transcription polymerase chain reaction
(qRT-PCR)

Total RNA was extracted using Nucleospin RNA II kit (Takara Bio,
Otsu, Japan) from approximately 100 mg of the liver and kidney
according to the manufacturer's instructions. Total RNA concen-
tration was measured using NanoDrop ND-1000 (Thermo-Scienti-
fic, Newark, DE). A260/280 and A260/230 were generally >2. Total
RNA (1 pg) was reverse transcribed using ReverTra Ace (Toyobo,
Tokyo, Japan) in a final volume of 40uL, according to the

manufacturer's instructions. Gene-specific qRT-PCR primers for
MT-1, MT-2, Dnmt 1, Dnmt 3a, Dnmt 3b, and peptidylprolyl isom-
erase (cyclophilin) genes (Supplementary Table S3) were synthe-
sized by Sigma-Aldrich (Tokyo, Japan). qRT-PCR was performed
using the StepOnePlus Real-Time PCR system (Applied Biosystems,
Foster City, CA). The PCR mixtures consisted of Fast SYBR Green
Master Mix (Applied Biosystems), forward and reverse primers
(200 nM each), and cDNA derived from 10 ng of total RNA in a total
volume of 10 pL. Details on PCR profile, primer specificity confir-
mation, internal control and comparative quantification method
are presented in supporting information of Materials and Methods
section. Eight rats selected at random from each group were used
for the qRT-PCR assay, whereas 10 rats from each group were used
for all of the other experiments.

2.7. Genomic DNA extraction and LUminometric methylation
(LUMA) assay

Genomic DNA was extracted from the liver, kidney, and testis
samples using a GenElute Mammalian Genomic DNA Miniprep kit
(Sigma-Aldrich) according to the manufacturer's instructions. DNA
concentration was measured spectrophotometrically (NanoDrop
ND-1000; Thermo-Scientific). LUminometric Methylation Assay
(LUMA) assays were performed according to the method of Pilsner
et al. (2009b). Briefly, methylation-sensitive and methylation-
insensitive enzymatic digestion of 300 ng genomic DNA at CCGG
sites was completely performed using Hpall and Mspl restriction
enzymes (Invitrogen, Carlsbad, CA), respectively. EcoRI (Invitrogen)
was also used for complete digestion as an internal control.
Annealing buffer (Qiagen, Valencia, CA) was added after digestion,
and the products were analyzed using the PyroMark Q96 MD system
(Qiagen). The Mspl/Hpall ratios were calculated relative to the EcoRI
control, and the percent methylation of each sample was calculated
using the equation: [1 — (Hpall/EcoRI)/(Mspl/EcoRI)] x 100.

2.8. Statistical analysis

Tukey's test was used to identify significant differences among
the groups and tissues. Principal component analysis (PCA) was
performed to characterize the relationships among metal concen-
trations, methylation status, and mRNA expression of Dnmt 1, Dnmt
3a, and Dnmt 3b in rat testis. J]MP ver. 13.0 (SAS Institute Inc.,
Raleigh, NC) was used for statistical analysis, and P < 0.05 was taken
to indicate statistical significance.

3. Results
3.1. Blood biochemistry

Significantly elevated levels of ALP and BUN were detected in
the rats from the high-metal exposure group compared to the other
two groups (Supplementary Table S4).

3.2. Cd and Pb concentrations and accumulation factors

The concentrations of Cd and Pb in rat tissues were determined
(Table 1). Significantly higher concentrations of Cd were observed
in the blood, testis, lung, liver, and kidney in rats from the high-
metal exposure group compared to control and low-metal expo-
sure groups. No significant differences were found in Cd concen-
trations in the tibia samples. Cd levels in brain samples were below
the detection limit (BDL). Significantly higher concentrations of Pb
were observed in the blood, testis, brain, lung, liver, kidney, and
tibia of rats from the high-metal exposure group compared to the
control and low-metal exposure groups.
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Table 1
Comparison of Cd and Pb concentrations (mean + standard deviation) in rat tissues.

Tissue Group Cd Pb

Blood (pg/dL) Control  0.005+0.001 b 024+003 b
Low 0.005 + 0.002 b 0.37+0.14 b
High 0.009 + 0.002 a 4.22 +0.82 a
Ratio * 1.7 113

Testis (ng/kg) Control 21+05 b 19.1+£113 b
Low 20+03 b 13.1+49 b
High 72+0.7 a 98.2+79.5 a
Ratio * 3.6 7.5

Brain (ng/kg) Control BDL 40.2 +39.1 b
Low BDL 20.8+9.9 b
High BDL 128.0 + 100.4 a
Ratio * — 6.1

Lung (pg/kg) Control 19+1.0 b 4.7+23 b
Low 21+1.0 b 6.4+4.8 b
High 12.1+2.8 a 227.7+£132.7 a
Ratio * 5.9 35.8

Liver (ng/kg) Control 59+50 b 252.1+1394 b
Low 13.1+52 b 279.7 +£89.5 b
High 30.2+16.2 a 527.2+97.0 a
Ratio * 23 1.9

Kidney (ng/kg) Control 1553 +£19.8 b 833.6 +150.3 b
Low 122.8 +16.9 b 1016.5 +242.1 b
High 508.0 + 88.0 a 2690.7 +464.2 a
Ratio * 4.1 2.6

Tibia (ng/kg) Control 56+2.0 a 12.6 + 165 b
Low 5.0+0.6 a 419.5 +56.3 b
High 52+15 a 54444 + 5831 a
Ratio * 1.0 130

Note: * and BDL indicate the concentration ratio (High/Low) and the below detec-
tion limit, respectively.
Note: Different characters (a, b) indicate significant difference (Tukey's test).

We calculated the accumulation factor between soil and rat
tissues (Supplementary Table S5). The unit of blood metal

concentration was converted with 1.0 of conveniently set the blood
specific gravity. The rank order of accumulation factor ( x 10~4) for
Cd in rat tissues (except the brain) was as follows: kidney
(850) > liver (50) > lung (20) > testis (11) > tibia (8.0) > blood (0.2).
The rank order of the accumulation factor ( x 10~%) for Pb was as
follows: tibia (145)> kidney (7.2) > liver (1.4) > lung (0.6) > brain
(0.4) > testis (0.3) > blood (0.1).

3.3. Pb isotopic compositions

Geographical trends and the values of the Pb isotope ratios
(298pb/296ph and 2°7Pb/2%6Pb ratios) from various tissues of rats are
described in Fig. 1 and Supplementary Table S6, respectively. The
tissues of control group which was not exposed to Pb recorded
large variation in the mean values of 2°8Pb/2%Pb and 2°Pb/?°6Pb
ratios among the different tissues. The average isotopic ratios of
low-metal exposure group exhibited relatively small variety among
the tissues compared to control group. Moreover, both ratios of
208pp206ph and 207Pb/2%6Pb in the tissues of low-metal exposure
group tended to show the values closer to those in Kabwe galena
(2.1342 + 0.0009 of 2°8Pb/2°6Pb and 0.8731 = 0.0003 of 2°7Pb/2%6Pb)
reported by Kamona et al. (1999). Compared with those two groups,
high-metal exposure group indicated surprisingly small differences
of the isotopic compositions in the tissues other than liver, with
quite similar isotopic values to those in galena from the deposits of
Kabwe. The standard deviation values of isotopic ratios in tissues
from high-metal exposure group were also quite small, indicating
small individual differences of the isotope ratios in the group.

3.4. Behavioral activity

No differences were observed among the groups in MOVE]1,
MOVE2, or rearing before exposure (Table 2). After 2, 6, and 12
months of exposure, the numbers of horizontal movements
(MOVE1 and MOVE2) were significantly reduced in the high-metal

Fig. 1. Analysis of Pb isotope ratios (?°Pb/2%5Pb and 2°7Pb/?°®Pb) in the tissues of rats and Kabwe galena (Kamona et al., 1999). The mean values and SD values are shown with error
bars. Bold dash = blood of control group, x mark = blood of low-metal exposure group, astersisk = blood of high-metal exposure group, white diamond = brain of control group,
grey diamond = brain of low-metal exposure group, black diamond = brain of high-metal exposure group, white square = lung of control group, grey square = lung of low-metal
exposure group, black square = lung of high-metal exposure group, white triangle = liver of control group, grey triangle = liver of low-metal exposure group, black trinagle = liver of
high-metal exposure group, white circle = kidney of control group, grey circle = kidney of low-metal exposure group, black circle = kidney of high-metal exposure group, white

cross in black square = Kabwe galena.
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Table 2
Comparison of behavioral activity (mean + standard deviation) among the groups.
Period Group MOVE 1 MOVE 2 Rearing
Before exposure Control 5535+1678 a 3745+1264 a 164+43 a
Low 5263+1385 a 3557+1022 a 161x42 a
High 4313 + 690 a 2861+491 a 159+32 a
2 month Control 10522+1535 a 6647+1193 a 200+37 a
Low 7465+1461 b 4795+1036 b 163 +24
High 8244+1548 b 5452+1145 ab 203+17 a
6 month Control 9159+1782 a 5663+1219 a 164+28 a
Low 7852 +989 ab 4852+702 ab 165+10 a
High 7268 +1821 b 4379+1249 b 151+33 a
12 month Control 6852+1582 a 4281+1174 a 117+24 a
Low 4894+1755 b 2967+1119 b 98+30 a
High 4798+1442 b 2928+988 b 104+16 a

Note: MOVE 1 and MOVE 2 indicate large and small horizontal movement,
respectively.
Note: Different characters (a, b) indicate significant difference (Tukey's test).

exposure group compared to the other two groups, whereas no
differences were observed in the number of rearing behaviors
(Table 2).

3.5. MT-1 and MT-2 mRNA expression in the liver and kidney

Metallothionein (MT)-1 and MT-2 mRNA expression in the
kidneys from rats in the high-metal exposure group were signifi-
cantly higher than those in controls (Fig. 2A and B). MT-1 mRNA
expression in the kidneys of the high-metal exposure group tended
to be higher than that the low-metal exposure group, although the

difference was not statistically significant. No significant differ-
ences were observed among the three groups in MT-1 or MT-2
mRNA expression in the liver (Fig. 2C and D).

3.6. LUMA assay in the liver, kidney, and testis

Global DNA methylation status was analyzed by LUMA assay.
Significantly high methylation level (%) was observed in the testis of
the high-metal exposure group compared to the other two groups
(Fig. 3A). No significant differences were observed among the
groups in the liver or kidney (Fig. 3B and C).

3.7. Dnmt 1, Dnmt 3a, and Dnmt 3b mRNA expression in the testis

Dnmt 1 mRNA expression in the testis did not differ among the
groups (Fig. 4A). Dnmt 3a mRNA expression levels in the testis of
low- and high-metal exposure groups were significantly higher
than those in the control group (Fig. 4B). The high-metal exposure
group showed significantly elevated Dnmt 3b mRNA expression
compared to the control group and this tended to be higher than
that in the low-metal exposure group although the difference was
not statistically significant (Fig. 4C).

3.8. PCA

Positive associations between metal concentrations, global DNA
methylation level, and methyltransferase (Dnmt 1, Dnmt 3a, and
Dnmt 3b) mRNA expression in the testis were observed by PCA
(Fig. 5).

Fig. 2. Analysis of mRNA expression levels (n = 8 for each group) for kidney MT-1 (A), kidney MT-2 (B), liver MT-1 (C), and liver MT-2 (D). Data are shown in box and whiskers plots:
box limits represent 25 and 75 percentiles; lines within the boxes indicate the medians; whisker ends indicate minimum and maximum values. Different characters (a, b) indicate

significant differences (Tukey's test).
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Fig. 3. Analysis of global methylation levels (n = 10 for each group) in the testis (A), liver (B), and kidney (C). Data are shown in box and whiskers plots: box limits represent 25 and
75 percentiles; lines within the boxes indicate the medians; whisker ends indicate minimum and maximum values. Different characters (a, b) indicate significant differences
(Tukey's test).

Fig. 4. Analysis of mRNA expression levels (n = 8 for each group) of Dnmt 1 (A), Dnmt 3a (B), and Dnmt 3b (C) in the testis. Data are shown in box and whiskers plots: box limits
represent 25 and 75 percentiles; lines within the boxes indicate the medians; whisker ends indicate minimum and maximum values. Different characters (a, b) indicate significant
differences (Tukey's test).

Fig. 5. Principal component analysis among metal concentrations, global DNA methylation, and of Dnmt 1, Dnmt 3a and Dnmt 3b mRNA expression in the rat testis. The letters C, L,
and H indicate individual rats of control, low-, and high-metal exposure groups, respectively.

4. Discussion relevant conditions. Metals were accumulated in the tissues of rats
after 1 year of exposure. To our knowledge, this is the first study to

In the present study, we exposed laboratory rats to soil con- estimate the accumulation factor between soil and rat tissues under
taining Cd and Pb via inhalation as well as through ingestion (e.g., conditions of natural exposure and to analyze the biological re-

grooming, soil adsorbed to food) to represent environmentally actions and epigenetic modifications.
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Analysis of the tissue distributions of Cd and Pb among the three
groups indicated that soil exposure causes metal accumulation in
the tissues of rats. As expected, relatively high levels of Cd and Pb
were accumulated in the liver and kidneys. The liver and kidneys
have been defined as metal accumulating tissues because they
express high levels of metal binding proteins (e.g., metal-
lothionein), which play important roles in detoxification of metals
and metal elimination (Waalkes and Klaassen, 1985). On the other
hand, it is well known that the Cd and Pb accumulation levels in the
lung are relatively smaller than those in the liver and kidneys
because of the low expression levels of metal binding proteins. A
recent research reported that the ratio of Cd and Pb accumulation in
the lung as compared to the liver were 0.024 and 0.055, respec-
tively, in case of adult male Wister rat which was exposed to both
Cd and Pb with solid feed for 12 weeks (Winiarska-Mieczan, 2014).
In the sense of those metal accumulation ratios, our results indi-
cated different trends; namely, the accumulation ratios of Cd and
Pb in the lung of high-metal exposure group as compared with the
liver were 0.401 and 0.432, respectively, whereas those ratios of
low-metal exposure group were 0.158 and 0.023, respectively.
These greater ratios in the present study suggested that respiratory
exposure would account for a large fraction of Cd and Pb accu-
mulation in rats living at highly contaminated soil environment
rather than oral exposure although the distribution of absorbed
metals through bloodstream should be taken into consideration as
well. In fact, the concentration ratios of low- and high-metal
exposure groups for Cd and Pb in the lungs were 5.9 and 35.8
times, respectively, which were higher than the values for other
tissues except Pb in the tibia for which a ratio of 130 was observed.

With the intent to consider the exposure route of metals, we
also analyzed Pb isotopic ratios of 2°8Pb/2%6Pb and 2°7Pb/2%6Pb in rat
tissues. The variety of Pb isotope ratios in rat tissues decreased with
an increase in Pb accumulation level. Moreover, as greater the Pb
level is, as closer the isotopic compositions of tissues to those of
Kabwe galena which is considered as the origin of Pb pollution
source in Kabwe (Kamona et al., 1999). These findings are quite
similar with those which were indicated by previous studies of rat
and goat (Liu et al., 2014; Nakata et al., 2016). Among the rat tissues
of high-metal exposure group, lung tissues showed the isotopic
values closer to those of galena compared with other tissues except
for kidney, suggesting the possibility that lung could be the tissue
absorbing Pb from outside of the body. After the absorption from
lung, the isotopic compositions of Pb could be fractionated during
the distribution to other tissues as the former research suggested
although the exact mechanism is still unknown (Nakata et al.,
2016). These findings also support the hypothesis of a large
contribution of inhalation to the Pb absorption which was indicated
by the result of metal accumulation ratios of lung to liver. Consid-
ering the route of exposure in the present study, the contribution of
inhalation of soil particles cannot be neglected. Indeed, Cd was
accumulated in the lungs of rats due to inhalation of both soluble
and insoluble forms (Takenaka et al., 2004). Our results proposed
meteorological factors could play an important role of exposure
level via inhalation in the field although the meteorological factor
was not verified in the present study of a laboratory experiment.
When the amount of precipitation is small and soil moisture level is
low, the soil containing Pb could easily scatter. Similarly, the strong
wind could also increase the amount of scattered dust. The
increased amount of dust would contribute to the increase of Pb
exposure via inhalation. On the other hand, the wet surface soil
could decrease the exposure level via inhalation. Climate change,
which is one of the major concerns in the world in recent years,
could also affect the environmental exposure level.

Although Cd was not detected in any individual rat, significantly
higher concentrations of Pb were observed in the brain in the high-

metal exposure group. Pb is known to pass through the blood/brain
barrier and accumulate in the brain (Struzynska et al., 1997), and
this phenomenon was also confirmed here in the case of soil
exposure.

Among the tissues examined, quite different patterns of accu-
mulation were observed between Cd and Pb in the tibia. Cd in the
tibia did not differ among the groups, whereas quite high concen-
trations of Pb (average: 54.4 mg/kg) were detected. This value was
comparable to that reported previously by de Figueiredo et al.
(2014) who demonstrated that newborn rats exposed to
30 mgPb/L in drinking water for 60 days after birth accumulated
43.4 mg/kg of Pb in the tibia (Supplementary Table S7). Similarly,
rats exposed to 500 mg Pb/L in drinking water for 84 days had
58.2 mg/kg of Pb in the femur (Li et al., 2013a,b). Notably, in the
study by Li et al. (2013a,b), rats showed hippocampal damage
associated with Pb exposure. This accumulation pattern in the tibia
can be explained by competition of Pb for Ca?* and deposition in
the bone as more than 90% of total Pb burden in the body accu-
mulates in bone tissues. The accumulation factor supports this
difference between Cd and Pb; i.e., the highest accumulation factor
for Pb and the second lowest accumulation factor for Cd were
observed in the tibia. The half-life of Pb in the tibia is estimated as
20—30 years in humans (Gerhardsson et al., 1993) and lacteal as
well as transplacental transfer is one of the most serious exposure
routes in infants (Chen et al., 2014). Although the present study
used male rats, similar soil exposure experiments using pregnant
females to clarify the effects on neonates would be interest because
an earlier study indicated that rat pups of dams exposed to Pb via
drinking water showed neurochemical alterations in the cere-
bellum and striatum (Antonio et al., 2002).

As we found that soil exposure can cause Cd and Pb tissue
accumulation, we further analyzed blood biochemistry and
behavioral changes in the present study. Some of the items exam-
ined suggested that the levels of functional damage in the liver and
kidney were not severe. In contrast, decreases in behavioral activity
were observed in the soil-exposed groups, suggesting effects of Pb
on the central nervous system. In accordance with our study, Pb
was reported to cause a significant decrease of locomotor activity in
Wistar rats chronically administered 0.5% (v/v) Pb acetate in
drinking water for 3 months, with concomitant astrocytic and
dopaminergic changes involved in controlling many aspects of
brain function (Sansar et al., 2011). Although the molecular mech-
anism of Pb neurotoxicity is not elucidated well, however some
possible pathways such as alterations in genetic regulation and
protein synthesis have been reported so far. For instance, the
expression, synthesis and conformational maturation of the
neuronal cell adhesion molecule (NCAM) are affected by Pb expo-
sure (Breen and Regan, 1988; Davey and Breen, 1998). Additionally,
voltage-gated calcium channels, which allow the flow in a number
of mono- and polyvalent cations, is also affected by Pb. It was
observed that Pb is capable of blocking some types of calcium
channels, including potassium currents in neurons (Peng et al.,
2002; Dai et al,, 2001). Oxidative stress is also associated with
neurotoxicity of Pb. The former exposure study of rat discovered
higher levels of brain 2-thiobarbituric acid-reactive substances, an
indicator of lipid oxidation, and higher activities of glutathione
reductase and glutathione peroxidase compared with controls
(Adonaylo and Oteiza, 1999). In the exposure study of the rat to Pb
which was done by Villeda-Hernandez et al. (2001), revealed Pb
accumulation was related with high levels of lipid oxidation
products in different brain regions, such as the parietal cortex,
striatum, hippocampus, thalamus and cerebellum. Pb is known to
be neurotoxic in humans, especially children, because of its ability
to compete with Ca** in nerve functioning (Crosby, 1998). Recently,
the Centers for Disease Control and Prevention (CDC, 2012) revised
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the blood lead “level of concern” from 10 to 5 pg/dL in response to
reports that Pb levels of <10 pug/dL can cause neurological abnor-
malities, such as decreased IQ in children (Canfield et al., 2003).
Therefore, a threshold below which Pb does not result in neuro-
logical deficits has not been determined (Needleman et al., 1990).
The present results were consistent in that behavioral changes
were detected at an earlier stage before tissue dysfunctions were
observed. In general, biological responses precede the appearance
of tissue damage. Therefore, we analyzed the alterations of MT and
confirmed the induction of MT-1 as well as MT-2 mRNA in the
kidneys of rats in the high-metal exposure group. On the other
hand, no significant difference of MT-1 and MT-2 expression in the
liver samples was observed among the groups, supporting the
former study which revealed the expression levels of MT-1 and MT-
2 expression in the livers of rats from Kabwe, where the soil used in
the present study was collected, had no significant difference with
those from control site (Nakayama et al., 2013). However, in case of
acute exposure, the induction of MT-1 and MT-2 in kidney of Cd-
exposed rat was much lower than in the liver (Vasconcelos et al.).
The major difference between the current study and the former
acute exposure study is the accumulated hepatic metal levels. Our
study showed approximately 5 times and 2 times greater levels of
Cd and Pb in liver of high-metal exposure group compared with
those of control, respectively, whereas almost 100 times elevation
of the hepatic Cd level were discovered within 24 h after exposure
in the acute exposure experiment. Such the difference of exposure
period and accumulation level could be the reason why the sig-
nificant difference in the hepatic MT expression levels was not
observed in our study.

Interestingly, global DNA methylation was altered in the testis in
the high-metal exposure group, although no changes were detec-
ted in the liver or kidneys in the present study. This finding was
supported by the higher mRNA expression levels of de novo DNA
methyltransferases, Dnmt 3a and Dnmt 3b, in the testis and the
positive associations among metals, methylation levels, and
methyltransferases characterized by PCA. It is unclear why the only
testis showed a significant difference in DNA hypermethylation
status; however, one of the possible reasons is the rapid cell divi-
sion in the testis compared to in other organs. The short cycle of cell
division could contribute to the high sensitivity to molecular
alteration. [keda et al. (2013) reported testis- or germ cell-specific
hypomethylated DNA domains with unique epigenetic features
on the mouse X chromosome, suggesting the unique molecular
character of the testis. Acute exposure (1 week) of TRL 1215 rat liver
cells to Cd inhibited DNA methyltransferase activity and induced
global DNA hypomethylation, whereas a relatively longer exposure
period (10 weeks) resulted in DNA hypermethylation and enhanced
DNA methyltransferase activity, suggesting that the effects of pro-
longed Cd exposure on DNA methylation may be responsible for its
carcinogenicity (Arita and Costa, 2009; Takiguchi et al., 2003).
Another study also showed that 10-week exposure to Cd induced
malignant transformation associated with global DNA hyper-
methylation, higher Dnmt 3b protein expression, and increased
Dnmt activity, without any change in Dnmt 1 (Arita and Costa,
2009; Benbrahim-Tallaa et al., 2007). In fact, previous studies
suggested that Dnmt 3a and Dnmt 3b, but not Dnmt 1, are
responsible for de novo methylation in vivo, as embryonic stem (ES)
cells of mice lacking Dnmt 1 are still capable of methylating
retroviral DNA de novo (Lei et al.,, 1996; Okano et al., 1999). Taken
together, our results and those of these previous reports indicate
that chronic Cd exposure can cause global DNA hypermethylation
in relation to the elevation of Dnmt 3a and Dnmt 3b mRNA
expression and activities. It should be noted that Cd induced global
DNA hypomethylation, and this could be attributed to the potential
facilitator of Cd-stimulated cell proliferation in the chronic

myelogenous leukemia K562 cell line (Arita and Costa, 2009;
Huang et al., 2008).

In a human epidemiological study, significant associations were
observed between urinary Cd concentrations and global DNA
methylation as well as between arsenic metabolism (measured as
percentage of dimethylarsinate) and global DNA hydrox-
ymethylation (Tellez-Plaza et al., 2014). The major limitation of the
present study was that we did not measure hydroxymethylation
levels. Histone modification is also one of the key factors of epi-
genetics while the limited number of studies has reported an effect
of Cd and Pb on histone modification. It was suggested that Cd
exposure could make heritable change in chromatin structure for
rapid transcription activation, resulting the establishment and
maintenance of a bivalent chromatin domain at the MT-3 promoter
as well as histone modifications (Martinez-Zamudio and Ha, 2011).
In Cd-transformed urothelial cells, levels of H3K4me3, H3K27me3
and H3K9me3 occupancy at the MT-3 promoter were increased
compared to untransformed cells, indicating chronic Cd exposure
may alter transcriptional responses through histone modification
(Somyji et al., 2011). Relating to Pb, Cantone et al. (2011) reported
that the levels of H3K4me2 and H3K9ac on histones from blood
leukocytes of steel production plant workers were not significantly
associated with the Pb exposure level. Another factor of epigenetic
alteration is miRNA expression. After 3 days exposure to particulate
matter (PM) containing Cd, the expression of miR-146a in periph-
eral blood leukocytes from electric furnace steel plant workers was
not statistically increased whereas miR-146a was negatively asso-
ciated with exposure (Bollati et al., 2010). Same research group also
reported that miR-222 expression showed a positive association
with Pb exposure, while miR-146a expression was negatively
correlated with Pb (Bollati et al., 2010). Further studies of the as-
sociation between metal exposure and hydroxymethylation status,
histone modification and miRNA expression are required to reveal
the molecular alteration mechanisms.

In contrast to the elevated methylation observed in the present
study, the methylation status of Long Interdispersed Nuclear
Element 1 (LINE-1) in pheochromocytoma (PC12) cells decreased
after acute exposure to 500 nM Pb for 2 and 7 days (Li et al., 2012).
In addition, a dose-dependent decrease in global DNA methylation
in PC12cells was observed with decreasing Dnmt 1 mRNA
expression (Li et al., 2012). These discrepancies may be explained
by differences in exposure duration, as we used 1-year prolonged
chronic exposure. Similar phenomena (i.e., hypomethylation with
acute exposure and hypermethylation with chronic exposure)
observed in the case of Cd exposure were discussed above (Arita
and Costa, 2009; Takiguchi et al., 2003). Long-term chronic expo-
sure experiments are necessary to elucidate the effects of Pb on
epigenetics.

Another interesting observed in the present study was that we
found alterations in DNA methylation in the male testis as a recent
study indicated that aberrant DNA methylation of the H19-DMR
(differentially methylated region) and the DAZL (deleted in
azoospermia-like) gene promoters is associated with defects in
sperm production/function in infertile men (Li et al, 2013a,b).
Recently, our research team reported severe Pb accumulation in the
blood of children in Kabwe mining site, Zambia, from which our soil
samples were collected, and all children examined under the age of
7 years (n=246) had blood Pb levels exceeding 5 pg/dL with a
maximum of 427.8 ug/dL (Yabe et al., 2015). An earlier report
showed that maternal bone Pb levels in humans were inversely
associated with cord blood methylation levels in LINE-1 and a short
interspersed element (Alu-1), which are frequently analyzed in
genomic DNA methylation studies (Pilsner et al., 2009a). However,
little is known about the relationship between Pb exposure and
DNA methylation (and hydroxymethylation) in humans. Therefore,
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the effects of prolonged Pb exposure on epigenetics modifications
in children at this site should be examined in future studies.

5. Conclusions

The aim of this study was to verify whether soil exposure under
environmentally relevant circumstances results in metal accumu-
lation and epigenetic modifications in the rats. Our present results
suggested that soil contaminated with Cd and Pb caused tissue
metal accumulation and epigenetic alterations, such as elevation of
global DNA methylation, in rats. From the view of metal accumu-
lation ratios (lung/liver) and Pb isotopic ratios in the tissues, it was
suggested that the respiratory exposure would make up a signifi-
cant proportion of metal absorption into the body. Although we
found elevation of methylation status in the rat testis, contradictory
results have also been documented in the literature. Further studies
are required to gain a better understanding of this issue.
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cementation capability.

e Capping mine waste by bio-
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o Effective, sustainable and novel
approach to eliminate Pb poisoning.
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Environmental impacts resulting from historic lead and zinc mining in Kabwe, Zambia affect human
health due to the dust generated from the mine waste that contains lead, a known hazardous pollutant.
We employed microbially induced calcium carbonate precipitation (MICP), an alternative capping
method, to prevent dust generation and reduce the mobility of contaminants. Pb-resistant Ocean-
obacillus profundus KBZ 1—3 and O. profundus KBZ 2—5 isolated from Kabwe were used to biocement
the sand that would act as a cover to prevent dust and water infiltration. Sand biocemented by KBZ 1—-3
and KBZ 2—5 had maximum unconfined compressive strength values of 3.2 MPa and 5.5 MPa, respec-
tively. Additionally, biocemented sand exhibited reduced water permeability values of 9.6 x 10—8 m/s
and 8.9 x 10—8 m/s for O. profundus KBZ 1—3 and KBZ 2—5, respectively, which could potentially limit
the entrance of water and oxygen into the dump, hence reducing the leaching of heavy metals. We
propose that these isolates represent an option for bioremediating contaminated waste by preventing
both metallic dust from becoming airborne and rainwater from infiltrating into the waste. O. profundus
KBZ 1—-3 and O. profundus KBZ 2—5 isolated form Kabwe represent a novel species that has, for the first
time, been applied in a bioremediation study.
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1. Introduction

Kabwe Mine was a lead (Pb) and zinc (Zn) mine that
commenced its operations in 1902 until its closure in 1994. Apart
from lead and zinc, it also produced silver, manganese, cadmium,
vanadium, and titanium in smaller quantities (Mufinda, 2015). Due
to the extraction of different minerals, several mineral processing
techniques were used, resulting in the production of different types
of mine waste dumps (Fig. 1a). Several studies have cited chronic Pb
poisoning in humans, and contamination of soil, water, and sedi-
ments in the mine and the surrounding areas (Kribek et al., 2009;
Tembo et al., 2006; Yabe et al., 2015, 2018). The current blood levels
of Pb in children exceeds 45 ug/dL, much higher than the recom-
mended level of 5 pug/dL (Kosnett et al., 2007; Yabe et al., 2015). The
predominant reason for this high Pb level in blood is the airborne
Pb metallic dusts emanating from the mine waste dump. These
dusts are blown by the prevailing winds into the residential areas,
and due to their fine particulate nature, are either inhaled or
ingested (Yabe et al., 2015). Leach plant residues (LPR) and kiln slag
(KS), shown in Fig. 1b, are susceptible to wind and water erosion.
These two types of wastes were selected for immobilization
because they are deemed to be the most toxic and are distributed
over the largest area onsite. In response to the concern of dust
emanating from the mine wastes in Kabwe, remediation methods
such as the revegetation of the waste dump by metallophytes was
proposed and implemented, but subsequently failed because the
plants failed to grow (Leteinturier et al., 2001). Additionally, mining
waste has not been re-processed due to probably the cost of metal
recovery (BMR Group PLC, 2019).

A promising technique to prevent metallic dust from becoming
airborne in-situ is the immobilization of these wastes by micro-
bially induced calcium carbonate precipitation (MICP) using ure-
olytic bacteria (Achal et al., 2013; Chen et al., 2017; Kim and Lee,
2018; Mwandira et al,, 2017; Nam et al,, 2016; Zhu et al., 2016).

MICP involves the hydrolysis of urea into ammonium and carbar-
mate by urease catalysis, which results in CaCO3 formation in the
presence of Ca®* ions. The proposed use of MICP to cap mine wastes
is expected to eliminate both dust generation and water infiltration,
restoring the contaminated site. Related studies have proposed
MICP for ground improvement (Salifu et al., 2016), coastal erosion
control (Khan et al., 2015), mine waste immobilization (Achal et al.,
2013), self-healing concrete (Wiktor and Jonkers, 2011), and
wastewater treatment (Torres-Aravena et al., 2018). Although many
ureolytic bacteria have been isolated, continued isolation and
identification of more novel species, especially those that are
indigenous to the area are indispensable. The present study focuses
on (i) the isolation of a Pb-resistant ureolytic bacteria from
contaminated waste at Kabwe mine site; (ii) the determination of
the optimal Ca®*/urea concentration, and (iii) the use of the bac-
teria to biocement the sand. Such an investigation, involving the
isolation and identification of effective microorganisms for
biotechnological applications, represents a sustainable approach to
remediation, eliminating the current environmental problems
without significantly changing the local ecological integrity. In this
study, we introduced two new strains of ureolytic bacteria for the
MICP process: Oceanobacillus profundus KBZ 1-3 and Ocean-
obacillus profundus KBZ 2—5.

2. Materials and methods
2.1. Soil sample collection

Fig. 1a shows the locations of two soil sampling points from the
abandoned Kabwe mine site of Central Province, Zambia
(15°27'—17°28" S latitude and 23°06'—25°33’ E longitude). The
mine waste was exported from Zambia under approval No. RCT
7686229, and the import was also permitted by Plant Protection
Station, Ministry of Agriculture, Forestry and Fisheries, Japan under

Fig. 1. (a) Location of soil sampling sites and the different mine wastes at the abandoned mine, Kabwe, Zambia (b) Appearance of leach plant residues (LPR) and kiln slag (KS).
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the approval No. 29—836. The samples were transported from the
site to the Laboratory of Biotechnology for Resources Engineering,
Faculty of Engineering, Hokkaido University, Japan.

2.2. Isolation and molecular identification of Pb-resistant bacteria

Bacteria were isolated by placing 1g of soil in a 15 mL sterile
centrifuge tube and adding 10 mL of sterile water, followed by
vigorous shaking by hand. Samples were diluted 10- to 10,000-fold
using sterile water and plated on NH4 YE agar medium (20 g/L yeast
extract; 10 g/L di-ammonium sulfate (NH4),SO4; 0.13 M tris buffer
(pH=38.0); and 20 g/L agar amended with Pb(Il)) to isolate Pb-
resistant strains. The plates were incubated at 30 °C for 72 h. Ure-
ase activity was screened according to a previous study by Danjo
and Kawasaki (2015). In brief, the isolated colonies were mixed
with 20 mL of cresol red solution (25 g/L urea and 0.4 g/L cresol red)
and left standing at 45°C for 2h. After 2h, the samples that
changed their color to purple were selected.

The Pb-resistant isolate was identified by 16S rRNA sequence
analysis. DNA extracts were amplified using two sets of primers
targeting the 16S rRNA region specific for almost all bacterial 16S
sequences: primers F9 (5- GAGTTTGATCCTGGCTCAG -3’) and
R1451 (5’- AAGGAGGTGATCCAGCC -3'). The PCR amplification cycle
consisted of an initial denaturation step of 5 min at 94 °C, followed
by 25 cycles of 1 min at 94 °C, 2 min at 60 °C, and 1 min at 72 °C and
a final extension step of 30 minat 72°C. The amplicons were
separated by gel electrophoresis and the resulting DNA bands were
extracted and purified using the FastGene™ PCR extraction Kit
following the manufacturer's instructions (Nippon Genetics Co. Ltd.
Tokyo, Japan). The extracted DNA was sent to Eurofins Genomics
laboratory (Eurofins Genomics, Tokyo, Japan) for DNA sequencing.
Subsequent phylogenetic analysis was conducted by TechnoSuruga
Laboratory (TechnoSuruga Laboratory Company Ltd. Tokyo, Japan),
which used the BLAST algorithm to find related sequences in the
GeneBank Database, DNA Data Bank of Japan and the European
Molecular Biology Laboratory.

2.3. Effects of Pb on microbial growth and urease activity of isolates

Microbial growth and urease activity were measured according
to the procedures reported in a previous study (Mwandira et al.,
2017). Microbial growth was measured by UV—vis spectropho-
tometry (V-730, Jasco International Co., Ltd., Tokyo, Japan) that
recorded optical density (OD) readings at 600 nm for 96 h in the
absence and presence of 50 mg/L Pb(Il). Experiments were con-
ducted in triplicate.

24. Determination of the optimal Ca’*/urea concentration

Bioprecipitation experiments were carried out to determine the
optimal Ca®*/urea concentrations. The bacterial isolate was pre-
cultured for 24 h in 5 mL NH4 YE medium, then 1 mL of preculture
was inoculated into 100 mL of NH4 YE medium to grow the main
culture at 30 °C for 24 h with continuous aeration at 160 rpm. The
bacterial suspension was then added to different equimolar con-
centrations of CaCl, and urea (0.1, 0.3, 0.5, 0.75, and 1.0 M). The
mixtures were subsequently incubated for 24hat 30°C with
shaking (160 rpm) and then centrifuged (15,000 rpm for 5 min) to
collect the precipitate. The precipitate was weighed and then
analyzed by XRD. Precipitation experiments were conducted in
triplicate.

2.5. Syringe biocementation test

The Mizunami sand used in the experiments is uniformly graded
with a mean particle size of 1.2 mm (Fig. ST Supplementary mate-
rial). Mizunami sand was used to represent sand that can be ob-
tained locally near the contaminated site. The sand was sterilized,
and hand packed into a 35-mL syringe (mean diameter,
D5 = 2.5 cm and height, h =7 cm), followed by the gentle injection
of bacteria and solidification solution as illustrated in Fig. S2
(Supplementary material). Initially bacteria suspension was injec-
ted and allowed to stand in the column for 2 h and thereafter so-
lidification solution was injected. This was repeated every 24 h for a
period of 14 days. Additionally, two sets of biocementation exper-
iments were conducted using conditions designed to mimic the
possible conditions for in-situ injection of treatment solutions. In
the first set of experiments, 2 mL of cementation solution was left
above the surface of the sand to mimic saturated conditions; this
procedure is called the immersed method. The second set of ex-
periments was conducted by sequentially adding solution as the
solution was drained; thus, this procedure is called the flow-
through method. Control tests were also conducted following the
same procedures but without the addition of bacterial cells.

Unconfined compressive strength (UCS) of the cemented sam-
ples was measured using a needle penetration device (SH-70,
Maruto Testing Machine Company, Tokyo, Japan) to determine the
strength of biocemented sand prepared by immersed and flow-
through methods.

The CaCOs contents of the cemented samples were determined
by the calcimetric method, which uses 3 M HCI acid and standard
grade CaCO3 (Hukue et al., 2001). In brief, 1.5 g solidified sand and
15 mL HCl in plastic vials were placed in a reaction vessel, which
was then closed, tightened, zeroed, and sealed with O-rings. The
vessel was then shaken to allow HCIl to react with the sample,
producing CO, gas. A digital manometer measured and recorded
the CO, gas pressure readings. The same procedure was used to
generate a calibration curve with known amounts of CaCOs, which
was used to quantify the readings from the specimen. The control
and top center part of biocemented specimens treated by
immersed and flow-through methods were tested.

2.6. Hydraulic conductivity

Hydraulic conductivity was assessed by the falling head method
using a DIK 4000 system (Daiki Rika Kogyo Co., Ltd., Saitama,
Japan). The samples were saturated with water and placed in a
desiccator for 48 h before the measurement of hydraulic conduc-
tivity. Hydraulic conductivity was determined in control and bio-
cemented specimens treated by both immersed and flow through
methods.

2.7. SEM and XRD analysis

The microstructure of fractions of the biocemented samples was
examined by scanning electron microscopy (SEM) (Miniscope
TM3000, Hitachi, Tokyo, Japan). Additionally, X-ray diffraction
(XRD) analysis (MiniFlex™, Rigaku Co., Ltd., Tokyo, Japan) was
conducted using Ni-filtered Cu 1.5406 A radiation to determine the
mineral phases of both the control and biocemented sand. Scans
were recorded from 5° to 80° of 20 at a rate of 20°/min.

3. Results and discussion
3.1. Isolation of ureolytic bacteria

Ureolytic bacteria were isolated based on the color change of the
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cresol red solution after urea hydrolysis. Colonies that changed the
color of the solution from yellow to purple were selected. Color
change is observed due to urea hydrolysis that causes the pH of the
medium to rise. Of the thirty-five isolates from Kabwe, only four
isolates, identified as Oceanobacillus profundus KBZ 1—3, Psychro-
bacillus sp. KBZ 2-2, Oceanobacillus profundus KBZ 2—3, and
0. profundus KBZ 2—5 were found to produce urease and tolerated
Pb, and were screened. O. profundus KBZ 1—-3 and O. profundus KBZ
2—5 were selected for subsequent experiments because they were
Pb-resistant and capable of biocementation. Supplementary Fig. S3
shows the neighbor-joining phylogenetic tree of O. profundus KBZ
1-3 and O. profundus KBZ 2—5, which were isolated from the leach
plant residue mine waste and near the wastewater pond, respec-
tively. Both O. profundus 1-3 and O. profundus KBZ 2—5 are gram-
positive, motile, aerobic, rod-shaped (0.2—0.4 um and 0.5—0.6 um
respectively) and are classified as biosafety level 1 bacteria. The
genus Oceanobacillus has been previously isolated from wastewater
(Nam et al., 2008), Korean food (Whon et al., 2010), deep sea
sediment core samples (Yu et al., 2014) and human gut (Lagier et al.,
2015). To the best of our knowledge, there are no reports indicating
their potential application in biotechnology, bioremediation or
biosorption. Therefore, O. profundus KBZ 1-3 and O. profundus KBZ
2-5 isolated from Kabwe waste samples represent a novel Ocean-
obacillus species that is being applied for the first time in a biore-
mediation study.

3.2. Effects of Pb on microbial growth and urease activity of isolates

Since the isolates are intended to be used in a heavily Pb-
contaminated environment, the bacteria were tested for the effect
of Pb (II) in aqueous solutions. Fig. 2 shows the effects of Pb on both
microbial growth and urease activity of O. profundus KBZ 1-3 and
0. profundus KBZ 2—5. Both bacteria displayed similar growth
patterns, i.e., increased growth in Pb-free media and a slight growth
retardation in the presence of 50 mg/L Pb (Fig. 2). Therefore, the
effects of Pb on microbial growth were minimal, likely because
these bacteria were isolated from a Pb-contaminated site with
bioavailable concentration of Pb (II) of 7.8 mg/L in LPR whereas KS
had 5.4 mg/L bioavailable Pb concentration. The bioavailable frac-
tion determines the potential harm of a contaminant on the

receptor (Ng et al., 2015). Similar results have been reported from a
previous research where growth retardation was exhibited by a
halotolerant bacteria in the presence of Pb isolated from an aban-
doned mine in South Korea (Kang et al., 2015).

The effects of Pb on urease activity were studied because it is
crucial in MICP-mediated bioremediation for the abandoned Kabwe
mine site. As shown in Fig. 2, the urease activity O. profundus KBZ
2—5 is higher than that of O. profundus KBZ 1-3; both bacteria
expressed the highest urease activity after 48 h incubation with
only appreciable levels at 24 h and 72 h. Only O. profundus KBZ 2—5
maintained the enzyme activity until 96 h. The urease activities of
both isolates were not significantly affected by Pb, probably
because they were isolated from a Pb-contaminated site. Higher
urease activity is very important in MICP-mediated processes
because it has a significant impact on the rate of carbonate pro-
duction that consequently precipitates out as CaCOs. The results
clearly showed increased growth and urease activity by
0. profundus KBZ 1—3 and O. profundus KBZ 2—5 in the absence and
presence of Pb. Overall, both bacteria are suitable for the bio-
cementation of mine waste contaminated with Pb because they are
Pb-tolerant, with high growth and urease activities.

3.3. Determination of the optimal Ca®*/urea concentration

Calcium and urea are the two most important ingredients for
carrying out the MICP process. The urease enzyme produced from
the bacteria hydrolyzes urea (CO(NH;),2) to ammonium (NHZ) and
carbonate (CO3™) ions, which leads to the precipitation of CaCOs3 in
the presence of calcium ions (Ca2*). Therefore, the tolerance to and
the optimal concentrations of Ca and urea may vary from one
bacterial species to another, requiring the determination of optimal
conditions for O. profundus KBZ 1-3 and O. profundus KBZ 2-5.
Fig. 3 shows the amount of precipitate formed by both bacteria
when the molar concentration ratio of Ca:urea=1:1; equimolar
concentrations were used, according to a previous study (Soga and
Qabany, 2013). As shown in Fig. 3, increasing the equimolar Ca and
urea concentrations also increased the amount of precipitate. In
this study, we used the equimolar concentration of 0.5 M for cal-
cium and urea. Previous studies have indicated that a low equi-
molar concentration in the solution should be used to ensure

Fig. 2. Microbial growth and urease activity of (a) O. profundus KBZ 1-3, and (b) O. profundus KBZ 2—5. Error bars indicate standard deviations of three independent replicates.

(U= pmol urea hydrolyzed/min).
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Fig. 3. Weight of CaCOs3 bioprecipitated by O. profundus KBZ 1-3 and O. profundus KBZ
2-5 at different equimolar concentrations of calcium and urea. Error bars indicate the
standard deviation of three independent replicates.

uniform CaCOs precipitation (Mujah et al., 2017). Since a solution
with low concentration may produce a more uniform precipitation
pattern, even though higher concentrations produce higher
amounts of CaCOs precipitate, a lower concentration was selected.
In this study, both O. profundus KBZ 1—3 and O. profundus KBZ 2—5
produced the precipitation of spherical calcite crystals
(Supplementary Fig. S4). Calcite is the preferred form of CaCOs3 for
biocementation because it is the most stable, compared to the other
polymorphic forms such as aragonite and vaterite (Boulos et al.,
2014).

The two isolates precipitated CaCOs, which can be used as an
inert covering for mine wastes. Capping is advantageous as a
treatment technology because it is a permanent remedy that can
also eliminate dust, thus addressing chronic risks of Pb poisoning to

humans and other ecological receptors (Bellenfant et al., 2013;
Johnson et al., 1992; Lottermoser, 2011).

3.4. Strength, SEM and XRD analyses of solidified sand

UCS was measured to characterize the strength of cemented
sand. Fig. 4 shows the appearance of the control and biocemented
sand, while Table 1 shows the corresponding estimated values of
UCS at the top, middle, and bottom parts of the specimens.

The control specimen had no strength while sand biocemented
by O. profundus KBZ 1—3 under immersed and flow-through con-
ditions had maximum estimated UCS values of 3.2 and 2.0 MPa,
respectively. The strength of sand biocemented by O. profundus KBZ
2—5 under immersed and flow-through conditions were 5.5 and
3.5 MPa, respectively. Sand biocemented by O. profundus KBZ 2—5
was stronger probably because of the higher urease activity (Fig. 2)
and greater amount of precipitate formed compared to O. profundus
KBZ 1-3 (Fig. 3). Since the difference in UCS was marginal, both
bacteria may be useful for solidification. Additionally, biocemented
sand by both immersed and flow-through cementation methods
provided strength. Therefore, both types of injection methods can
be used for solidifying sand. The results imply that the increased
strength of biocemented sand has the potential to prevent the
airborne transport of metallic dust by prevailing winds and to
reduce infiltration; these benefits are similar to those of conven-
tional cement, used worldwide for capping mining waste
(Batchelor, 2006; Sobiecka, 2013).

To further confirm the role of MICP, biocemented samples were
examined by SEM and XRD. Fig. 5 shows typical SEM images and
the corresponding XRD patterns of the control (a) and biocemented

Table 1

Estimated UCS values of control and biocemented sand prepared by immersed and
flow through methods and mediated by O. profundus KBZ 1—3 and O. profundus KBZ
2-5.

Specimen Immersed method Flow through method

Top Middle Bottom Top Middle Bottom
Control 0 0 0 0 0 0
KBZ 1-3 3.2 1.8 14 2.0 14 1.0
KBZ 2-5 5.5 3.0 1.8 35 2.0 1.0

Fig. 4. Comparative view of control and biocemented sand obtained by the immersed and flow-through methods facilitated by O. profundus KBZ 13 and O. profundus KBZ 2—5.
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Fig. 5. SEM view and the corresponding XRD analysis comparing (a) control specimen, (b) biocemented sand prepared by the flow-through method using O. profundus KBZ 1-3, and

(c) biocemented sand prepared by the flow-through method using O. profundus KBZ 2—5.

sand (b, c). The control samples presented a typical morphology of
sand and appeared as discrete particles, while the biocemented
samples showed prominent crystalline deposits on the surface and
between sand particles. The SEM micrographs verify the effec-
tiveness of the so-called bridging phenomenon mediated by MICP,
i.e. the deposited CaCO3 forms bridges between particles as part of
the binding process (Mujah et al, 2017; Ng et al, 2012;
Rowshanbakht et al., 2016).

The XRD analysis revealed that the control specimens were
composed of only quartz, while the biocemented sand included
calcite. This indicated that calcite was formed due to the ureolysis
and subsequent precipitation of CaCOs. The XRD results allowed us
to conclude that MICP plays an important role in the solidification
of sand.

The major pathway for Pb to enter into the blood of humans and
animals around the Kabwe mine site is through inhalation and
injection of dust particles emanating from the abandoned mine

wastes dumps, since the prevailing winds blow mostly from east
(the mine site) to west (toward a large residential area) (Tembo
et al., 2006; Yabe et al., 2011, 2013, 2015, 2018). Immobilizing the
sand via MICP aggregates the sandy material (Fig. 4), making it less
susceptible to being blown by wind. This significantly curtails the
Pb exposure pathway to humans and animals in and around the
mine site. MICP using indigenous bacteria can be immediate and
easily implemented because all the required materials such as sand,
indigenous bacteria, nutrients, calcium source, and urea are locally
available. Some researchers have proposed the use of alternative
locally available nutrients and Ca sources such as lactose mother
liquor (Achal et al., 2009) and eggshells (Choi et al., 2016), which
also demonstrates the flexibility of the process. In a similar way,
locally available resources required for capping will be utilized
including the indigenous bacteria making the bioremediation
process cheap, sustainable, and less likely change the integrity of
the local biodiversity.
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3.5. CaCOs3 content of biocemented sand

To elucidate the strength of the biocement, the content of CaCO3
precipitated between sand grains of specimens was evaluated. Only
the top parts of the control and biocemented sand were evaluated.
The control contained no CaCOs. On the other hand, sand bio-
cemented by the immersed and flow methods using O. profundus
KBZ 1-3 had 6.5 + 0.10% and 3.0 + 0.20% CaCOs3, respectively, while
sand biocemented by O. profundus KBZ 2—5 by the immersed and
flow methods had 10.0 + 0.20% and 8.0 + 0.20% CaCOs, respectively.
CaCOs content is one of the most important engineering factors in
MICP-mediated processes. Its relationship with UCS is shown in
Fig. 6. As seen in the results, the control contained no CaCO3 and
hence had no strength. The UCS of biocemented sand increased
with CaCOs3 content (indicated by the pink and green circles), which
suggests that CaCO3 plays a significant role in the strength of sand,
as elucidated by previous studies (Amarakoon and Kawasaki, 2018).
Furthermore, more precipitation of CaCOs occurred in the
immersed method probably due to accumulation of reactants and
bacteria when the syringe was closed. The findings are in agree-
ment with results reported by Keykha et al. (2019) when they so-
lidified soil and maintained immersed conditions at all times and
achieved higher UCS. Similarly, Gomez et al. (2018) reported that
the largest CaCO3 contents were observed near the injection, which
had higher UCS when they conducted biostimulation and
concluded that reductions in CaCO3 content from the top were due
to solution mixing and/or urea hydrolysis. In both treatment
methods, the mid-top area had higher UCS because the reactants
first contacted the mid-top when injected where they were
consumed, depleted and less effective, hence the lower UCS in
middle and bottom area. The difference in UCS between the
treatment methods lies on the contact time of the reactants in the
column. In the immersed method, the reactants have more contact
time during immersed compared to the flow through method
where reactants flow through the column in a shorter time hence
the higher UCS in the immersed method compared to the flow
through method.

3.6. Hydraulic conductivity

Hydraulic conductivity is a measure of how easily water can pass

Fig. 6. Relationship between UCS and CaCOs; content of sand biocemented by
0. profundus KBZ 1-3 and O. profundus KBZ 2-5.

through a material. During immobilization, reduced hydraulic
conductivity is desired because it reduces the ability of water to
contact contaminants, and therefore, reduces contaminant leaching
rates. Hydraulic conductivity tests were performed for the sand
before and after MICP treatment. Before treatment, the hydraulic
conductivity was 1.4 x 10~> m/s. Biocemented sand treated by the
immersed and flow-through methods using O. profundus KBZ 1-3
reduced the permeability of sand to 9.6 x10®m/s and
24 x 10" m/s, respectively. Similarly, O. profundus KBZ 2—5
reduced the permeability of sand to 89x108m/s and
2.5 x 1077 m/s when treated by the immersed and flow-through
methods, respectively. In all the cases, the hydraulic conductivity
improved by more than three orders of magnitude for both
immersed and flow-through methods. The reduced hydraulic
conductivity achieved in this study has the potential to limit the
entrance of water and oxygen into the dump, and hence reduce the
leaching of heavy metals. This reduction in permeability is consis-
tent with results of previous studies (Achal et al., 2013; Eryiiriik
et al,, 2015).

Other studies have proposed vegetation cover (Chehregani et al.,
2009; Leteinturier et al.,, 2001) and synthetic cover (Fourie et al.,
2010; Mazzieri et al., 2013) to cap mine wastes. Vegetation cover
is desirable because like MICP, it reduces surface erosion and
because a large proportion of percolating water is lost to the at-
mosphere through transpiration, reducing the concentrations of
soluble heavy metals entering watercourses. However, this method
would be difficult to implement in Kabwe, because vegetation
growth is not possible at the site due to lack of nutrients and high
levels of toxic trace elements at the site (Leteinturier et al., 2001).
On the other hand, synthetic covers are uneconomical and expen-
sive, especially compared to the MICP technique. Due to its origi-
nality and sustainability, MICP has recently gained much attention
from researchers around the world as a replacement for conven-
tional concrete (Seifan et al., 2016). Conventional physicochemical
methods have already been tested to clean up the environment.
However, most of these methods are costly, perform sub-optimally,
and produce secondary sludge, making the cleanup process
expensive and unsustainable, requiring large inputs of energy and
large quantities of chemical reagents (Jena and Dey, 2016).

4. Conclusions

The abandoned Pb and Zn mine wastes in Kabwe mine continue
to pose a serious threat to the quality of human health, water, and
soil. We have shown in this study that MICP mediated by indige-
nous ureolytic bacteria Oceanobacillus profundus KBZ 1-3 and KBZ
2—5 can be used to solidify sand, thus preventing dust formation
and water infiltration. Both bacteria were able to tolerate Pb and
mediate the formation of CaCOs bioprecipitates, which was
confirmed to be calcite by XRD analysis. The biocemented sand
achieved maximum unconfined compressive strength values of
3.2 MPa and 5.5 MPa, which are useful enough to prevent Pb dust
particles from being blown away by prevailing winds and to pre-
vent water erosion. Combined with reduced hydraulic conductivity
of 9.6 x 10~8m/s and 8.9 x 108 m/s mediated by Oceanobacillus
profundus KBZ 1-3 and KBZ 2-5, respectively, the process is ex-
pected to retard heavy metal leaching due to the lack of oxygen and
water resulting from reduced infiltration. In a future study, we
intend to implement this laboratory-proven procedure in-situ to
determine the durability of biocemented materials under field
conditions.
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HIGHLIGHTS GRAPHICAL ABSTRACT

e Lead acetate (100 mg/L and 1000 mg/
L) were given to the BALB/c mice.

e Bioimaging of Pb and STIM1 in liver,
kidney and brain was carried out.

e Pb distribution in liver was homoge-
neous and in kidney and brain was
inhomogeneous.

e STIM1 was homogenous in the liver
and kidney whereas inhomogeneous
in the brain.

e Pb exposure did not induce STIM1
mRNA expression.

ARTICLE INFO ABSTRACT

Article history: Lead (Pb) pollution is one of the most serious environmental problems and has attracted worldwide
Received 6 May 2019 attention. Pb causes hematological, central nervous system, as well as renal toxicity, and so on. Although
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or influences, we focused on the local distribution of Pb in mice organs. Lead acetate (100 mg/L and
1000 mg/L) in drinking water were given to the BALB/c mice (male, seven weeks of age, N = 24) for three

Handling Editor: Willie Peijnenburg weeks. Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) analysis revealed a
homogenous distribution of Pb in the liver and inhomogeneous distribution in the kidney and brain. The
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hippocampus, thalamus, and hypothalamus had higher concentrations than other areas such as the

Cell entry mechanisms white matter. Surprisingly, in the kidney, Pb tended to accumulate in the medulla rather than the cortex,
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Laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS)
Distribution

Pb

Stromal interacting protein 1 (STIM1)

strongly suggesting that high sensitivity areas and high accumulation areas differ. Moreover, distribution
of stromal interacting protein 1 (STIM1) which is candidate gene of Pb pathway to the cells was ho-
mogenous in the liver and kidney whereas inhomogeneous in the brain. In contrast to our hypothesis,
interestingly, Pb exposure under the current condition did not induce mRNA expressions for any
candidate channel or transporter genes. Thus, further study should be conducted to elucidate the local

distribution of Pb and other toxic metals, and pathway that Pb takes to the cells.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Elemental analysis of biological samples including internal or-
gans are mainly conducted by atomic absorption spectrometry
(AAS; Yabe et al., 2012), Inductively coupled plasma-atomic emis-
sion spectrometry (ICP-OES; Rahil-Khazen et al, 2002), and
inductively coupled plasma-mass spectrometry (ICP-MS; Nakata
et al., 2016). Usually, liquid samples are analyzed by such tech-
niques, therefore organs are acid digested and there is an
assumption that they contain a homogeneous distribution of
investigated element (Konz et al., 2012). However, it is unknown
about distribution patterns of elements such as Pb, Cd and Hg in
organs. If they are inhomogeneously distributed, the evaluation of
their concentrations in organs should be reconsidered.

Elemental analysis using ICP-MS combined with laser ablation
(LA) has been conducted (Pozebon et al., 2014; Noél et al., 2015;
Yamashita et al., 2019). A solid surface of sample is ablated by a
pulse laser beam in the laser ablation chamber, the ablated material
is then analyzed by ICP-MS. Scanning of the surface by LA allows
the construction of images of elements distribution (Becker et al.,
2010; Yamashita et al., 2019). This method allows direct analysis
of solid sample surfaces and is applicable for thin organ slices
(Becker, 2005; Becker et al., 2010; Ishii et al., 2018; Limbeck et al.,
2015). Numerous studies have used this method to analyze the
local distribution of essential elements such as Cu, Fe, and Zn in
organs, bones and teeth in human and animals (Becker et al., 2015;
Ishii et al., 2018; Johnston et al., 2019; Paul et al., 2015; Urgast et al.,
2012). However, with regards to Pb, there is still less published
research which investigate distribution in organs and bones
(Dobrowolska et al., 2008; Ishii et al., 2018; Johnston et al., 2019).
Dobrowolska et al. (2008) showed a homogeneous Pb distribution
in brain regions. However, they analyzed the human brain (post-
mortem from a healthy donor) and found very low Pb levels. Ishii
et al. (2018) revealed the distribution of Pb in bone of raptor spe-
cies. To our best knowledge, there has not yet been any research
using Pb administrated laboratory animals (e.g. mice models) to
elucidate the local distribution of Pb in internal organs.

Despite various research efforts, the pathway by which Pb en-
ters cells remains unclear; this is still one of the important points
concerning Pb toxicity (Chang et al., 2008; Zhang et al., 2014). Pb%*
has the ability to mimic Ca®* and other divalent metal ions such as
Fe?* and Zn?* (Zhang et al.,, 2014). Based on this mimicry, Ca** and
other divalent metal channels might be candidates for Pb entry
(Godwin, 2001). Two types of Ca®* channels: voltage gated Ca®*
channels (VGCCs) and store operated Ca** channels (SOCs), have
been identified as potential routes by which Pb can enter cells
(Kerper and Hinkle, 1997). With regards to VGCCs, this would only
be feasible for excitable cells. However, Pb may enter not only
excitable cells but also other cells such as human embryonic kidney
cell 293 (Zhang et al., 2014; Chiu et al., 2009). Thus, VGCCs may still
provide a pathway to cells, but there must also be an additional
route by which Pb enters the cells in the rest of the body.

Some researchers have proposed that SOCs may play an
important role in Pb entry into cells (Chang et al., 2008; Kerper and

Hinkle, 1997; Chiu et al., 2009). SOCs are constituted from transient
receptor potentials (TRPs) and Orail present in the plasma mem-
brane, as well as from stromal interacting protein 1 (STIM1) present
in the endoplasmic reticulum (ER) membrane (Chang et al., 2008;
Zhang et al., 2014; Chiu et al., 2009).

Researchers have shown that STIM1 can translocate to interact
with both Orail and TRPC1 during the activation of SOCs (Cheng
et al.,, 2008; Liao et al., 2008). Although some research has indi-
cated that STIM1 may be a key protein by which Pb enters the cell
(Chang et al., 2008; Chiu et al., 2009), and may contribute to the
localization of STIM1 (Klejman et al., 2009; Skibinska-Kijek et al.,
2009), no studies have compared local distribution of Pb with
that of STIM1. Additionally, to our knowledge, no studies have yet
confirmed whether Pb induces STIM1.

In view of the above, we conducted an experiment using mice to
achieve the following aims: (1) to demonstrate the local distribu-
tion of Pb in organs; (2) to compare the distribution of STIM1 with
that of Pb; and (3) to clarify whether Pb induces STIM1.

2. Materials and methods
2.1. Animals

BALB/c mice (male, seven weeks of age, N = 24) were purchased
from Sankyo Labo Service Corporation, Inc. (Tokyo, Japan). The mice
were divided into three groups and housed in six polypropylene
cages (N =4 per batch). One batch from each group (control, low,
and high) was sampled for ICP-MS, and the other batch from each
group for LA-ICP-MS. There was no significant difference in body
weight between groups (Supplementary Fig. S1). The animals were
allowed to acclimate to the animal facilities at the Graduate School
of Veterinary Medicine, Hokkaido University for one week prior to
testing. Under these conditions, food (rodent chow, Labo MR Stock,
Nosan Corporation, Yokohama, Japan) and distilled water were
provided ad libitum. After acclimation, two different concentrations
of lead acetate: 100 mg/L and 1000 mg/L (Wako Pure Chemical
Industries, Osaka, Japan) were given to two of the groups (the low
and high dosage groups, respectively) in the drinking water for
three more weeks. In our preliminary experiment, dose dependent
increase of Pb concentration in blood and organs were observed
when we selected 100 mg/L and 1000 mg/L for three weeks of
exposure (data not shown). The control groups were provided with
distilled water. After three weeks of exposure, mice were anes-
thetized with sevoflurane and blood and organs (liver, kidney, and
brain) were collected via the following methods. For the ICP-MS
groups, blood and organ samples were collected in polypropylene
tubes, then stored at —80°C in a deep freezer. For the LA-ICP-MS
groups, organ samples were embedded in Tissue-Tec OCT (Sakura
Finetek, CA, USA), quickly frozen in isopentane which had been
cooled with dry ice, then stored at —80 °C in a deep freezer. Addi-
tionally, small pieces of the liver, kidney, and brain samples were
collected together with RNAlater Tissue Storage and RNA Stabili-
zation Solution (Sigma-Aldrich, MO, USA) in polypropylene tubes
and stored at —80°C in a deep freezer for real time PCR and
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microarray analysis. All experiments using animals were performed
under the supervision and with the approval of the Institutional
Animal Care and Use Committee of Hokkaido University, Japan
(approval number: 16-0017, approval day: 29th March 2016).

2.2. Quantitative analysis by ICP-MS

The ICP-MS groups were used for the quantitative analysis of Pb
concentration. In this case, blood, liver, kidney, and brain were acid
digested using the method described by Nakata et al. (2016, 2015)
with minor modifications. The whole kidney, liver, and brain
samples were dried for 48 h in an oven at 50 °C. Then, 0.1 mL of the
blood samples and approximately 0.1 g of the dried biological
samples were weighted and placed in pre-washed digestion ves-
sels. This was followed by acid digestion using 5 mL of nitric acid
(atomic absorption spectrometry grade, 30%; Kanto Chemical,
Tokyo, Japan), and 1 mL of hydrogen peroxide (Cica reagent, 30%;
Kanto Chemical). The digestion vessels subsequently underwent a
ramped temperature program in a closed microwave system
(Speed Wave MWS-2 microwave digestion system; Berghof, Enin-
gen, Germany). The operating conditions of microwave system are
given in the Supplementary Table S1. After cooling, the sample
solutions were transferred into 15 mL polypropylene tubes and
diluted to a final volume of 10 mL with bi-distilled and de-ionized
water (Milli-Q).

The Pb concentrations determination was performed using the
procedure described by Nakata et al. (2016, 2015) with minor
modifications. Concentration of Pb was measured by ICP-MS (7700
series; Agilent Technologies, Tokyo, Japan). The operating condi-
tions of ICP-MS are given in the Supplementary Table S2. Quality
control was conducted by analysis of DORM-3 (fish protein; Na-
tional Research Council of Canada, Ottawa, Canada) and DOLT-4
(dogfish liver; National Research Council of Canada) certified
reference materials. Replicate analysis of these reference materials
showed good recovery rates (95—105%); the instrument detection
limit for Pb was 0.001 pg/L.

2.3. Analysis by LA-ICP-MS

Sections of embedded liver, kidney, and brain were cut on a
cryostat to a thickness of 20 pm. The native cryosections were then
mounted directly onto glass slides. Then, they were analyzed using
an LA system (NWR213; esi Japan, Tokyo, Japan) associated with an
ICP-MS instrument (8800 series; Agilent Technologies, Tokyo,
Japan). The tissue sections were systematically scanned by a
focused laser beam (line by line: spot size 100 um, scan speed
100 pmy/s, scan step 100 um). Measured isotope (dwell time, sec)
were as follows; 13C (0.005), 2>Mg (0.005), 3'P (0.005), 43Ca (0.005),
>5Mn (0.005), >’Fe (0.005), %5Cu (0.005), ®6Zn (0.005), 2°°Pb (0.01),
207pp (0.01), 2°8Pb (0.01). In this analysis, no quantification of Pb
was conducted due to lack of suitable reference materials for cali-
bration, however intensity of Pb (and other elements) was
normalized to '3C (carbon) intensity as Wu et al. (2009), Johnston
et al. (2019) and others have utilized to normalize the ablation ef-
ficiency. Detailed analytical conditions are presented in
Supplementary Table S3. From the continuous list of raw pixel
values data, elemental images were reconstructed using LA-ICP-MS
Image generator house-made software iQquant2 (Kawakami et al.,
2016).

2.4. Immunohistochemistry
Immunohistochemistry (IHC) was carried out using the method

described by Skibinska-Kijek et al. (2009) and Wang et al. (2010)
with minor modifications. Sections of the embedded liver, kidney,

and brain samples were cut on a cryostat to a thickness of 20 pm.
After fixation with 4% paraformaldehyde phosphate buffer solution
and quenching of endogenous peroxidase activity with 0.3% H0,
in methanol, the sections were blocked with goat serum in Phos-
phate Buffered Saline (PBS). Then, the sections were incubated
overnight at 4°C with antibody recognizing STIM1 (ProteinTech
Group Inc., cat no 11565-1-AP, the antibody was raised against an
N-terminal fragment of the protein: aa 2-350) diluted 1:200 in PBS.
Samples were then washed and incubated with biotinylated sec-
ondary antibodies (Vector Laboratories, Burlingame, CA, USA) in
PBS for 30 min. After washing, the sections were incubated with
Avidin-biotin complex reagent (ABC-Elite kit, Vector Laboratories),
following the manufacturers protocol. The immunocomplex was
visualized with diaminobenzidine (DAB) (Vector Laboratories),
sections were counterstained with haematoxylin (Sigma-Aldrich),
and observations were conducted by microscope (BIOREVO BZ-
9000 series; KEYENCE, Osaka, Japan).

2.5. Quantitative analysis by real time PCR

Real time PCR was performed using the method described by
Skibinska-Kijek et al. (2009) with small modifications. Total RNA
was extracted from small pieces of liver, kidney, and brain soaked in
RNAlater (Sigma-Aldrich) using Nucleo spin (Takara bio, Shiga,
Japan). First-strand cDNA was generated from 600 ng of total RNA
in a final volume of 20 uL with ReverTra Ace (Toyobo, Osaka, Japan).
This was examined by real time PCR with specific gene primers for
Stim1 (NM_009287; (5'GCTCTCAATGCCATGCCTTCCAAT,
5'TCTAGGCCATGGTTCAACGCCATA), and Fast SYBR Green Master
mix (Applied Biosystems). The samples were analyzed using 7000
Sequence Detection System hardware and software (Applied Bio-
systems). 18S ribosomal RNA (NR_003278) for normalization was
used with the following primers: 5’ AACGAACGAGACTCTGGCATG
and 5'CGGACATCTAAGGGCATCACA. A relative quantification (RQ)
method was used to calculate the relative levels of Stim1 mRNA. The
formula was as follows: RQ = 2 9€1CT where deltaCT = CT(target)
— CT(18S). Amplification efficiency was 98.0% for STIM1 and 100.5%
for 18S ribosomal RNA.

2.6. Microarray analysis

To analyze gene expression profiles, a microarray experiment
was performed. Firstly, the total RNA of the liver, kidney, and brain
was quantified and qualified using an Agilent 2100 Bioanalyzer
series Il (Agilent Technologies, Supplementary Table S4). Cyanine 3-
labelled cRNA was prepared from 500 ng of total RNA, and ampli-
fied using a Low Input Quick Amp Labeling Kit (Agilent Technolo-
gies), according to the manufacturer's instructions, followed by
RNAeasy column purification (Qiagen, Valencia, CA). Dye incorpo-
ration and cRNA yield were checked with the NanoDrop ND-1000
Spectrophotometer the Agilent 2100 Bioanalyzer. Gene Expres-
sion (GE) Hybridization Kit (Agilent Technologies) was used for
labeling. 600 ng of Cy3-labelled cRNA was fragmented at 60 °C for
30 min following the manufacturer's instructions. On completion of
the fragmentation reaction, 25 pL of 2x Agilent hybridization buffer
was added to the fragmentation mixture and hybridized to Agilent
SurePrint G3 Mouse 8 x 60K ver.2.0 for 17 h at 65 °C in a rotating
Agilent hybridization oven. After hybridization, slides were washed
1 min at room temperature with GE Wash Buffer 1 (Agilent) and
1min with 37°C GE Wash buffer 2 (Agilent), then air-dried
immediately. Slide was scanned immediately after washing on
the Agilent DNA Microarray Scanner using one color scan setting
(Agilent Technologies, Scan Resolution; 3 um, TIFF file dynamic
range; 20bit). The scanned images were analyzed with Feature
Extraction Software 12.0.3.1 (Agilent) using default parameters to
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Table 1
Mean + SD of the Pb concentration in the blood and organs of mice for the three
dosage groups.

Control Low High
Blood (pg/dL) 1.8 +0.5% 14.9+3.2° 40.8 +£3.9¢
Liver (mg/kg) 0.016 +0.001° 454 +0.59° 16.49 + 1.58°¢
Kidney (mg/kg) 0.044 + 0.0022 11.47 + 1482 56.65 + 20.20"
Brain (mg/kg) 0.027 +0.008* 0.54 +0.09° 2.66 +0.33¢

Note.
Different letters (a, b, and c) between columns indicate a significant difference be-
tween dosage groups (p < 0.05).

obtain background subtracted and spatially detrended Processed
Signal intensities. Normalized (75 Percentile Shift) signal intensity
was used for data acquisition. The data for microarray is deposited
at the NCBI Gene Expression Omnibus (GEO) database; accession
number is “Series GSE93544”.

2.7. Statistical analysis

All statistical analyses were carried out using JMP 12 (SAS
Institute, Cary, NC, USA). A Tukey-Kramer test was performed to

Fig. 1. Distribution of 2°Pb and STIM1 in a 20 um section of liver. Distribution of
208ph13C analyzed by LA-ICP-MS (left). STIM1 was analyzed by IHC (right). Scale bar is
3mm. Among LA-ICP-MS images, the scale bar indicates the ratio of intensity
(208pp13C),

compare body weights, Pb concentration, and gene expression of
STIM1 in tissue samples between groups. All statistical analyses
were performed at a significance level of 95%.

3. Results
3.1. Pb concentrations in mice organs

Table 1 shows the mean + standard deviations (SD) of the Pb
concentration in the blood, liver, kidney, and brain of the three
groups. A dose dependent increase of Pb concentration in the or-
gans was observed and there were significant differences in Pb
concentration in the blood and all tissue-types between the control
and high Pb dosage groups.

3.2. Pb local distributions in mice organs

The local distribution of Pb in the liver, kidney, and brain of the
three mice groups are shown in Figs. 13, respectively. A homo-
geneous distribution of Pb was found in the liver of the low and
high dosage groups (Fig. 1). Yet surprisingly, inhomogeneous Pb

Fig. 2. Distribution of 2°®Pb and STIM1 in a 20 um section of kidney. Distribution of
208ph13C analyzed by LA-ICP-MS (left). STIM1 was analyzed by IHC (right). Scale bar is
3mm. Among LA-ICP-MS images, the scale bar indicates the ratio of intensity
(208ph13C),
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Fig. 3. Distribution of 2°Pb and STIM1 in a 20 pm section of brain. Distribution of 2°®Pb/'3C analyzed by LA-ICP-MS (left). STIM1 was analyzed by IHC (right). Scale bar is 5 mm.

Among LA-ICP-MS images, the scale bar indicates the ratio of intensity (*°Pb/>C).

distribution was discovered in the kidney and brain (Figs. 2 and 3).
Within the kidney, in the internal area surrounding the medulla
there was a higher regional Pb concentration than in the renal
cortex in the low and high dosage groups (Fig. 2). The brain also
showed an inhomogeneous distribution; the hippocampus had
higher Pb concentration than other areas such as the white matter
in high dosage group (Fig. 3). Pb in all tissues of the control group
and in the brain of the low dosage group was not detected as count
values of ICP-MS were comparable to those of background areas
where only glass slide without organs (Fig. 3). Additionally, other
elements distribution are shown in Supplementary Fig. S2. For
example, Mn tended to accumulate in the renal medulla than cor-
tex (Supplementary Fig. S2 (D, E, F)), while selective accumulation
of Zn was observed in the hippocampus of brain (Supplementary
Fig. S2 (G, H, I)). These results were in accordance with the previ-
ous studies (Becker et al., 2010; Shariatgorji et al., 2016).

3.3. Immuno-localization of STIM1 in mice organs

The reactivity of the primary antibody was confirmed by
comparing it with PBS (Supplementary Fig. S3). Figs. 1—3 show the
immune-localization of STIM1 in the liver, kidney, and brain of the
three groups, respectively. A homogeneous distribution of STIM1
was found in the liver and kidney in all groups (Figs. 1 and 2).
However, the brain showed inhomogeneous distribution of STIM1:
the gray matter and hippocampus had higher densities than other
areas such as the white matter in all groups (Fig. 3).

3.4. Gene induction by Pb in mice organs

Real time PCR was performed to measure the levels of STIM1
mRNA in the liver, kidney, and brain. This confirmed that STIM1
was expressed in all organs (Fig. 4). However, there were no sig-
nificant differences in gene expression between groups in any of
the organs. Additionally, it was examined gene induction of the

candidates suspected to be responsible for Pb entry into cells such
as STIM1, Orail, TRP, VGCC, divalent metal transporter 1, and anion
exchanger in the liver, kidney, and brain by microarray. However,
no significant induction was observed in the liver, kidney, and
brain. As a confirmation, the induction of metallothionein, which is
known to be induced with Pb exposure, was observed to be two and
eight times greater in the liver and kidney, respectively, in the high
dosage groups compared with the control group (data not shown).

4. Discussion
4.1. Pb local distribution in organs

The local distribution of Pb and other toxic elements in organs is
still unknown. LA-ICP-MS allows direct analysis of thin organ sec-
tions (Becker et al., 2010). However, as for Pb, there is little pub-
lished research regarding bioimaging, especially in the Pb exposed
mice model.

In the present study, Pb concentration found in kidney
(56.65 mg/kg) and liver (16.49 mg/kg) in high dosage groups were
comparable to that for lead-poisoned animals in the previous study
(Takano et al., 2015). By analysis using LA-ICP-MS, a homogenous
Pb distribution was found in the liver (Fig. 1); however, the kidney
and brain showed inhomogeneous distribution of Pb (Figs. 2 and 3)
mainly in the kidney. Since it was identified as a target soft tissue
for Pb accumulation (Barregard et al., 1999), there has been sub-
stantial research published on Pb concentration in animal kidneys
(Yabe et al., 2012, 2013; Bortey-Sam et al., 2015; Jarzynska and
Falandysz, 2011; Nakayama et al., 2011, 2013; Sedki et al., 2003).
These reports were based on the hypothesis that there is a ho-
mogenous distribution of Pb in the kidney, and thus did not map
the element in this organ. However, the present findings suggest
that such mapping should be considered for identifying toxic ele-
ments in the kidney. As Pb and other types of toxic elements are
mainly observed in the proximal tubule, which is primarily
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Fig. 4. Mean + SD of the expression of STIM1 in mice organs in the three dosage
groups: (A) liver, (B) kidney, and (C) brain. No significant differences were found be-
tween groups.

distributed in the cortex, the proximal tubule was regarded to be
the highest accumulation area in the kidney (Sabolic, 2006).
Moreover, there are some reports about studies focusing toxic el-
ements distribution in the renal cortex (Smith et al., 1991; Wang
et al., 2009; Wlostowski et al., 2006), so, to some extent, it might
be reasonable to focus such region. A previous study using LA-ICP-
MS to determine Pt in cisplatin (Pt)-administrated rats found that
Pt tended to accumulate in the cortex and corticomedullary junc-
tion (Moreno-Gordaliza et al., 2011). However, the results of the
present study which revealed that Pb tended to accumulate in the
medulla rather than the cortex, strongly suggest that high sensi-
tivity areas and high accumulation areas differ. The present study
would help to understand mechanism of pathological Pb toxicity.

Differences in Pb distribution among organs may be explained
by their individual characteristics. In histological anatomy and
physiology, the liver is regarded as a homogenous organ, thus Pb is
distributed homogenously. By contrast, the kidneys and brain are
regarded as inhomogeneous organs, therefore Pb is distributed
inhomogeneously.

In the present study, mice were selected to be the first proof of
concept model, yet the method utilized can be applied to other

animals. For instance, previous research has shown the tolerance of
chickens to chronic Pb intoxication (Mazliah et al., 1989); thus,
revealing local distribution of Pb in chicken organs would be
interesting.

4.2. Comparison between Pb and STIM1 distribution and gene
expression of STIM1

The present study found homogeneous distribution of STIM1,
which is the main component of SOCs, in the liver and kidney,
whereas there was inhomogeneous distribution in the brain
(Figs. 1-3). There was a significant difference between the distri-
bution of Pb and STIM1 in the kidney which suggests that there are
alternative mechanisms underlying Pb distribution in the kidney.
One explanation is that Pb distribution is due to its reabsorption. In
the kidney, Pb is filtered in the glomerulus; however, most of this
filtered Pb is reabsorbed by the distal tubule and the collecting duct
(Araki et al., 1983, 1978). The distal tubule and the collecting duct
are primarily located in the renal medulla, the area which had the
highest concentration of Pb compared with the other areas
analyzed in the present study. As for channels and transporters, the
TRP super family, specifically TRP vanilloid (TRPV) 5, is responsible
for transcellular calcium (Ca*) reabsorption in the distal tubule,
connecting tube, and collecting duct of the kidney (Nijenhuis et al.,
2005). Moreover, the Nat-Ca** exchanger (NCX) and plasma
membrane Ca?* ATPase (PMCA) are responsible for the extrusion of
Ca" into the blood (Hoenderop et al., 2000). Despite the fact that
there have not been any studies revealing linkages between these
transporters and Pb distribution, these transporters might also be
responsible for Pb?>* reabsorption and local distribution in the
kidney. Moreover, reabsorption behavior differs between Pb and
other toxic metals such as Cd, Hg (Araki et al., 1986); thus further
study of transporters and other toxic elements could be a key to
support the idea proposed above.

In the brain, STIM1 is mainly distributed in the hippocampus,
which is similar with Pb distribution. Therefore, SOCs may be a
candidate route for Pb entering brain cells. However, VGCCs in the
brain may also be a feasible candidate, as nerve cells are excitable
(Davila, 1999; Vassanelli and Fromherz, 1998). Additionally, no in-
duction of STIM1 expression by Pb was observed in the current
study, suggesting that Pb enters the cells via other mechanisms.

5. Conclusions

In experimental animals such as mice model, local distribution
of Pb was demonstrated for liver, kidney and brain and compared
with the distribution of Pb and STIM1 for the first time. Inhomo-
geneous distribution of Pb was found in the kidney and brain. In the
kidney, Pb tended to accumulate in the medulla rather than the
cortex. This provides support for the mechanism of Pb toxicity as
the proximal tubule is regarded as an area of high accumulation. In
this study, however, we did not find evidence supporting that Pb
enters the cells via SOCs. Thus, further study should be conducted
to elucidate the local distribution of Pb and other toxic elements,
and pathway that Pb takes to the cells.
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HIGHLIGHTS

e We measured blood lead in household members in Kabwe, which has a history of Pb—Zn mining.

e Blood Lead Levels (BLL) ranged from 1.65 to 162 pg/dL and were highest in children compared to parents.
e LeadCare II analyser provided prompt diagnosis to identify children needing chelation therapy.

e Age, distance from the mine and direction were the main factors influencing Pb exposure.

o Children living near the Pb—Zn mine are at serious risks of Pb and Cd poisoning.
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Childhood lead (Pb) poisoning has devastating effects on neurodevelopment and causes overt clinical
signs including convulsions and coma. Health effects including hypertension and various reproductive
problems have been reported in adults. Historical Pb mining in Zambia’s Kabwe town left a legacy of
environmental pollution and childhood Pb poisoning. The current study aimed at establishing the extent
of Pb poisoning and exposure differences among family members in Kabwe as well as determining
populations at risk and identify children eligible for chelation therapy. Blood samples were collected in
July and August 2017 from 1190 household members and Pb was measured using a portable LeadCare-II
analyser. Participants included 291 younger children (3-months to 3-years-old), 271 older children (4-9-
years-old), 412 mothers and 216 fathers from 13 townships with diverse levels of Pb contamination. The
Blood Lead Levels (BLL) ranged from 1.65 to 162 pg/dL, with residents from Kasanda (mean 45.7 pg/dL)
recording the highest BLL while Hamududu residents recorded the lowest (mean 3.3 pg/dL). Of the total
number of children sampled (n = 562), 23% exceeded the 45 pg/dL, the threshold required for chelation
therapy. A few children (5) exceeded the 100 pg/dL whereas none of the parents exceeded the 100 pg/dL
value. Children had higher BLL than parents, with peak BLL-recorded at the age of 2-years-old. Lead
exposure differences in Kabwe were attributed to distance and direction from the mine, with younger
children at highest risk. Exposure levels in parents were equally alarming. For prompt diagnosis and
treatment, a portable point-of-care devise such as a LeadCare-II would be preferable in Kabwe.
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1. Introduction

Lead (Pb) poisoning accounts for about 0.6% of the global burden
of disease (WHO, 2010), posing a serious public health concern
worldwide. While acute toxicity is related to occupational exposure
and is quite uncommon, low level chronic toxicity due to envi-
ronmental pollution is much more common (ATSDR, 2017). Lead
poisoning has devastating effects on neurodevelopment such as
mental retardation and lowering of intelligence quotient (IQ) in
children, which may further result in poor school performance,
lower tertiary education attainment, behavioural disorders and
poor lifetime earnings (WHO, 2018; Dapul and Laraque, 2014;
Miranda et al., 2007; Canfield et al., 2003; Lidsky and Schneider,
2003). If not treated, Pb poisoning is characterized by persistent
vomiting, anaemia, encephalopathy, lethargy, delirium, convul-
sions, coma and death (WHO, 2018; Flora et al., 2012; Pearce, 2007).
The Institute for Health Metrics and Evaluation (IHME, 2017) esti-
mated that in 2016 Pb exposure accounted for 540,000 deaths
worldwide. In chronically exposed adults, significant health effects
including renal dysfunction, hypertension and various reproductive
problems have been shown even at low Pb exposures (Kumar, 2018;
Wani et al., 2015). Cases of reduced fertility following chronic
exposure have been reported in males (Benoff et al. 2000, 2003;
Telisman et al., 2000) as well as miscarriages in pregnant women
(Wani et al., 2015). Moreover, childhood Pb exposure poses signif-
icant economic losses in affected countries, especially in low- and
middle-income countries (Attina and Trasande, 2013).

Clinical presentations of Pb poisoning vary widely depending
upon the age, the amount and the duration of exposure, with some
individuals seeming well at a blood lead levels (BLLs) that in others
results in overt clinical signs (Bellinger, 2004). Given that detri-
mental effects of chronic Pb exposure are usually subclinical (Yabe
et al., 2015, 2018), it may result in a delay in the appropriate
diagnosis and chelation therapy, which has been recommended to
be initiated at levels > 45 pg/dL (CDC 2002; Needleman, 2004).
Early diagnosis and chelation therapy are crucial as it has been
reported that high BLLs exceeding 100 pg/dL in children can cause
encephalopathy, convulsions, coma and death (CDC 2002). There-
fore, measurement of BLLs plays a pivotal role in the diagnosis and
management of patients as described in Pb poisoned children in
Nigeria (Thurtle, 2014). Traditionally, BLLs have been measured
using atomic absorption spectrophotometer (AAS), inductively
coupled plasma mass spectrometry (ICP-MS), etc. Although highly
sensitive to Pb measurement, these equipment are laboratory-
based and require trained laboratory technologists. Moreover,
they are expensive and would be time-consuming to ship samples
to appropriate laboratories.

In a set-up like Kabwe town in Zambia, where historical Pb
mining has resulted in alarming Pb poisoning, especially in children
from townships in the vicinity of the closed mine and its tailing
wastes (Yabe et al., 2018; Bose-O'Reilly et al., 2018; Yabe et al.,
2015), prompt diagnosis and immediate chelation therapy would
be required. Therefore, a portable point-of-care devise such as a
LeadCare II analyser, which can be used on-site in remote medical
facilities like Kabwe would be appropriate and preferable. Given
that BLL results are read within 3 min, Pb poisoning would be
diagnosed and chelation therapy initiated promptly. Therefore, the
current study investigated trends of BLL using a LeadCare II Ana-
lyser in Kabwe to identify children that required medical man-
agement to minimize the toxic effects of Pb. In addition, factors
influencing Pb exposure in Kabwe were analyzed and exposure
patterns among household members including fathers, mothers
and children were evaluated.

2. Materials and methods
2.1. Sampling sites

Kabwe town, with a population of about 230, 000 inhabitants
and area size of 1, 547 km?, is the fourth largest town in Zambia. It is
the provincial capital of Zambia’s Central Province and is located at
about 28°26E and 14°27’S. Kabwe has a long history of open-pit
Pb—Zn mining, from 1902 to 1994. As observed by the Blacksmith
Institute (2013), despite closure of the mine, scavenging of metal
scraps from the abandoned tailings and wastes stored on the mine
has continued to serve as a source of metal pollution, especially
dusts emanating from the mine dumps (Fig. 1).

Moreover, some households were within 500 m of the tailings.
As shown in Fig. 2, soils in townships in the vicinity of the mine and
homes downwind from the tailings were highly polluted with Pb
exceeding acceptable levels for residential areas (Bose-O'Reilly
et al., 2018). In the current study, blood samples were collected
from family members including fathers, mothers and children at
health centres around the town of Kabwe, in July and August of
2017. More details about the study site and descriptions of town-
ships that are within the vicinity of the mine can be obtained from
the previous study (Yabe et al., 2015).

2.2. Sample collection

The study was approved by the University of Zambia Research
Ethics Committee (UNZAREC; REF. No. 012-04-16). Further ap-
provals were granted by the Ministry of Health through the Zambia
National Health Research Ethics Board and the Kabwe District
Medical Office. The study targeted households from areas diverse in
the levels of Pb contamination based on the sample design in a
parallel socioeconomic survey under the KAMPAI project (Hiwatari
et al,, 2018). 1000 target households were randomly chosen in two
steps. In the first step, following the sampling frame of Central
Statistical Office (CSO), which conducts official census in Zambia
and has divided Kabwe town into 384 Standard Enumeration Areas
(SEAs). Forty SEAs falling within the catchment area of health fa-
cilities were randomly selected (Fig. 3) while 25 households from
each SEA were randomly selected in the second stage.

To conduct blood sampling, up to four household members
(father, mother, and two children) were invited to local health
centres. Younger non-school-going children up to 3 years old and
older school-aged children older than 4 years were selected in the
study. The age criterion was according to Yabe et al. (2015) who
found significant differences BLL in children of the two age groups.
Thirteen health centres with catchments areas covering the 40
SEAs were included. These included Kasanda, Chowa, Makululu,
Katondo, Railway, Pollen, Mahatma Ghandi, Bwacha, Ngungu,
Natuseko, Mpima Prison, Kang’omba and Hamududu with dis-
tances between the mine and the health centres ranging from 1.5 to
30 km (Fig. 3). After informed and written consent were obtained

Fig. 1. Figure showing men scavenging for scrape metals at the Kabwe Pb—Zn mine
tailings (left) and houses located within 500 m to the tailings (right).
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Fig. 2. Map of Kabwe showing distribution of Pb (mg/kg) in township soils around the Pb—Zn mining complex (Bose-O'Reilly et al., 2018).

from household heads, blood samples were collected as described confidentiality was upheld in the study.

earlier by Yabe et al. (2015). For each of the four family members To avoid sample contamination, all sample collection supplies
included in the study, data on the age and sex were recorded. were kept in plastic ziploc storage bags before sample collection.
Sample collection and questionnaire administration were done by Moreover, the blood collection site on the arm was thoroughly
certified local nurses. In accordance with ethical requirements, cleaned and wiped with alcohol swabs before needle pricking to
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Fig. 3. Map of Kabwe showing the 40 selected SEAs (numbers 1—40 in white circles)
widely distributed across the whole Kabwe town and the 13 health centres (yellow
blocks) that were included in the study.

minimize contamination from dust. For infants, blood was collected
by fingerstick after cleaning the finger with an alcohol swab. A new
sterile lancet was used for each infant to penetrate a fingertip. The
first drop of blood was wiped off with a clean and dry swab and
50 pL blood sample was collected with a pre-supplied LeadCare II
capillary tube and transferred into the LeadCare II reagent vial.
After collection, blood samples were immediately analyzed for Pb
using a LeadCare© II analyser. The remaining samples were
immediately stored at —20 °C at the health centres before being
transported in cooler boxes on dry ice to the laboratory of the
Kabwe District Health Offices where they were again stored at -
20 °C.

2.3. Blood Pb analysis

Lead metal analysis in whole blood samples was done on-site
immediately after blood sample collection using a point-of-care
blood Pb testing analyser, LeadCare© II (Magellan Diagnostics,
USA) according to the manufacturer’s instructions. The analyser
uses an electrochemical technique called Anodic Stripping Vol-
tammetry (ASV) to determine the amount of Pb in a blood sample
(Magellan Industries Inc, 2013). The analyser has been evaluated by
several researchers including (Stanton and Fritsch, 2007; Sobin
et al., 2011; Neria et al.,, 2014). Briefly, individual heparinized
venous blood samples were drawn using the manufacturer-
supplied LeadCare II capillary tubes (approximately 50 pL) and
dispensed into labeled vials containing LeadCare II treatment re-
agent (250 pL of 0.1% of HCl). These were thoroughly mixed by
tipping the bottle ten times to enhance red blood cell lysis, which
released the bound Pb. About 50 puL of the blood/reagent mixture
was then transferred to a sensor using the provided transfer
dropper and analyzed for blood Pb concentration. Single analyses
were performed with results reflected within 3 min in pg/dL on the
analyser’s screen. For quality assurance, the instrument was cali-
brated using a probe before each new lot of test supplies (every 48
tests). Standard controls, one high and one low blood-based con-
trols supplied by the manufacturer were analyzed to assess accu-
racy, these fell within the manufacturer-specified acceptability

limits of 6.9—13.7 pg/dL for the low control and 21.8—32.6 pg/dL for
the high control. Since limits of quantitation were 3.3—65 pg/dL as
the LeadCare II Analyser can only detect BLL above 3.3 pg/dL. The
precise values of BLLs below the 3.3 pg/dL detection limit could not
be determined. These BLLs below instrument detection limit were
therefore treated as 1.65 ng/dL, the mean of 0 and 3.3 as suggested
in other environmental studies (Wood et al., 2011; Ogden, 2010).

For samples above 65 ug/dL, a 3 times dilution was done using
0.1% HCI. Briefly, 50 uL of collected blood was added into 100 uL of
0.1% HCI. Then 50 pL of diluted blood was pipetted into the Lead-
Care II reagent. This was mixed thoroughly and analyzed in the
same way as for undiluted blood. The blood specimens and blood/
reagent mixtures were maintained at room temperature
throughout the analytical process.

2.4. Statistical analysis

All data were combined into a single electronic database and
checked for accuracy and outliers. Statistical analysis was per-
formed using JMP version 10 (SAS Institute, USA). The data are
presented as mean, geometric mean (GM), median and minimum-
maximum values in pg/dL. Tukey Kramer test was used to analyse
BLL differences among family members (younger child, older child,
father and mother) as well as area difference. Different letters
indicated significant difference. Principal component analysis (PCA)
was used to evaluate the relatedness between BLL with age, wind
direction and distance from the mine. The data of BLLs (ug/dL) were
log-transformed before PCA analysis to stabilize variances.

3. Results
3.1. Subjects and BLL

The current study focused on blood samples that were collected
from a total number of 1190 household members including 291
younger children (3 months—3 years old) with an average age of 1.9
years; 271 older children (4—9 years old) with an average age of 6.5
years; 412 mothers with an average age of 39 years and 216 fathers
with an average age of 46 years. Participants were drawn from 13
health centres servicing Kasanda, Chowa, Makululu, Katondo,
Railway, Pollen, Mahatma Ghandi, Bwacha, Ngungu, Natuseko,
Mpima Prison, Kang’'omba and Hamududu townships. The recor-
ded BLL ranged from 1.65 to 162 pg/dL (Table 1).

3.2. Critical BLL values among household members

As shown in Table 2, of the 1, 190 participants, 30% had BLL
below 5 pg/dL, which is the level of concern. These comprised 57
younger children, 59 older children, 151 mothers and 85 fathers. Of
the total number of children sampled (n = 562), a total of 130 (23%)
exceeded the 45 pg/dL, the threshold required for chelation ther-
apy. A few children (total of 5) exceeded the 100 pg/dL whereas
none of the parents exceeded the 100 pg/dL value.

3.3. Pb exposure patterns among household members

Tukey test was performed to analyse age differences in BLL
accumulation among family members. Children had significantly
higher BLL than parents. However, there was no accumulation
difference in BLL between younger children between the ages of 3
months to 3 years and older children aged 4—9 years. Moreover, BLL
between fathers and mothers were not different. Similarly, there
was no sex difference in blood Pb concentrations as the BLL be-
tween boys and girls were not different (data not shown). A positive
correlation was seen in the BLL of mothers and their infants (data
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Table 1

BLL (pg/dL) exposure characteristics among household members in Kabwe, Zambia.
Category All Younger child Older child Mother Father

n=1190 n =291 n =271 n =412 n=216

Mean 20.8 299 243 14.8 15.7
Geo. Mean 111 17.0 14.2 8.2 8.1
Standard Error 0.62 1.59 132 0.74 1.20
Median 13.0 220 173 10.8 8.6
Standard Deviation 214 27.1 21.7 15.0 17.7
Minimum 1.65 1.65 1.65 1.65 1.65
Maximum 162 162 103 86.7 88.2

Table 2

BLL (ng/dL) exposure characteristics among household members in Kabwe, Zambia.
Category All Young child Child Mother Father
BLL ranges Number (%) Number (%) Number (%) Number (%) Number (%)
BLL < 5 pg/dL 352 (30) 57 (20) 59 (22) 151 (37) 85 (39)
BLL 5—44 pg/dL 666 (56) 154 (53) 162 (60) 239 (58) 111 (51)
BLL 45—99 pg/dL 167 (14) 76 (26) 49 (18) 22 (5.3) 20(9.3)
BLL > 100 pg/dL 5(0.4) 4(1.4) 1(0.4) 0(0.0) 0(0.0)

not shown).

3.4. Relationship between BLL and age

A combined dot plot and box-whisker plot was performed to
evaluate the relationship between BLL and age (Fig. 4). In terms of
the median BLL, a general trend indicated a high peak in children
around the age of 2 years and lower BLL in older children, albeit
with fluctuations. Very high BLLs are also more frequently observed
among young children although BLL above 45 pg/dL is observed in
any age group.

3.5. Pb exposure differences among townships

In order to fully understand the Pb exposure patterns in Kabwe,
differences in blood Pb accumulations in residents from the 13
townships were compared. Descriptive statistics of the BLL in res-
idents enrolled at the 13 health centres are shown in Table 3.

Fig. 4. Figure of combined dot plot and box-whisker plot showing relationship be-
tween BLL and age, with peak BLL recorded at 2 years old.

Residents in Kasanda Township, with mean BLL of 45.7 pg/dL
accumulated higher BLL than residents in the other 12 locations.
Makululu Township had second highest mean BLL (29.3 pg/dL)
followed by Chowa and Railway townships. Similar but lower BLL
were recorded in residents from Natuseko, Kang’omba, Ngungu,
Mpima Prison, Katondo and Mahatma Ghandi followed by Bwacha
and Pollen townships. Residents in Hamududu community had the
lowest BLL, with a mean value of 3.3 pg/dL.

3.6. Factors contributing to Pb exposure patterns in Kabwe

Principle component analysis (PCA) was performed on log-
transformed data to evaluate the relationships among BLL, age,
direction and distance from the mine to the township health cen-
tres. As shown in Fig. 5, the results of PCA accounted for 44.3% of the
variation by the first principal component (PC1) and 26.4% by the
second principal component (PC2). Whereas PC1 was positively
determined by distance as well as a slight positive influence by age
and direction, it was negatively influenced by BLL. On the other
hand, PC2 had a strongly positive relationship with age, but rarely
with distance and BLL. It was indicated that distance from the mine
had a strong and bigger negative relationship with BLL while di-
rection and age had lower negative relationship with BLL.

4. Discussion

A portable LeadCare® II analyser was used and proved to be an
effective point of care blood Pb analyser in Kabwe, where alarming
childhood Pb poisoning was previously reported (Yabe et al., 2015).
Moreover, the LeadCare II analyser is less invasive and suitable for
infants as it requires a smaller finger stick blood sample. In an
environment like Kabwe where non-specific clinical symptoms of
cumulative Pb poisoning can easily be confused with other diseases
like malaria, a rapid and appropriate diagnosis of Pb poisoning
cannot be overemphasized. The current study analyzed Pb expo-
sure patterns among family members in Kabwe, where household
members shared similar risk factors such as area, direction and
living conditions. The study revealed that not only children were at
risk of the toxic effects of Pb in Kabwe town but women and men as
well. Young age was a significant risk factor given that BLL were
highest in children, with peak levels recorded at the age of two, in
agreement with similar trends in earlier studies (Yabe et al., 2015;
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Table 3
Area differences in BLL (pug/dL) among Kabwe residents from 13 health centres.
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Kasanda Makululu Chowa Railway Natuseko Bwacha Ngungu Pollen Mahatma Ghandi Mpima Prison Katondo Kang'omba Hamududu

Mean 45.7 29.3 16.5 114 8.58 6.78
St'd Error 1.64 1.01 1.02 1.97 0.98 1.10
Median 449 243 16.6 10.5 6.95 3.90
Standard Deviation 23.5 19.0 10.5 6.81 6.92 111
Minimum 1.65 1.65 1.65 330 1.65 1.65
Maximum 162 119 483 26.2 343 94.8
Count 204 355 105 12 50 103

538
0.59
4.80
3.50
1.65
14.2
35

470 451 541 6.51 8.48 3.31
098 0.63 0.59 1.09 1.01 0.41
1.65 4.60 4.90 3.80 5.40 1.65
469 236 413 7.17 9.94 4.08
165 1.65 1.65 1.65 1.65 1.65
168  9.00 233 38.7 63.5 35.6
23 14 49 43 96 101

Fig. 5. Principal component analysis on log transformed data showing the influence of
age, distance and wind direction on BLL among Kabwe residents.

Koller et al., 2004). This trend could be attributed to the hand-to-
mouth or object-to-mouth (pica) behavior of children as they
explore their environment after their onset of independent
ambulation. In addition to increased exposure, children absorb a
greater proportion of ingested Pb from the gastrointestinal tract
than adults (Wani et al., 2015). Acute Pb poisoning exceeding
100 pg/dL can be fatal as seen in the Pb poisoning disaster in
Nigeria, where more than 400 children died leaving numerous
others with long-term neurological impairment (Dooyema et al.,
2012; Lo et al, 2012). To minimize the pernicious effects of Pb
toxicity in children, chelation therapy is recommended at levels
>45 pg/dL as clinical symptoms such as abdominal pain, enceph-
alopathy, convulsions, coma and death have been observed in BLLs
>60 (CDC, 2002; Needleman, 2004). The current study revealed
that of the 556 children, 29% had BLL that exceeded 45 pg/dL and
were recommended for chelation therapy. Moreover, the children
were followed up for further assessment including neuro-
developmental impairment assessment (data not provided).

For the first time, the current study revealed high BLL in women
in some areas in Kabwe, with concentrations up to 86 pg/dL. These
findings were similar to BLLs reported in women of child-bearing
age in Sub-Saharan Africa where the overall weighted mean BLLs
of 24.73 pg/dL was recorded, with the highest mean of 99 pg/dL
being recorded in women from Nigeria (Bede-Ojimadu et al., 2018).
Most of the mothers that participated in current the study (58%)
had BLL ranging between 5 and 44 pg/dL, a few (5%) were above

45 png/dL with none exceeded 100 pg/dL. Exposure to Pb in the
women could be attributed to multiple sources including dust
inhalation, ingestion via diet or soil (pica), a habit that is common
among pregnant women in Zambia, including Kabwe. Although
most studies are focused on childhood Pb exposure, the findings in
the current study should be considered carefully as increased BLLs
in women of child-bearing age in Sub-Saharan Africa were associ-
ated with incidences of preeclampsia and hypertension (Bede-
Ojimadu et al., 2018). Delayed puberty due to Pb exposure has
also been observed in girls (Schoeters et al., 2008). With a half-life
of many years to decades in adults, endogenous exposure to Pb due
to increased bone resorption as seen in women during pregnancy
and lactation (Rothenberg et al., 2000; Téllez-Rojo et al., 2002;
Gulson et al., 2003; Manton et al., 2003) could also not be ruled
out in the exposed mothers in Kabwe. When pregnant, blood Pb
accumulation in women could pose a threat to the developing fetus
given that maternal-fetal transfer is a major source of early life
exposure to Pb (Chen et al., 2006; Gardella, 2001; Li et al., 2000; Lin
et al., 1998). Additional Pb exposure to the infant can occur via
breast milk as breastfeeding is a recognized source of postnatal Pb
exposure (Counter et al., 2014). These exposure pathways could
explain the alarmingly high BLL in infants in the current study, even
before their ambulatory stage. This is critical as pediatric Pb
poisoning during a vulnerable period of development can lead to
negative neurodevelopmental impacts such as low IQ and cognitive
impairments (Lanphear et al., 2005).

Similarly, increased Pb exposure in men from some Kabwe
townships was recorded in the current study, with median BLLs of
8.60 pg/dL and maximum levels of 88.2 pg/dL. This is also the first
time that Pb exposure is being investigated in men in Kabwe and
the sources of exposure could be similar to those of women, with
the exception of pica, a practice common especially among
expectant mothers. Findings in the current study were similar to
reports in Iran where mean BLL of 41.41 ng/dL were reported in
male workers at a battery manufacturing plant (Sadeghniat
haghighi et al., 2013). Given that chronic low level Pb exposure
has been associated with health complications including reduced
sperm quality (Wu et al., 2012; Apostoli et al., 1998), the findings of
the current study highlight the reproductive health risks that men
in Kabwe could be exposed to through chronic Pb exposure.
Moreover, Pb exposure has an interactive relationship with socio-
economic factors. While socioeconomic conditions have been
established as important predictors of exposure to Pb (Elias et al.,
2007; Sargent et al., 1995), health effects of Pb exposure can be
the sources of economic losses that can impact families negatively
(UMRSC and MNCEH, 2014; Attina and Trasande, 2013; Gould,
2009; Ogunseitan and Smith, 2007). While many studies may
place emphasis only on health effects of Pb exposure, the impact of
Pb exposure and poisoning in Kabwe could be broad and include
healthcare, social, and behavioural costs.

Area differences in BLL exposure patterns among Kabwe resi-
dents were established in the current study, where residents from
Kasanda Mine Township had the highest BLL followed by Makululu
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and Chowa Townships. BLLs in Railway, Natuseko, Katondo, Pollen,
Mahatma Ghandi, Bwacha, Ngungu, Mpima Prison, Kang’omba
were similar, with residents from Hamududu recording the lowest.
These results reveal that severity to Pb poisoning risks among
residents of Kabwe was different depending on area of residence.
These differences could be attributed to distance from the mine and
direction, with distance from the mine exerting the majority in-
fluence as seen on PCA analysis. It was shown that townships
closest to the mine and lying in the western direction of the mine
were affected the most, especially Kasanda, followed by Makululu.
Since the wind direction is from east to west in Kabwe, more Pb
contaminated dusts emanating from the mine tailings are likely to
settle in Kasanda and Makululu than the other townships. Of in-
terest was Natuseko Township, which is located in similar direction
with similar distance from the mine as Bwacha and Ngungu
Townships but recorded slightly higher BLLs than these two
townships. Although not established, this could be attributed to
transportation and piling of contaminated soils and stones from the
mine in Natuseko Township many years ago (verbal communica-
tion from community members).

5. Conclusions

This is the first study that has revealed the true extent of Pb
exposure in the whole Kabwe town, which poses a serious public
hazard and should be given urgent attention. Exposure to Pb does
not only affect children but their parents as well. Factors contrib-
uting to Pb exposure included age, distance and direction, with
distance playing the major role. Therefore, younger children in
townships closer to the mine and lying on the western side of the
mine were the most vulnerable. To avert overt Pb toxicity, children
with BLL exceeding 45 pg/dL would require chelation therapy.
These children were referred to the office of the District Medical
Director. Regular BLL monitoring using a portable analyser such as
the LeadCare II should be considered for prompt diagnosis and
initiation of treatment to avoid the irreversible Pb-induced
neurological dysfunction in children. A thorough clinical evalua-
tion of Pb poisoning among the affected children, including neu-
rodevelopmental and cognitive impairments, would reveal the true
extend of Pb poisoning in Kabwe. Measuring blood Pb in pregnant
women and breast milk will be significant to clarify the exposure
pathway from mother to child and recommend appropriate med-
ical management and advice for the mother. Socio-economic fac-
tors contributing to Pb exposure and socio-economic impacts of Pb
exposure also need to be thoroughly investigated to fully under-
stand the Pb exposure-effect cycle. Moreover, urgent environ-
mental remediation is required to reduce Pb exposure in Kabwe.
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HIGHLIGHTS

e Lead (Pb) levels in blood of 120 dogs around a Pb mining area, Kabwe were measured.
o The overall mean of Pb in dog blood in the present study was 271.6 pg/L.

o Pb levels significantly decreased with increasing age and distance from the mine.

o Pb isotope ratios in blood showed values close to those reported for Kabwe galena.

e Dogs could be useful as a sentinel animal of Pb exposure on human in Kabwe.
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Lead (Pb)-poisoning is a serious public health concern and dogs have been useful as a sentinel-animal for
Pb exposure of humans. In the present study, the blood Pb concentrations (BLC), isotope ratios (208 Pb/
206 Pb and 207 Pb/206 Pb), and biochemistry of 120 domestically owned dogs living around a Pb mining
area, in Kabwe, Zambia were analyzed to determine factors associated with Pb exposure. The overall
mean value of Pb in dog blood in the present study was 271.6 pg/L. The BLC in the dogs from sites near
the mine were significantly higher than those in the dogs from a site 4 km from the mine
(352.9 + 205.1 ug/L versus 28.0 + 13.9 pg/L). BLC significantly decreased with both increasing age of the
dogs and distance from the mine. The Pb isotope ratios in the dog that resided near the mine showed
values similar to those reported at the galena mine in Kabwe, which is considered to be the source of Pb
exposure. In contrast to the high metal exposure that was determined in these dogs, the mean values of
most analyzed parameters in the blood biochemical analysis were surprisingly within or close to the
standard reference values. Moreover, none of the dogs showed overt signs of Pb-poisoning or other
clinical symptoms. The results of analysis of Pb exposure of the dogs obtained in the present study, which

xﬁ;ablia are similar to the previously reported results in human in this location, suggest that dogs could be useful
as a sentinel animal for Pb exposure of humans in Kabwe.
© 2020 Published by Elsevier Ltd.
1. Introduction
Lead (Pb) poisoning is a serious public health concern, that
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substance in the Substance Priority List in 2017, which was
compiled to determine the most significant potential threat to
human health (ATSDR, 2017). Pb exposure primarily occurs via
ingestion and inhalation (Calabrese and Stanek, 1995; Schoning
et al, 1996). Numerous sources of Pb exposure are known,
including gasoline, smelters, battery recycling, paint, and mining
(Meyer et al., 2008; Yabe et al., 2010). Eliminating the source of Pb
exposure is necessary to reduce and prevent further exposure. Pb
has four stable isotopes: 2°8Pb, 207pb, 296pb, and 2°4Pb. The com-
positions of these isotopes are not affected to a measurable extent
by physicochemical fractionation processes (Bollhofer and Rosman,
2001; Veysseyre et al., 2001). The 2%8Pb/?%®pb and 2°7Pb/?°6Pb
isotope ratios are well known to be useful in determining the
source of Pb exposure (Binkowski et al., 2016; Cao et al., 2014).

The Pb concentration in whole blood is the main biomarker that
is used to monitor the exposure; it has been widely used in
epidemiological studies. Symptoms of Pb poisoning are varied,
including anemia, vomiting, nephropathy, encephalopathy, and, in
the worst case, death (Meyer et al., 2008). At low-level concentra-
tions, Pb exposure can cause neurodevelopmental impairment such
as a reduction of the intelligence quotient (IQ) in children. There-
fore, the Centers for Disease Control and Prevention (CDC) has set
5 pg/dL of Pb in the whole blood as the blood Pb reference value for
Pb exposure (CDC, 2019, 2012).

As in humans, Pb poisoning in companion animals such as dogs
and cats has also been reported (Bates, 2018). Lead poisoning in
companion animals effects their gastrointestinal and central ner-
vous systems as it does in humans. The concentration of Pb in the
whole blood can also be used to confirm exposure of companion
animals and a toxic concentration is generally considered to
be > 400 pg/L (Bates, 2018). The sources of Pb exposure of animals
are similar to those for humans: therefore, the risk of Pb poisoning
in animals must also be considered. Companion animals, which
share similar risk factors, including the areas of habitation and
living conditions with their owners, have been useful as sentinels
for toxic substances and infectious diseases (Rabinowitz et al.,
2006; Sévere et al., 2015). Thomas et al. (1976) reported an asso-
ciation between high blood Pb concentrations in dogs and children
from the same family. Moreover, the socioeconomic characteristics
of the dog-owning family were reported to be reliably associated
with abnormally high blood Pb concentrations in dogs (Thomas
et al., 1975). Dogs have been reported as a useful indicator of Pb
exposure for humans. They can be used a feasible, low-cost alter-
native to a large-scale survey of humans (Kucera, 1988).

The lead-zinc (Zn) mine in Kabwe, Zambia was operational for
over 90 years without adequate pollution laws regulating emissions
from the mine, and it was closed in 1994. These mining operations
have left the city with hazardous concentrations of Pb in the biota
and soil. The high accumulation of Pb and other metals in various
environmental and biota samples has been reported in Kabwe
(Nakayama et al., 2011; Yabe et al., 2013, 2011). High blood Pb
concentrations in children near the mine, for whom all samples
exceeded the 5 pg/dL blood Pb reference value (CDC, 2019, 2012),
were also found (Yabe et al., 2015). Further studies are necessary to
determine the scale and impact of Pb poisoning in Kabwe; however,
large-scale surveys of humans possess some difficulties such as cost
and use of human resources. In Kabwe, guard dogs are commonly
owned and could be exposed to a similar amount of Pb as humans.
Pb residues in dogs can serve as a potential indicator for predicting
the extent of Pb contamination in the environment and Pb expo-
sure of their owners. However, Pb exposure of dogs in Kabwe has
not yet been reported.

Therefore, the present study was undertaken to assess the
trends of Pb and other metals in the blood of domestic dogs

residing in areas around the mine for use as sentinel animals. The
factors associated with their exposure to Pb and other metals in
Kabwe, Zambia are also discussed. The Pb isotope ratios of
208pp296ph and 297Pb/2%Pb in the blood of dogs were analyzed to
determine the source of Pb exposure. Moreover, a blood
biochemical analysis was conducted to evaluate the health impact
of Pb exposure of dogs.

2. Materials and methods
2.1. Sampling sites

Kabwe is the provincial capital of Zambia’s Central Province and
is located at about 28°26'E and 14°27'S. It is the fourth largest town
in Zambia, with a population of about 230, 000 inhabitants and an
area of 1, 547 km?. Kabwe has a long history of open-pit Pb—Zn
mining that lasted from 1902 to 1994. Despite the closure of this
mine, metal scraps from the abandoned tailings and wastes stored
in the mine have continued to serve as sources of metal pollution,
especially dusts that emanate from the mine dumps. Moreover, the
high Pb exposure of some households within 500 m of the tailings
and the residential areas close to the mine could result from these
sources of metal pollution.

The present study was conducted in three sites near the mine
(Kasanda, Mutwe Wansofu, and Chowa) and one site far from the
mine (Lukanga) in June and July of 2016 (Fig. 1).

2.2. Sampling

We conducted a sensitization campaign in which dog owners
from the selected townships were requested to take their dogs to
designated locations within their townships for free rabies vacci-
nation programs, which acted as part of the recruitment strategy
for this study. The rabies vaccinations were performed by govern-
ment personnel from the Kabwe District Veterinary Office. Only
dogs with owners that willingly agreed to participate in the present
study were used in the sample collection. The dog owners were also
interviewed to obtain necessary information about their dogs such

Fig. 1. Map of the sampling areas in Kabwe, Zambia (modified from Google Earth).



H. Toyomaki et al. / Chemosphere 247 (2020) 125884 3

as age, sex, and breed.

Blood sample of up to 10 mL were collected from the cephalic
veins of each dog into heparinized blood collection tubes for lab-
oratory analysis. To avoid sample contamination, all sample
collection supplies were stored in plastic Ziploc storage bags before
sampling. The venipuncture site was carefully cleaned and sani-
tized with an ethanol swab to avoid contamination before sample
collection. The blood samples were transported to the laboratory
and the plasma samples were separated after they were centri-
fuged. The processed samples were kept at —20 °C at the University
of Zambia, School of Veterinary Medicine, and transported to Japan
in temperature-controlled boxes with ice packs. The samples were
analyzed in the Toxicology Laboratory at the Faculty of Veterinary
Medicine, Hokkaido University, Sapporo, Japan (Approval Number:
Vet-17010).

2.3. Pb and metal concentration analysis

The extraction of Pb and other metals (cadmium (Cd), nickel
(Ni), chromium (Cr), copper (Cu), zinc (Zn), cobalt (Co), and arsenic
(As)) from the whole blood samples was performed. In brief, 1 mL of
each blood sample was placed in prewashed digestion vessels,
followed by acid digestion using 5 mL of two-fold diluted ultrapure
nitric acid (Cica reagent, Specific gravity of 1.38, 60%; Kanto
Chemical Corp.) and 1 mL of ultrapure hydrogen peroxide (Cica
reagent, 30%; Kanto Chemical Corp.). Microwave digestion was
performed using a Speedwave MWS-2 (Berghof) according to the
instruction of the manufacturer, as has been described previously
(Yabe et al., 2015). The concentrations of Pb and other metals were
analyzed by inductively coupled plasma mass spectrometry (ICP-
MS, 7700 series; Agilent Technologies, Tokyo, Japan). Analytical
quality control was conducted using DORM-3 (fish protein; Na-
tional Research Council of Canada, Ottawa, Canada) and DOLT-4
(dogfish liver; National Research Council of Canada) certified
reference materials. Replicate analyses of these reference materials
showed good recovery rates (95—105%) with an instrument
detection limit of 0.001 pg/L.

2.4. Stable Pb isotope analysis

The sample dissolution procedure was similar to a previously
described method (Kuritani and Nakamura, 2002; Nakayama et al.,
2019). The extracted solutions of blood were transferred into Teflon
tubes after the Pb concentrations were analyzed. 2°®Pb/?°°Pb and
207pp296ph jsotope ratios were determined using a multiple col-
lector (MC)-ICP-MS (Neptune Plus, Thermo Finnigan, California,
USA) in static mode with Faraday cup configuration. The other
general parameters are provided in Supplementary Table S1.

2.5. Blood biochemical analysis

A conventional blood chemical analyzer (COBAS Ready; Roche
Diagnostic Systems, Basel, Switzerland, and Spotchem panels I and
II; Arkray, Kyoto, Japan) was used to analyze the concentrations of
alanine aminotransferase (ALT), alkaline phosphatase (ALP),
aspartate aminotransferase (AST), gamma glutamyl transpeptidase
(GGT), lactase dehydrogenase (LDH), total bilirubin (T-Bil), total
protein (TP), albumin (Alb), blood urea nitrogen (BUN), creatinine
(Cre), and urea acid (UA) in the plasma. The standard reference
ranges for each parameter of the Spotchem Series in dogs were
provided by Arcray, Kyoto, Japan.

2.6. Statistical analysis

All data from the experiments and questionnaire were

combined into a single electronic database and checked for accu-
racy and outliers. All statistical analyses were performed at a sig-
nificance level of p < 0.05 using R version 3.4.3 and JMP 13.1.0 (SAS
Institute, USA). Mean values were indicated in addition to standard
deviation (SD) values. The collinearity between factors was
analyzed using Spearman’s rank correlation test. A Steel-Dwass
multiple comparison test was used to compare the differences
between the factors among differing areas.

3. Results
3.1. Characteristics of the dogs in the present study

A total of 120 domestic dogs were sampled in the present study,
with 90 coming from the three sites near the mine and 30 from
Lukanga which is located farther from the mine (Table 1). All of the
dogs were crossbreeds with a mean age of 32.0 + 24.3 months.
There was a significant difference in age between the dogs from
Kasanda and Chowa (p < 0.01). The mean distance between the
mine and the location of the dogs was 2.58 + 1.83 km. There was a
significant difference in the distances from the mine between the
dogs from sites near the mine (Kasanda, Mutwe Wansofu, and
Chowa) and from Lukanga (p < 0.01). None of the dogs had overt
signs of lead poisoning or other clinical symptoms.

3.2. Concentrations of Pb and other metals in the blood of dogs

The overall mean of Pb concentrations in dog blood in the
present study was 271.6 pg/L (Table 1). Of the 120 dogs sampled,
24% (29/120) were above the toxic level for companion animals,
which is 400 pg/L (Supplementary Fig. S1). The mean concentration
of Pb in the blood of the dogs from Kasanda (525.3 pg/L) was above
the toxic level. On the other hand, the mean concentration of Pb in
the blood of the dogs from Lukanga was 28.0 pg/L, and all dogs from
Lukanga showed concentrations below the toxic level. The mean of
all metals in the dogs residing at the three sites near the mine were
significantly higher than those in the dogs from Lukanga (p < 0.01).
Most of the other metal (Cd, Ni, Cr, Co, and As) concentrations in the
dogs from Kasanda were significantly higher than those concen-
trations determined in other areas, except for Pb, Cu, and Zn. In
contrast, all metal concentrations in the dogs from Lukanga were
significantly lower than those from all other sites, except for Co.

There was no significant difference in the metal concentrations
in blood between male and female dogs in all locations as well as in
the dogs from sites near the mine. However, the Pb (p = 0.015), Cr
(p = 0.015), and Cu (p < 0.01) concentrations in male dogs were
significantly higher than those in female dogs from Chowa. The Cd
concentrations in male dogs from Mutwe Wansofu (p = 0.059),
Chowa (p = 0.09), and Lukanga (p = 0.06) were higher than the
concentrations in female dogs, but not significantly. In contrast, the
Pb concentrations in female dogs were significantly higher than
those in male dogs from Kasanda (p = 0.047). The Ni concentrations
in female dogs were also higher than those in male dogs from
Lukanga (p = 0.094).

In all dogs, there were significant positive correlations among all
metals (Supplementary Table S2, p < 0.05). Most metal concen-
trations (p < 0.05) significantly decreased with increasing age,
except for Cu (p = 0.14, Spearman’s p = —0.13) and Cd (p = 0.07,
p = —0.17). All of the metals concentrations in the dogs significantly
decreased with increasing distance between the mine and the
location of the dogs (p < 0.05). Figs. 2 and 3 respectively show the
relationships between the Pb concentrations and the age, and the
Pb concentrations and distance from the mine.

In the dogs from sites near the mine, there were also significant
positive correlations among all of metals (Supplementary Table S3,



Table 1

Characteristics of dogs and metal concentrations in dog blood (pg/L) in the present study in Kabwe, Zambia; mean + SD values (minimum-maximum).

As

Co

Zn

Cu

Cr

Cd

Age, months Distance between the mine and Pb

Sex,

Area

Male:Female the location of dogs, km
32.0+24.3(3 2.58 + 1.83 (0.65—7.30)
—156)

Overall (120) 67:52

10.5+21.6(0.2 52 +4.5 (0.6

~173.7)

6537.1 + 3509.9

271.6 +226.9 (43 1.5+ 1.6(0.01 869 + 261.8 (2.5 67.2 + 754 (2.0 1108.8 + 634.5

~1233.5)

-18.6)

(1976.5—1834.0)
7494.6 + 3555.8*

(396.3—3438.0)
1284.3 + 643.6"
(419.5-3438.0)
1802.9 + 530.8%

—316.6)

—2054.8)

—6.1)

6.4 + 4.6™

12.8 + 24.6™
(02-173.7)

2.0 +1.6™ 114.6 + 298.1"*  88.8 + 75.9"*

352.9 + 205.1*

31.4+229(4 1.53 + 0.65** (0.65—3.52)

49:40

Near the

(0.6—18.6)

(2076.4—18394.0)
10675.6 + 3252.9°
(5055.5—18394.0)

9158.9 + 1109.7°

(11.6—316.6)
1755 + 49.9°

(11.0-2054.8)

(02-6.1)

(31.2—1233.5)
525.3 + 230.8%

mine (90)
Kasanda

16.6 + 7.9% (54 11.5 + 2.3%

—44.0)

3.4 +1.0* (1.7 213.3 + 370.0°

-6.1)

1.09 + 0.14° (0.87—1.34)

20.7 + 22.4°
(4-96)

15:12

(6.9-18.6)

b(43 92+19°

(1043.9-3438.0)
1571.1 + 146.4*

(90.6—2054.8)  (100.7—316.6)
743 + 19.6"

(189.5—1235.5)
3923 + 112.0°

(27)

Mutwe

8.4 +5.1
—242)

+521.4°

(22 1995

29 +04°
—34)

0.85 + 0.11% (0.65—1.03)

32.1 + 18.4*
b (4-60)

5:9

(7.3-12.6)

(7394.9-11245.7)

(1246.8—1780.0)

(54.0-127.2)

(37.9-2007.6)

(253.0-652.8)

Wansofu

(14)

Chowa (49) 29:19

2.7 +2.3°

12.0 + 32.8" ¢
(0.2-173.7)

(2076.4—12633.4)

5219.9 + 2357.3"
3696.4 + 774.1¢

2465 +130.6° 0.9+ 1.3°(0.2 34.3 +34.1°(11.0 44.2 + 53.7° 908.9 + 539.2°

(31.2-530.0)

37.2 +22.6° 2.00 + 0.55¢ (1.34—3.52)

(4-96)

(0.6—8.6)
35+27°(1.0 15 +0.89

~12.4)

(1976.5-5196.5)

(419.5-2782.3)
588.0 = 79.8°

34+1.19(2.0

(11.6-294.4)
—6.8)

5.0 + 1.49 (2.5

~160.4)
-86)

~5.0)

28.0 + 13.9°(43 0.03 + 0.01¢

~53.0)

33.8 + 28.6% 5.44 + 0.55¢ (4.67—7.30)

b (3-156)

Lukanga (30) 18:12
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(0.6-3.9)

(396.3—742.6)

(0.01-0.08)

** indicates a significant difference (p < 0.01) between sites near the mine and Lukanga. Different letters indicate a significant difference among areas (p < 0.05). In Chowa, the following data was not recorded: the age of one

dog, the sex of one dog, and the locations of three dogs (home address).

Note:

p < 0.05). The concentrations of all metals in the dogs significantly
decreased with increasing age and distance from the mine
(p < 0.05). There was a significantly positive correlation between
the age of the dog and distance from the mine (p < 0.05, p = 0.21).

In the dogs from Lukanga, there were significant positive cor-
relations between Pb and Zn (p < 0.01, p = 0.50), as well as between
Ni and Cr (p < 0.01, p = 0.60) (Supplementary Table S4). The As
concentrations were found to be nearly significantly correlated
with Co (p = 0.09, p = 0.31) and Zn (p = 0.09, p = —0.31) concen-
trations. The Cd concentrations were almost significantly correlated
with Cr (p = 0.07, p = 0.33) and Co (p = 0.07, p = 0.34) concen-
trations. The Pb concentrations decreased with the age of the dog,
but not significantly (p = 0.052, p = —0.36). The concentrations of
Pb (p < 0.05, p = —0.42) and Cu (p < 0.05, p = —0.42) were
significantly correlated with the distance from the mine. The Ni
concentrations increased with the distance, but not significantly
(p = 0.059, p = 0.35).

3.3. Pb isotope ratio analysis

The mean values of the 2°8Pb/2°6Pb and 27Pb/2%6Pb ratios in the
blood of all dogs were 2.129 + 0.006 and 0.8727 + 0.003, respec-
tively (Table 2). Both Pb isotope ratios in the blood of the dogs from
sites near the mine (?°®Pb/2°Pb: 2.131 + 0.003 and 2°7Pb/?%6pb:
0.8734 + 0.0014) were significantly different from those of the dogs
from Lukanga (?°8Pb/2%Pb: 2122 + 0.007 and 297Pb/2%6pb:
0.8708 + 0.0047, p < 0.05). The SD values of the isotope ratios of the
dogs from sites near the mine were smaller than those of the dogs
from Lukanga, indicating small individual differences in the isotope
ratios of the dogs from sites near the mine. Both ratios in the blood
of the dogs from sites near the mine (Fig. 4 and Supplementary
Figs. S2 and S3), especially from Kasanda (?°8Pb/2%Pb: 2.133 and
207pp296ph: 0.8735) showed values similar to those reported for
Kabwe galena (*°Pb/2%5Pb: 2.134 and 2°7Pb/?°Pb: 0.8731, Kamona
et al., 1999).

3.4. Blood biochemical analysis

Table 3 shows the mean values of the blood biochemical anal-
ysis. The means values of all parameters in the dogs in the present
study were within the reference range or slightly higher. The LDH
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Fig. 2. Relationship between the blood Pb concentrations in the dogs and their age
(months). The blue, red, green, and violet circles indicate samples from Kasanda,
Mutwe Wansofu, Chowa, and Lukanga, respectively. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of this
article.)



H. Toyomaki et al. / Chemosphere 247 (2020) 125884 5

® Kasanda
1200 ® Mutwe Wansofu
® Chowa

® Lukanga

1000

N o 3
(=3 (=3 (=3
o o =3
.

Blood Pb concnetrations in dogs, pg/L
S

: 3 g, . .
1 2 3 4 5 6 7
Distance, km

o

Fig. 3. Relationship between the blood Pb concentrations in the dogs and the distance
between the mine and the location of the dogs (km). The blue, red, green, and violet
circles indicate samples from Kasanda, Mutwe Wansofu, Chowa, and Lukanga,
respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Table 2
Mean + SD values of the Pb isotope ratios.

Area ZOBPb/ZOSPb 207pb/206pb

0.8727 + 0.003
0.8734 + 0.0014**
0.8735 + 0.0003?

0.8747 + 0.0009°

0.8729 + 0.0017¢

0.8708 + 0.0047¢

0.8731 + 0.0003

Overall (119)
Near the mine (89)
Kasanda (27)
Mutwe Wansofu (14)
Chowa (48)
Lukanga (30)
Kabwe galena (Kamona et al., 1999)

2.129 + 0.006
2.131 + 0.003**
2.133 + 0.001°
2.130 + 0.002°
2.130 + 0.003°
2.122 + 0.007¢
2.134 + 0.0009

Note: ** indicates a significant difference (p < 0.01) between sites near the mine and
Lukanga. Different letters indicate a significant difference among areas.

0.876

0.875

_
.

X—

0.872 @ Sites near the mine
® Kasanda
® Mutwe Wansofu

0.871 ® Chowa
® Lukanga

207Pb/206Pb

X Kabwe galena
(Kamona et al. 1999)

0.87
2.12 2.122 2.124 2.126 2.128 2.13 2.132 2.134 2.136

208Pb/206Pb

Fig. 4. Pb isotope ratios (2°6Pb/2°5Pb and 2°7Pb/?°Pb) in the blood of the dogs residing
in different areas. The mean values are shown with error bars indicating the SD. The
blue, red, green, and violet circles indicate samples from Kasanda, Mutwe Wansofu,
Chowa, and Lukanga, respectively. The black circle indicates the mean values of sam-
ples from three sites near the mine (Kasanda, Mutwe Wansofu, and Chowa). The
reference value of Kabwe galena was obtained from a report by Kamona et al. (1999)
and is indicated by a cross mark. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

concentrations in the dogs from Lukanga (279.9 IU/L) was signifi-
cantly higher than that in the dogs from sites near the mine (192.0
IU/L, p < 0.01). The GGT (p = 0.08) and Alb (p = 0.052)

concentrations in the dogs from Lukanga were higher than those in
the dogs from sites near the mine, although these differences were
not significant. There was no significant difference in the blood
biochemistry parameters between male and female dogs.

In all dogs in the present study, there was a significant positive
correlation between Pb and ALP concentrations (Supplementary
Table S5, p = 0.047, p = 0.18). The LDH (p = 0.08, p = —0.16), BUN
(p = 0.08, p = —0.16), and Cre (p = 0.07, p = —0.17) concentrations
decreased as the Pb concentrations increased, but not significantly.

In the dogs from sites near the mine, the Pb concentrations were
significantly associated with increased ALT (p < 0.01, p = 0.29), ALP
(p<0.01, p=0.29), and AST (p = 0.014, p = 0.29) concentrations. On
the other hand, a significant negative correlation between Pb and
BUN concentrations (p < 0.05, p = —0.26) was observed. The Cre
(p =0.07, p=—0.20) and UA (p = 0.099, p = —0.20) concentrations
almost significantly decreased as Pb concentrations increased.

In the dogs from Lukanga, the ALP concentrations almost
significantly increased with Pb concentrations (p = 0.06, p = 0.35),
as was found in other groups. There was also a significantly nega-
tive correlation between Pb and TP (p < 0.05, p = —0.39) in the dogs
from this area, while BUN (p = 0.06, p = —0.36) and Cre (p = 0.09,
p = —0.32) appeared to decrease with Pb concentrations increased,
but not significantly.

4. Discussion

In the present study, high blood Pb concentrations (271.6 ug/L)
have been recorded in dogs in townships around the mine in
Kabwe, wherein cases of Pb poisoning in animals and humans have
been reported (Nakayama et al., 2011; Yabe et al., 2015, 2013, 2011).
Of all dogs that were surveyed, 24% (29/120) had Pb concentrations
in their blood that are above the toxic level (400 pg/L) for Pb
exposure in companion animals (Bates, 2018). The Pb concentra-
tions in the dogs from sites near the mine that were determined in
a present study (352.9 pg/L) were similar to or higher than the
blood Pb concentrations in polluted sites in other countries where
the concentrations ranged from 283 to 262 ug/L
(Balagangatharathilagar et al., 2006; Brownie et al., 2009; Thomas
et al., 1975). In the present study, elevated Pb concentrations in
the blood were found in the dogs from Kasanda, with the highest
concentration being 1233.5 pg/L. Several studies have reported
severe clinical cases of Pb poisoning due to elevated blood Pb
concentrations in dogs, such as those found in Kasanda in the
present study (Hamir et al., 1985; King, 2016; Langlois et al., 2017).
These findings suggest that Pb exposure of the dogs residing in sites
near the mine in Kabwe, Zambia, is a serious health risk. On the
other hand, the dogs from Lukanga had lower mean blood Pb
concentrations (28.0 pg/L), which agree with the results obtained
for dogs from unpolluted areas in previous reports
(Balagangatharathilagar et al., 2006; Brownie et al., 2009; Thomas
et al., 1975).

The present study found different trends of Pb and other metals
concentrations in the blood of dogs among the different observed
areas in Kabwe. The mean blood Pb concentrations in the dogs from
Kasanda (525.3 pg/L), was higher than that in the dogs from Mutwe
Wansofu (392.3 ug/L), whereas the locations of the dogs from
Mutwe Wansofu (0.85 km from the mine) were closer to the mine
than those of the dogs from Kasanda (1.09 km from the mine).
Kasanda is located on the western side of the mine, which is in the
direction of the prevailing winds. The accumulation of metal in the
dogs from Chowa (2.00 km from the mine) were lower than those
in the dogs from the other two sites that were located near the
mine. A similar trend was also found in a previous study of the
children in these arears, in which the mean blood Pb concentration
in the children in Kasanda (822 pg/L) was higher than that in Chowa
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Mean =+ SD values (minimum-maximum) of the blood biochemical analysis of the dogs.

Factors Overall (115) Near the mine (86) Lukanga (29) Reference range
ALT, IU/L 15.3 + 23.9 (5-214) 13.5 + 16.2 (5—103) 20.8 + 38.5 (5—-214) 0-113
ALP, IU/L 126.2 + 129.9 (25-747) 126.7 + 128.7 (25—-747) 124.8 + 135.7 (25-745) 0-132
AST, IU/L 16.6 + 12.9 (5—-106) 16.3 + 13.3 (5-106) 17.8 + 12.0 (5-73) 0—47
GGT, IU/L 19.6 + 26.3 (5—170) 18.16 + 26.8 (5—-170) 23.8 + 24.6 (5—-105) 0-20
LDH, IU/L* 214.1 + 132.5 (15-704) 192.0 + 120.9 (15-704) 279.9 + 145.2 (57—-632) 0-201
T-Bil, mg/dL 0.4 +0.3(0.1-2.3) 0.4 +0.4(0.1-2.3) 04 +0.3(0.1-1.2) 0-0.3
TP, g/dL 7.2 +1.4(42-938) 7.2 +1.5(43-938) 7.1 £ 1.3 (42-94) 4.7-73
Alb, g/dL 2.1 +0.4(0.5-3.1) 2.1 +0.4(0.5-2.9) 23 +04(1.1-3.1) 1.8-3.1
BUN, mg/dL 12.7 + 7.4 (3.0-53.0) 13.1 + 7.7 (3.0-53.0) 12.6 + 6.9 (3.0-34.0) 0-29
Cre, mg/dL 14+ 0.4 (0.5-2.3) 1.3 + 0.4 (0.5-2.3) 14 + 0.4 (0.6—-2.2) 0-1.6
UA, mg/dL 1.2 + 0.3 (0.5-2.2) 1.2 + 03 (0.5-2.2) 1.3 + 0.2 (1.0-2.0) 0-1.0

Note: ** indicates p < 0.01 between sites near the mine and Lukanga.

(390 pg/L, Yabe et al., 2015). In the present study, the Pb concen-
trations in dog blood significantly decreased with increasing dis-
tance from the mine, as did the concentrations of other metals.
These trends agree with those determined in studies by Tembo
et al. (2006) and Nakayama et al. (2011), who reported similar
trends in the soil in Kabwe. Therefore, these trends suggest that the
location of the townships in the relation to the wind direction and
distance from the mine are key factors that influenc the severity of
the exposure to Pb and other metals in dogs in Kabwe. The obtained
results also suggest that the exposure to Pb and other metals in
dogs remarkably decreased about 5 km away from the mine.
Therefore, severe metal exposure in Kabwe may only occur in areas
near the mine.

The significant positive correlations between Pb and other
metals in the blood of the dogs analyzed in the current study agreed
with the findings of previous studies that reported high concen-
trations of Pb and other metals in both soil and animal samples in
Kabwe (Nakata et al., 2016; Nakayama et al., 2011; Tembo et al.,
2006; Yabe et al., 2013, 2011). Moreover, Kamona and Friedrich
(2007) reported that the ore in Kabwe contained sphalerite (ZnS)
with Cd, galena (PbS), briarite [Cu2(Fe,Zn)GeS4], and mimetite
[Pb5(As04)3Cl]. These findings suggest that in addition to Pb, other
toxic metal contaminants including As and Cd, may spread into the
environment and pose a health risk to humans and animals.
However, the toxicity of other metals in dogs is unknown, although
many studies concerning Pb poisoning in dogs have been reported.
Therefore, the health risks associated with the exposure of dogs in
Kabwe to other metals should be further investigated.

The mean Pb concentrations in the blood of dogs from Kasanda
and Chowa in the present study were 525.3 and 246.5 pg/L,
respectively. The concentrations were lower than the findings of a
previous study examining children in the same township which
reported the mean blood Pb concentrations in children from
Kasanda and Chowa as 822 and 390 pg/L, respectively (Yabe et al.,
2015). This result agrees with the findings of Thomas et al. (1976)
who reported higher blood Pb concentrations in children than
those in dogs from the same household environment. Therefore,
children may be more vulnerable to Pb exposure than dogs are.
Thomas et al. (1976) also reported that an abnormally high blood Pb
concentration in a family dog increase by six-fold the probability
that at least one child in that family would also have an abnormally
high blood Pb concentration. Therefore, children from households
with dogs that have high blood Pb concentrations should be
examined for Pb exposure.

Significant negative correlations between the blood Pb con-
centrations and age of the dogs were found, indicating that the
concentrations of blood Pb reduced as the dog age. Langlois et al.
(2017) reported a similar trend in the Pb poisoning outbreak in
Flint, Michigan, wherein the blood Pb concentrations in young dogs

(<2 years of age) were higher than those in older dogs (>6 years of
age). This trend was similar to that found in humans, as significant
negative correlations were observed between the blood Pb con-
centrations and ages of children in Kabwe (Yabe et al., 2015). The
hand-to-mouth or object-to-mouth (pica) behavior of children are
known to be factors related to high Pb exposure. In addition, chil-
dren absorb a greater proportion of ingested Pb from the gastro-
intestinal tract than adults do (Wani et al., 2015). Therefore, similar
behaviors and high absorbances from the gastrointestinal tracts of
young dogs may also be attributed to high Pb exposure of young
dogs compared with older dogs. Pb poisoning during a vulnerable
period of development can lead to negative neurodevelopmental
impacts such as a low IQ and cognitive impairments in humans
(ATSDR, 2007; Lanphear et al., 2005). Mielke and Zahran (2012)
found a strong association between air Pb concentrations and the
latent aggravated assault rate at the scale of city. This finding pro-
vides insight into latent behavioral effects resulting from environ-
mental Pb exposure of children that were subjected to lead dust
during their most sensitive developmental years. Pb exposure of
dogs might also results in negative developmental and behavioral
impacts such as increased aggression. On the other hand, Schoning
et al. (1996) reported that the lung dust concentrations of sub-
stances including silicate and other metals increased linearly with
age in dogs. High Pb accumulation in the organs of adult dogs might
occurred even with low blood Pb concentrations, especially when
dogs are chronically exposed to Pb because Pb is deposited in bone
and has a long half-life.

In the present study, blood Pb concentrations were significantly
higher in male dogs than in female dogs from Chowa, but this trend
was reversed in dogs from Kasanda. It was also previously deter-
mined that the blood Pb concentrations in boys were significantly
higher than those in girls in Makululu Township, which is located
on the western side of the mine (Yabe et al., 2015). Yabe et al. (2015)
suggested that the different behaviors between boys and girls could
be one of the factors contributing to this difference, as boys are
more likely than girls to wander farther from home and play near
the mine dumps. Considering studies other locations, Koh and
Bidge (1986) reported blood Pb concentrations in male dogs that
are significantly higher than those in female dogs at four different
locations in Australia. On the other hand, several studies did not
report any such association between sex and Pb exposure or
accumulation (Balagangatharathilagar et al., 2006; Esposito et al.,
2019; Serpe et al., 2012; Tomza-Marciniak et al., 2012). The differ-
ences in the behaviors of dogs due to differing sex may influence
their exposure to Pb, especially in mature male dogs that are likely
to travel across wide areas to find female dogs for reproduction,
while female dogs do not move around so freely as they need to
care for their offspring. However, the sex of dogs might not be
strongly associated with exposure to Pb and other metals in the
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present study.

The 298pb/2%pb and 2°7Pb/?%6Pb isotope ratios in dog blood
were analyzed in the present study to determine the source of Pb
exposure of the dogs. There were significant differences in the Pb
isotope ratios in the dogs between the sites near the mine
(?98pp/2%6pp: 2131 and 297Pb/?°6Pb: 0.8734) and Lukanga
(298pb/296pb: 2,122 and 2°7Pb/2%6Pb: 0.8708). Moreover, the isotope
ratios in the dogs from Kasanda (*°®Pb/2%Pb: 2.133 and
207pp[206pp: 0.8735) were significantly different from those in the
dogs from Mutwe Wansofu (2°2Pb/2%6Pb: 2.130 and 2°7Pb/?%pb:
0.8747) and Chowa (?°®Pb/?%6Pb: 2.130 and 2°7Pb/?°6Pb: 0.8729).
With increasing blood Pb concentrations, the variance of the Pb
isotope ratios decreased and approached those of the Kabwe galena
(298pPb/296pb: 2.134 and 2°7Pb/?%6Pb: 0.8731), which is considered to
be the exposure source (Kamona et al., 1999). Similar trends were
found in a previous study of goats and chicken located in Kabwe
(Nakata et al., 2016). Moreover, a Pb exposure study on rats that
used soils from Kabwe revealed that the Pb isotope ratios in the
biological samples of high exposure groups were more similar to
those in Kabwe galena (Kamona et al., 1999), than to those of the
control and low exposure groups (Nakayama et al., 2019). These
results suggest that the source of Pb exposure of dogs in Kabwe
could be the galena from the mine. Understanding the route of Pb
exposure in dogs is required to minimize their exposure. Future
studies should include environmental and biological samples that
relate to the various routes of exposure, such as lung and feces
sample, for further clarification.

The blood biochemical profiles of the plasma of the dogs in
Kabwe were analyzed in the present study. In contrast to the high
metal exposure of these dogs, the mean values of most analyzed
parameters were surprisingly within or close to the standard
reference values. This indicates that Pb exposure in the dogs in
Kabwe did not significantly impact their health, as was observed
during sampling, in which all sampled dogs appeared healthy. Only
the LDH values in the dogs from Lukanga were significantly higher
than those of the dogs from sites near the mine; therefore this
could not be attributed to Pb exposure related to distance from the
mine. However, the ALP concentrations in all dogs as well as the
dogs from sites near the mine significantly increased as the blood
Pb concentrations increased. There were significant positive cor-
relations between ALT and Pb concentrations, as well as AST and Pb
concentrations in the dogs from sites near the mine. These re-
lationships were also almost significant when the dogs from all
locations were considered. These results suggest that Pb exposure
in dogs may have caused some mild liver damage. Of course, it is
difficult to exclude the possibility of other factors or diseases since a
detailed questionnaire survey or medical check-up was not per-
formed in the present study. On the other hand, the BUN and Cre
concentrations which are indicators of kidney functions, were not
elevated and negatively related to blood Pb concentrations in the
dogs. High Pb exposure is known to cause kidney damage in
conjunction with an increase the selected biomarkers. However,
King (2016) reported that two dogs with elevated blood Pb con-
centrations had glucosuria and proteinuria in their urinalysis that
was consistent with damage to the proximal renal tubules, whereas
the BUN and Cre concentrations in the dogs were within the
reference range. There is therefore a possibility that Pb exposure
could damage and disrupt kidney functions without increasing the
BUN and Cre concentrations. The reasoning behind these anti-
thetical results could not be established and would require further
studies of dogs using both blood biochemical analysis and
urinalysis.

The findings of Pb exposure of dogs obtained in the present
study, which were similar to the results of previous studies of

humans in Kabwe, suggest that dogs could be a useful sentinel
animal for Pb exposure. Although similar trends were seen in
humans, a direct relationship between the Pb exposure in dogs and
their owners was not determined in the present study. Berny et al.
(1995) reported the likelihood of finding one person with a blood
Pb concentrations of greater than above 10 was significantly
increased when there was one pet with a high blood Pb concen-
tration in the same household. Further studies should focus on the
relationship between Pb exposure of dogs and their owners. The
present study revealed large individual differences in Pb exposures
observed in sites near the mine. A similar trend was seen in the
blood Pb concentrations in children in Kabwe (Yabe et al., 2015).
Determining the factors that influence the differing exposures to Pb
would be helpful in reducing the Pb exposures observed in this
area. Because most dogs in Kabwe roam freely, the difference in
exposure levels could be attributed to their different activities. As
opposed to humans monitoring, the monitoring of animals has
become popular with the development of new monitoring tech-
niques such as GPS. Therefore, future studies may focus on the
relationship between Pb exposure of dogs and their behaviors by
using a GPS monitoring system.

5. Conclusion

The present study is the first report to reveal high exposures of
dogs in Kabwe to Pb and other metals. The locations of the dogs and
their ages were related to their Pb and metal exposures. The trends
of the exposures of dogs were shown to be largely similar to those
previously reported for humans, although some differences be-
tween dogs and humans were found. These results suggest that
dogs could be useful as sentinel animals for Pb exposure of human
residing in Kabwe. Moreover, different trends of exposure among
individual dogs were found, and the trends were previously found
in humans. The factors contributing to the individual differences of
Pb exposure must be investigated to reduce Pb exposure. The
source of Pb exposure of dogs was determined to result from the
galena in mine in Kabwe. The findings of this study suggest that
environmental remediation is urgently needed to reduce Pb
exposure in Kabwe.
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Abstract: Zinc plant leach residues (ZPLRs) contain significant amounts of metal compounds of lead
(Pb), zinc (Zn), iron (Fe), etc., hence, they are considered as a secondary source of metals. On the
other hand, ZPLRs are regarded as hazardous materials because they contain heavy metals that
pollute the environment. Resources and environmental concerns of ZPLRs were addressed in this
study by removing/recovering Pb and Zn using a concurrent dissolution and cementation technique.
To cement the dissolved Pb and Zn in leaching pulp, zero-valent aluminum (ZVAI) was added during
ZPLRs leaching in the hydrochloric (HCl)-sodium chloride (NaCl) solution. The resulting cemented
metals were agglomerated and separated by sieving. Lead removal increased with increasing both
NaCl and HCl concentrations. However, when ZVAl was added, significant Pb removal was achieved
at a low concentration. Zinc was not cemented out of the pulp using ZVAI and its recovery from
ZPLRs was dependent on the HCI concentration only. By applying a concurrent dissolution and
cementation technique, both Pb and Zn were removed using a low concentration of NaCl, and most
importantly Pb—the most toxic metal in ZPLRs—was captured and separated before the solid-liquid
separation, hence, eliminating the need for extensive washing of the generated residues to remove
the inherent residual solution.

Keywords: lead; zinc; zinc plant leach residues; zero-valent aluminum; leaching; cementation

1. Introduction

Explosive population growth and its associated economic activities such as massive construction
projects to modernize and improve communication, transportation, and agricultural sectors have in
recent years led to high demands for metals [1-4]. To keep up with demands, mining and metals
production have also increased at unprecedented levels. Enormous amounts of solid wastes are also
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generated as a result of more extensive mining, mineral processing, and metal extraction operations
by metallurgical processes [5-7]. For example, zinc (Zn) metal production via hydrometallurgical
processes (i.e., leaching of calcine or zinc oxide minerals followed by electrowinning of Zn) generates
huge amounts of zinc plant leach residues (ZPLRs) [8,9], which are stockpiled and often abandoned
after closure of mining/processing operations.

With the rapid depletion of high-grade ores, ZPLRs are now considered as secondary resources
because they still contain substantial amounts of residual Zn, copper (Cu), lead (Pb), and iron
(Fe) [10-13]. From an environmental point of view, ZPLRs are considered hazardous wastes because
they contain hazardous heavy metals such as Pb, Cu, and Zn. Pb, for example, is extremely toxic
to babies and children and is known to cause various disorders of the reproductive organs, central
nervous system, and kidneys [14-16]. Therefore, the reprocessing of ZPLRs for metal removal/recovery
could address both environmental and resource concerns associated with these waste materials.

Pyrometallurgical [17,18] and hydrometallurgical [19,20] techniques can be employed to recover
valuable metals from ZPLRs. When appropriate, the latter approach is preferred because it is less
energy-intensive and generates wastes (e.g., solid residues) that may cause less or no secondary
environmental pollution. Numerous studies have been published to process metallurgical wastes using
conventional hydrometallurgical processes that follow the sequence of leaching, solid-liquid separation,
and recovery of dissolved metals (usually Cu, Pb, and Zn) from pregnant leach solutions [9,11,20-23].
Although effective, there are two serious drawbacks of conventional approaches for Pb and Zn
extraction-recovery from ZPLRs. Firstly, leaching approaches require highly concentrated reagents
to extract the target metals [10,20]. Secondly, leaching residues contain a heavy metal-rich residual
solution due to difficulties and inherently incomplete solid-liquid separation partly exacerbated by silica
gel formation and the presence of very fine particles in ZPLRs [24,25]. To remove residual solutions
from generated solid residues after solid-liquid separation, extensive washing or stabilization before
disposal should be carried out, requiring complex treatment processes that increase operating costs.

To address these limitations of conventional hydrometallurgical techniques for Pb and Zn recovery
from ZPLRs, this study used a technique combining Pb and Zn dissolution from ZPLRs with the
recovery of these metals directly in one reaction reactor without solid-liquid separation (i.e., concurrent
dissolution-cementation). Since dissolved metals are sequestered (i.e., recovered) in the leaching
pulp, it follows that a low concentrated solution can be used to achieve high removal/recovery as the
solution would not be saturated with dissolved metals. Additionally, heavy metals are removed before
solid-liquid separation, so the need for extensive washing to remove the residual heavy metal-rich
solution is eliminated.

In this study, concurrent dissolution-cementation was applied to extract and recover Pb and
Zn removal from historic abandoned ZPLRs obtained from Kabwe, Zambia. To dissolve Pb and
Zn from ZPLRs, acidified chloride (HCI-NaCl) solutions of various concentrations were used.
The chloride solution was used due to the complexation capability of chloride with Pb. The dissolved
amounts Pb and Zn were quantified by inductively coupled plasma atomic emission spectroscopy
(ICP-AES). The recovery of dissolved Pb and Zn from leaching pulp was achieved by cementation
using the zero-valent aluminum (ZVAI) powder. Cementation products were characterized by the
scanning electron microscopy equipped with an energy dispersive X-ray spectroscopy (SEM-EDX)
and X-ray powder diffraction (XRD). To evaluate whether the solid residues generated by concurrent
dissolution-cementation meets environmental standards, the toxicity characteristic leaching procedure
(TCLP) was carried out.

2. Materials and Methods

2.1. Materials

ZPLR samples were collected from the historic dumpsite of Pb-Zn mine wastes in Kabwe, Zambia
(Figure 1). The samples were air-dried for 30 days in the laboratory, lightly pulverized with an agate
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mortar and pestle, and then dry-sieved using stainless steel sieves to obtain sample with particles
passing 106 pm fraction. Chemical characterization of the ZPLR samples was carried out using both
X-ray fluorescence spectroscopy (XRF, EDXL 300, Rigaku Corporation, Tokyo, Japan) and ICP-AES
(ICPE-9820, Shimadzu Corporation, Kyoto, Japan) after aqua regia (3 HCl:1 HNOj3 v/v) digestion
in a microwave-assisted acid digestion system (Ethos Advanced Microwave Lab station, Milestone
Inc., Sorisole, Italy). The amounts of Pb and Zn in ZPLR samples were as high as 6.19% and 2.53%,
respectively (Table 1). ZPLR samples also contained significant amounts of other elements such as
Si, Fe, Ca, S, Cu, and other elements, as shown in Table 1. The mineralogical composition of ZPLRs
was determined by XRD (MultiFlex, Rigaku Corporation, Tokyo, Japan) and crystalline minerals
were identified using a full package of the Crystallography Open Database (COD) and MATCH 3.4.
The crystalline Pb and Zn minerals in ZPLRs that were detected included anglesite (PbSO;), cerussite
(PbCO3), esperite (PbCayZn3(S5i0O4)3), and zinkosite (ZnSOy), as illustrated in Figure 2. Other minerals
detected in the samples are quartz (5iO,), gypsum (CaSO4-2H;0), hematite (Fe;O3), and goethite
(FeOOH). The particle size distributions of lightly pulverized ZPLRs were analyzed using Laser
diffraction (Microtrac® MT3300SX, Nikkiso Co. Ltd., Osaka, Japan) and were found to have a median
size (Ds) of around 9.6 um (Figure 3a).

Figure 1. Schematic geographic map of Zambia superimposed with the location of Kabwe and historic
Pb-Zn mine wastes.

Table 1. Chemical composition of zinc plant leach residues from Pb-Zn mine wastes from Kabwe, Zambia.

Elements/Oxides Pb* Zn* Fe* Cu* CaO SiO, AlLL,O3 SOz V,05 MnO Others
Mass % 6.2 2.5 17.0 0.2 10.6 314 2.9 18.2 0.7 0.3 1.1

* Elemental composition was determined by the inductively coupled plasma atomic emission spectroscopy (ICP-AES)
after aqua regia digestion. Elemental oxides were determined by XRF.

Reagent grade NaCl and HCl (Wako Pure Chemical Industries, Ltd., Osaka, Japan) were used to
prepare the leaching solutions of different concentrations by dissolution and dilution using deionized
(DI) water (18 MQ-cm, Milli-Q® Integral Water Purification System, Merck Millipore, Burlington,
Vermont, USA). To simultaneously precipitate reductively (cement) the dissolved Pb>" and Zn?* in
leaching pulp, ultra-pure ZVAl powder (>99.99%, 50-150 pm, Wako Pure Chemical Industries, Ltd.,
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Osaka, Japan) was used (the median particle size (Dsg) of ZVAI was 126.8 um). The particle size
distribution is shown in Figure 3b. A stainless steel sieve with 150 um aperture size was used to
separate cemented and agglomerated Pb and Zn from the leaching pulp. The sieve size was selected by
taking into consideration the particles size ranges of both ZPLRs and ZVAL In other words, this sieve
could only retain cemented and agglomerated particles while passing particles of unreacted ZVAl and
particles of undissolved minerals particles of ZPLRs.

Figure 2. XRD pattern of the zinc plant leach residues from Kabwe, Zambia.

Figure 3. The particle size distribution of (a) zinc plant leach residues and (b) zero-valent aluminum.

2.2. Methods

2.2.1. Leaching-Cementation Experiments in Chloride Solution

Batch leaching experiments for the extraction of Pb and Zn from ZPLRs with and without ZVAl
additions were conducted using a 200-mL Erlenmeyer flask. The volume of the leaching solution was
at 50 mL for all experiments. Concentrations of NaCl (0-3 M) were varied and acidified with different
HCl concentrations (0-0.1 M) to obtain required leaching solutions. Fifty milliliters (50 mL) of leaching
solution of a given concentration was initially poured in an Erlenmeyer flask and nitrogen (N;) was
purged for 10 min to remove dissolved oxygen (DO). Nitrogen gas (N;) purging was again carried out
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for 2 min after the addition of 2.5 g ZPLRs with and without 0.1 g ZVAI that were added before sealing
the flask using silicon stoppers and parafilm®. The flask was then shaken at 4 cm amplitude and
120 min~! shaking frequency in a water-bath shaker maintained at 25 °C for a predetermined length of
time. At the end of the predetermined shaking time, the leaching pulp was carefully collected, and
solid-liquid separation was carried out by filtering the collected leaching pulp using a syringe-driven
membrane filter—pore size of 0.20 um— (LMS Co., Ltd. Tokyo, Japan). The filtrate was then analyzed
for dissolved Pb and Zn using ICP-AES. In the case where ZVAl was added during ZPLR leaching,
additional steps—the separation of cemented and agglomerated product from the leaching pulp by
screening using a sieve of aperture size of 150 pm—were carried out. The +150 um particles (cemented
and agglomerated) were thoroughly washed with deionized (DI) water before drying in a vacuum oven
at 40 °C for 24 h. Dried +150 um particles were then digested in aqua regia using a microwave-assisted
acid digestion system and the leachate was analyzed for Pb and Zn using ICP-EAS. Furthermore, the
+150 um particles obtained were examined by both XRD and SEM-EDX (JSM-1T200, JEOL Ltd., Tokyo,
Japan). All the experimental tests were carried out twice and the average was reported here.

The Pb and Zn removal (Rpy z,) from ZPLRs without and with ZVAIl were quantified using
Equations (1) and (2), respectively.

V+Cpp,z
Rpy,zn = WMH*WO 1
S
V% Cppzn) + (Weg * M,
( )+ (We*Meg) o

Rppzn = We * M
S

where Cpy, 7, is the concentration (g/L) of Pb and Zn, V is the volume (L) of leaching solution, Wy is
the weight percent (%) of either Pb and Zn, M is the mass (g) of leached ZPLRs, M, is the mass
(g) of cemented and agglomerated particles, and W, is the weight percent (%) of cemented and
agglomerated particles calculated based on the digested fraction of M; in aqua regia and analysis of
the solution by ICP-AES.

2.2.2. Leachability of Lead and Zinc after Concurrent Dissolution-Cementation

To evaluate the leachability of Pb and Zn from before and after concurrent dissolution-cementation,
leachability experiments were conducted according to the toxicity characteristic leaching procedure
(TCLP) [26]. For TCLP, 1 g of vacuum-dried treated and untreated residues were equilibrated with
20 mL of acetic acid solution (pH 2.89) in a centrifuge tube shaken at 30 rpm on a rotary tumbler for
18 h. After the predetermined leaching time, the leachate was filtered through 0.20 um syringe-driven
membrane filters and the filtrate was analyzed for dissolved Pb and Zn using ICP-AES.

3. Results and Discussion

3.1. Concurrent Dissolution-Cementation of Pb and Zn from Zinc Plant Leach Residues

The concentrations of Pb and Zn as a function of time when 2.5 g of ZPLRs were leached in
a solution composed of 3 M NaCl and 0.05 M HCI with and without the addition of 0.1 g ZVAl is
shown in Figure 4a,b. The concentration of Pb when ZPLRs were leached without ZVAl reached
an apparent equilibrium of around 8.5 mM (which represents 59% of total Pb) after just 15 min
(Figure 4a). Pb dissolution from ZPLRs involves the formation of lead-chloride complexes as explained
by Equations (3) and (4) [20,27-29]:

PbSO,+xCI= PbCIZ ™) + 502~ 3)

PbCO; + 2H* +xCl = PbC1>™ 4 CO, + H,0 )
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where PbCl)((z_X) and x are lead-chloride complex(es) and integers from 1 to 4, respectively, all of which

depended on the chloride concentration.

Figure 4. Concentration of (a) Pb and (b) Zn dissolved in the leaching solution as a function of time
when zinc plant leach residues (ZPLRs) were leached without and with zero-valent aluminum (ZVAl).

The concentration of dissolved Pb when ZVAl was added was 10-fold lower than when only ZPLRs
were leached in the same solution. The dissolved concentration of Pb decreased further with increasing
the treatment time and reached below 0.048 mM (i.e., 0.1 mg/L) with ZVAl after 4 h. The dramatically
lower dissolved concentration of Pb after 15 min and its continued decrease to below 0.1 mg/L with
ZVAl could be attributed to its sequestration from the solution via cementation. In other words,
an additional chemical reaction—cementation described by the overall reaction (Equation (7)) which
is the sum of two half-reactions (i.e., Equations (5) and (6))—occurred concurrently with dissolution
reactions, as previously described.

APt 43¢0 = AI'E? = —1.66V (5)
Pb>t +2¢- = Pb’ E0 = —0.126V (6)
3Pb>T +2A1° = 3Pb° + 2A1%* @)

The overall reaction potential, AEY, is calculated by subtracting the standard electrode potential
of Equation (5) from Equation (6), that is, AE? — 0.126 — (=1.66) = 1.534 V. The standard Gibbs free
energy change, AG? (i.e., AG® = —nFAE®, n number of electrons transferred, F is Faraday’s constant,
and AE is the galvanic cell potential), of Equation (7) is negative (—888.047 kJ/mol) because AEY is
positive indicating that cementation of dissolved Pb?* from ZPLRs by ZVAl is thermodynamically
spontaneous. In addition, the Al,O3 layer which was inherently present on the surface of ZVAl and
passivated the cementation is removed at the acidified chloride solution [30,31]. Hence, simultaneous
cementation of dissolved Pb?* from ZPLRs occurred, which could explain why Pb>* was comparatively
lower and was even below 0.1 mg/L with ZVAl during ZPLRs leaching.

Meanwhile, the concentration of dissolved Zn reached an apparent equilibrium after 15 min at
around 10.3 mM (i.e., equivalent to around 52% of total Zn) for without and with ZVAl (Figure 4b).
This implied that dissolved Zn from ZPLRs was not cemented on ZVAl as described by Equation (10)
(i.e., the summation of two half-cell reactions Equations (8) and (9)) though it is thermodynamically
feasible due to negative AG? (i.e., —519.282 kJ/mol).

APt 4307 = Al E° = —1.660 V (8)
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Zn*t 427 = zn® E° = —0.763V )
3Zn%t +2A10 = 3zn° + 2413 (10)

The cementation product that was obtained as +150 um particles were characterized by SEM-EDX
and XRD. Figure 5 shows that Pb was cemented on ZVAl and agglomerated. However, Zn was not
detected, which confirms that dissolved Zn was not cemented by ZVAI. Further characterization of
the cementation product by XRD (Figure 6) showed that cemented Pb was mainly in a zero-valent Pb
(metallic Pb) form and a small amount of oxidized metallic Pb as PbO, which supports the chemical
reaction expressed in Equation (7).

Figure 5. SEM-EDX of ZVAI “coated” with Pb from the +150 um particles obtained after sieving the
leaching pulp when ZVAl was added during leaching of ZPLRs: (a) SEM image of +150 pum particles,
(b) zoomed SEM image, EDX elemental mapping of (c) Al and (d) Pb, as well as (e) EDX spectra.

Figure 6. XRD pattern of the +150 um fraction obtained after sieving the leaching residue in the
experiments with ZVAL
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The explanation to why Zn could not be cemented by ZVAl in the leaching solution could be (a)
the dissolution of cemented Zn by the proton (H*) (Equation (11)) and (b) the reduction of H* to H; on
ZVAI, which competes with the reduction of Zn?* to Zn" (Equation (12)).

6 HT +3Zn — 3H, + 3Zn>" (11)

6 H" +2A1 — 3H, + 2A1%F (12)

In an acidic region, the redox potential of H*/H; redox pair is higher than that of Zn?*/Zn
redox pair, indicating that the reaction in Equation (11) (AG? = —6121.203 kJ/mol) occurs, and Zn
once cemented on the ZVAl surface would be dissolved [32]. Similarly, since the redox potential of
H*/H, redox pair is higher than that of AI>*/Al redox pair, the reaction as shown in Equation (12)
(AG? = —-8168.614 kJ/mol) also takes place. This reaction consumes the electron supplied from ZVAl
and competes with Zn?* reduction to Zn (Equation (10)). As a result, these reactions suppress the Zn
cementation on ZVAI. The rates and equilibrium of these reactions (Equations (11) and (12)) depend
on the H* concentration, hence, suppression of Zn cementation on ZVAl would decrease at higher pH.

To investigate the effects of H* concentration on cementation of Zn?* from the solution using
ZVAl, simulated (model) acidic and alkaline solutions containing both 8 mM Pb%* and 10 mM Zn?*,
and to mimic the composition similar to what would be obtained by leaching ZPLRs, were prepared
by dissolving ZnCl, and PbCl, (Wako Pure Chemical Industries, Ltd., Japan) in an acidified chloride
solution (3 M NaCl and 0.05 M HC], initial pH = 0.82) and alkaline solution (3 M NaOH, initial
pH = 14.5), respectively. To cement both Pb and Zn, 0.15 g of ZVAl was added after N, purging.

Figure 7a shows the percentage of cemented Pb and Zn from the simulated acidified chloride
solution. Only Pb (around 99.7% after 30 min) was cemented out leaving Zn in the solution, which
is in line with the results obtained when ZVAl was added during ZPLRs leaching. However, in the
alkaline solution around 99.8% of both Pb and Zn were cemented out of the solution (Figure 7b).
The SEM-EDX analysis and mapping results showed that both Pb and Zn were deposited on the
ZVAl surface (Figure 8). The results confirm the suppression of Zn cementation, which depends on
pH. In the acidic region, Zn cementation is strongly suppressed by the reactions shown in Equations
(11) and (12), while in the alkaline region the suppressive effects become negligible because of low
H* concentrations.

Figure 7. Amount of Pb and Zn cemented out using ZVAl in model experiments under (a) the simulated
acidic chloride and (b) simulated alkaline solutions.
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Figure 8. SEM-EDX of cementation product of Pb and Zn by ZVAl from the alkaline simulated solution:
(a) SEM image, EDX elemental mapping of (b) Pb, (c) Al, (d) Zn, and (e) EDX spectra.

3.2. Effects of Solution Composition on Pb and Zn Removal from Zinc Plant Leach Residues

Lead and Zn removal from ZPLRs was evaluated for different solution compositions and compared
with the removal efficiencies when ZPLRs was leached with and without ZVAI addition. When ZVAl
was added during ZPLRs leaching, Pb was extracted into a leaching solution and concurrently cemented
and agglomerated. The Pb distribution among the solution (i.e., extracted but uncemented Pb), +150
um particles (i.e., cementation and agglomerated product), and —150 um particles (unextracted Pb in
residues). Since the amount of Pb that remained in the solution was negligible (in most cases below
0.1 mg/L), Pb removal in a case when ZVAl was added during ZPLRs leaching is referred to as Pb
that was extracted, cemented, and separated as +150 um particles. However, in the case when ZPLRs
were leached without the addition of ZVAIl, Pb removal is referred to as the Pb that was extracted
into a leaching solution. The same definition was also applied to Zn removal with and without ZVAI
addition since it was not cemented from the leaching solution, as discussed previously.

Lead removal when ZPLRs were leached without the addition of ZVAl increased with increasing
both HCI and NaCl concentrations, as shown in Figure 9. Pb removal steadily increased from around
0% to 28%, 0.5% to 58%, and 0.5% to 72% for 0.01, 0.05, and 0.1 M HCI, respectively, when NaCl
increased from 0 to 3 M, respectively. Lead dissolution from anglesite (PbSO,) depends on (1) C1~
concentration, (2) SO42~ concentration, and (3) solution pH (Figure 10). For example, for a 1:1 ratio of
Pb concentration to SO42~ concentration (i.e., assuming the source of SO42~ in the leaching system
is from PbSO,) Pb dissolution depends on the CI~ concentration only to form Pb-Cl complexes and
not on pH (Equation (3)) (Figure 10a,b). However, even in this case, some Pb from PbSO, would
remain in solid form as PbCl,(s) depending on the CI~ concentration. The sample used in our study
contains CaSO,4-2H,0 and ZnSO, and these minerals contribute SO42~ in the system. At high S0,2-
concentration, Pb dissolution from PbSO, depends on pH (Figure 10c). As the pH increases (i.e., H*
concentration decreases) HSO4~ speciates to form S0,2~, which then reacts with dissolved lead in
the leaching system to form PbSOy (Figure 10c,d). Meaning at high SO4%~ concentration, the PbSO,
dissolution is limited at high pH. Meanwhile, the release of Pb from other Pb-minerals such as cerussite
(PbCO3) in ZPLRs requires an H* attack in addition to the C1~ concentration, as previously described
in Equation (4) (Supplementary Information, Figure S1). This is the possible reason why Pb removal
increased when NaCl and HCI concentrations were increased. The semi-quantitative analysis of the
residues obtained after treating ZPLRs in a 3 M NaCl and 0.05 M HCl solution with the addition of
ZVAl by XRD show the disappearance/decrease of peaks of anglesite, cerussite, gypsum, and other
minerals (Supplementary Figure S2).
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Figure 9. Effects of solution compositions on Pb removal from ZPLRs with and without ZVAI addition:
(a) 0.01 M HCl and 0-3 M NaCl, (b) 0.05 M HCI and 0-3 M NaCl, and (c) 0.1 M HCI and 0-3 M NaCl.

Figure 10. Thermodynamic calculation of dissolution of PbSOy, speciation of Pb-Cl complexes, and
SO,2~ at (a) Pb?* = 8 mM, SO,%~ = 8 mM, pH = 1, (b) Pb>* = 8 mM, SO, =8 mM, CI- =3 M,
(c) Pb%* =8 mM, SO,2~ =24 mM, CI~ =3 M, and (d) Pb%* = 8 mM, SO42~ = 12 mM, CI~ = 3 M (created
using the MEDUSA Ver. 1 software [33]).

The addition of ZVAI during leaching of ZPLRs significantly increased the Pb removal even at
low NaCl concentration especially when HCl was increased from 0.01 to 0.05 and 0.1 M (Figure 9).
For example, while maintaining HCI at 0.05 M, the addition of ZVAI during ZPLRs leaching increased
the Pb removal from 2.5% to 35.5% and 8% to 57% for 0.5 and 1 M NaCl concentration, respectively.
Meanwhile, for 0.1 M HC], the addition of ZVAI during ZPLRs leaching increased the Pb removal from
3% to 69% and 9% to 72% for 0.5 and 1 M NaCl concentration, respectively. The dramatic increase of
Pb removal at low NaCl concentration is attributed to the leaching solution not attaining saturated
with dissolved Pb?* and Pb-Cl complexes. In other words, when ZVAl was added during ZPLRs
leaching, dissolved soluble Pb?* and Pb-Cl complexes were simultaneously sequestered from the
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solution by cementation, hence, more Pb could dissolve from the host minerals (e.g., PbSOy), as well as
the conversion of intermediate sparingly soluble solid, PbCl,, to more Pb-Cl complexes (Figure 11a,b).

Figure 11. Effects of Pb?* concentration on solubility and speciation of Pb>* and Pb-Cl complexes in
the lead-chloride-sulfate-water system under the condition (a) Pb%* =8 mM, SO,2~ =8 mM, pH=1,
and (b) Pb?* = 1 mM, SO4%>~ =8 mM, pH = 1.

Zinc removal was, however, independent of the increase of NaCl concentration, as well as the
addition of ZVAI but it increased when the HCI concentration increased, as shown in Figure 12.
When HCI increased from 0.01 to 0.05 and 0.1 M, Zn removal increased from around 27% to 60%
and 70%, respectively. Increasing HCI concentration increased the H* concentration, which in turn
increased Zn solubilization from minerals in ZPLRs by an H* attack mechanism (e.g., dissolution
of Zn associated with amorphous iron oxyhydroxide phase fraction as determined elsewhere [34]).
Zinc removal was not affected by the NaCl concentration. Unlike Pb that forms an intermediate solid
(PbCly) at low chloride concentration and dissolves as the chloride concentration increases, Zn does
form solid Zn-Cl species, and it does not complex strongly with chloride. Additionally, Zn removal
was not affected by the addition of ZVAl because it was not sequestered (remained in solution) from
the solution, as previously discussed. Since Zn was not be recovered by cementation using ZVAl from
the leaching pulp, methods such as precipitation as ZnS [35] or electrowinning [36] can be employed
to recover Zn from the solution. Unfortunately, these methods are beyond the scope of this study.

Figure 12. Effects of solution compositions on Zn removal from ZPLRs with and without ZVAl addition:
(a) 0.01 M HClI and 0-3 M NacCl, (b) 0.05 M HCIl and 0-3 M NaCl, and (c) 0.1 M HCI and 0-3 M NaCl.
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3.3. Leachability of Lead and Zinc after Concurrent Dissolution-Cementation

To evaluate if the solid residues generated after treatment by concurrent dissolution-cementation
meet environmental standards, the leachability of Pb and Zn using TCLP was examined out.
The amounts of Pb and Zn leached before (untreated ZPLRs) and after treatment (treated by combined
dissolution-cementation technique under the conditions 0.1 M HCl, 2 M NaCl, and 0.1 g ZVAl) were
compared with the regulatory thresholds. As illustrated in Table 2, the levels of Pb and Zn that
leached from untreated ZPLRs were substantially high: Pb was higher than environmental standards.
In contrast, the amounts of Pb and Zn that leached from the residues after treatment by the concurrent
dissolution-cementation method were dramatically lower. Leachable Pb (which was about 0.12 mg/L)
was lower than the regulatory threshold, which entails the detoxification of ZPLRs.

Table 2. Toxicity characteristic leaching procedure (TCLP) leachability tests of untreated ZPLRs and
treated residues after concurrent dissolution and cementation treatment.

Element Untreated ZPLRs Treated Residues Threshold (USEPA)
Pb 12.95 mg/L 0.12 mg/L 5mg/L
Zn 473.5 mg/L 21.5 mg/L —*

* No Zn TCLP regulatory threshold.

3.4. Conceptual Flowsheet

Based on the results obtained in this study, the conceptual flowsheet for ZPLRs treatment by a
concurrent dissolution-cementation technique to remove/recover Pb and Zn by using the HClI-NaCl
solution with ZVAl is proposed (Figure 13). The flowsheet involves the removal of Pb—more toxic
heavy metal to human beings than Zn—by cementation using ZVAl before solid-liquid separation.
The Zn that remains in a solution can be recovered by precipitation or electrowinning. High removal
of Pb and Zn can be achieved using a less concentrated NaCl (even as low as 1 M) solution acidified
with 0.1 M HCl by the addition of ZVAI The generated solid residues may not necessarily need to be
washed because the most toxic metal that remains in the solution as a result of the inherent incomplete
solid-liquid separation is negligible. In addition, this approach shortens and simplifies the treatment of
ZPLRs compared to the conventional approach (i.e., leach, solid-liquid separation, and finally recovery
of dissolved metals).

Figure 13. A conceptual flowsheet of the treatment of ZPLRs using the concurrent dissolution-
cementation technique.
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4. Conclusions

This study investigated Pb and Zn removal from ZPLRs using a concurrent dissolution-cementation
technique in acidified chloride solution. The following is a summary of the findings:

1. Zinc removal from ZPLRs increased with increasing the HCIl concentration (i.e., increased
from 27% to 60% and 70% when the HCl concentration increased from 0.01 to 0.05 and 0.1 M,
respectively) but it was neither affected by the increase of NaCl concentration nor the addition of
ZVAI during leaching;

2. Zinc was not to be sequestered from the acidified chloride leaching pulp by cementation using
ZVAl and was attributed to the dissolution of cemented Zn or preferential reduction of H* to Hp
by ZVAl over Zn** to Zn;

3. Lead removal from ZPLRs without the addition of ZVAl increased with increasing NaCl and
HCI concentrations. Pb removal steadily increased from around 0% to 28%, 0.5% to 58%, and
0.5% to 72% for 0.01, 0.05, and 0.1 M HCI, respectively, when NaCl increased from 0 to 3 M,
respectively. The increase of Pb removal with HCI concentration was attributed to an H*
attack to dissolve Pb from carbonates, as well as fixing free SO,2~ as HSO,~, thereby, limiting
the precipitation/formation of solid PbSO4. Meanwhile, Pb removal increased at higher NaCl
concentrations because of the formation of more soluble Pb-Cl complexes;

4. The addition of ZVAI during ZPLRs leaching (concurrent dissolution-cementation technique)
dramatically increased the Pb removal even at low chloride concentration. Pb removal at 0.05 M
HCl increased from 2.5% to 35.5% and 8% to 57% for 0.5 and 1 M NaCl concentration, respectively.
Meanwhile, for 0.1 M HCI, the addition of ZVAI during ZPLRs leaching increased the Pb removal
from 3% to 69% and 9% to 72% for 0.5 and 1 M NaCl concentration, respectively. The increase
was attributed to shifting the equilibrium as the result of sequestration of dissolved Pb, thereby,
enhancing dissolution of lead host minerals and dissolution of intermediate sparling soluble
solid, PbCl,; and

5. The most toxic metal, Pb, from ZPLRs was recovered and separated before solid-liquid separation,
which simplifies the treatment flowsheet, as well as eliminates the need for extensive washing of
the solid residues generated.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-4701/10/4/531/s1,
Figure S1: log-log activity of Pb>* and CI~ at 25 °C, 1.013 bars, and CO3%~ = 107> M for (a) pH 4, (b) pH 2, and
(c) pH 1 for 0.01, 0.05, and 0.1 M HCI (created using the Geochemist’s Workbench® with the MINTEQ database).
Figure S2: XRD pattern of (a) ZPLRs before being treated and (b) the residues obtained after treating ZPLRs by the
concurrent dissolution-cementation technique in the solution composed of 3 M NaCl and 0.05 M HCL
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ABSTRACT

Background: Lead (Pb) is a well-known toxic heavy metal which can have serious public health hazards. As of
today, there is no safe threshold for Pb exposure, especially for children. Lead exposure has been associated with
adverse health outcomes involving epigenetic mechanisms, such as aberrant DNA methylation. The objective of
the present study was to elucidate the associations between blood lead levels (BLLs) and gene-specific promoter
DNA methylation status in environmental Pb-exposed children from Kabwe, Zambia.

Methods: A cross-sectional study was conducted using 2 to 10-year-old children from high Pb exposed area
(N = 102) and low Pb exposed area (N = 38). We measured BLLs using a LeadCare II analyzer and investigated
the methylation status of the ALAD and p16 gene promoters by methylation-specific PCR.

Results: The mean BLLs were 23.7 pg/dL and 7.9 pg/dL in high Pb exposed and low Pb exposed children,
respectively. Pb exposure was correlated with increased methylation of the ALAD and p16 genes. The promoter
methylation rates of ALAD and p16 in high Pb exposed children were 84.3% and 67.7%, and 42.1% and 44.7% in
low Pb exposed children, respectively. Significantly increased methylation was found in both genes in high Pb
exposed children compared with low Pb exposed children (p < 0.05). Children with methylated ALAD and p16
genes showed an increased risk of Pb poisoning (odd ratio > 1) compared to the unmethylated status.
Conclusions: This study for the first time tries to correlate promoter methylation status of the ALAD and p16
genes in environmental Pb-exposed children from Kabwe, Zambia as a representative. The result suggests that Pb
exposure increases aberrations in ALAD and p16 gene methylation, which may be involved in the mechanism of
Pb toxicity.

1. Introduction

showed that children with blood lead levels (BLLs) < 10 pg/dL, which
was previously thought to be safe, are at risk of decreased brain volume,

Lead (Pb) is one of the predominant environmental pollutants with
no threshold level for its health effects (Vorvolakos et al., 2016). Lead
does not have any essential physiological role in the human body and
exposure to it can have a wide range of health effects such as cancer
(Steenland and Boffeta, 2000), permanent damage to children's cogni-
tive functioning (Canfield et al., 2003) and toxic effects on the hema-
topoietic, cardiovascular and renal system (Flora et al., 2012). Lead
poisoning contributed to about 0.6% of the global burden of disease and
childhood Pb exposure is still a significant public health problem,
especially in developing countries (WHO, 2010). Several studies

reduced cognitive functioning and low IQ scores that persist into
adulthood (Cecil et al., 2008; Canfield et al., 2003; Lanphear et al.,
2005). Thus, in 2012 the Centers for Disease Control and Prevention set
a blood Pb reference value of 5 pg/dL (CDC, 2012). Besides, there are
evidences on both in vitro and in vivo studies that suggested epigenetics
might mediate Pb toxicity by the alteration of the DNA methylation
profile of the genome (Cortessis et al., 2012; Nye et al., 2015).

DNA methylation is the most widely studied epigenetic modification
that involves in transcription regulation, and genomic stability
(Jaenisch and Bird, 2003). Previous studies in humans have shown that
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environmental exposure can alter DNA methylation, which is linked to
impacts on human health (Martin and Fry, 2018; Martinez-Zamudio
and Ha, 2011). Especially in early life, the developing brain and ner-
vous system are supposed to be more sensitive to toxic effects than the
mature one (Cecil et al., 2008; Rice and Barone, 2000). Aberrant DNA
methylation comprises gene-specific hypermethylation, which is asso-
ciated with gene repression and global hypomethylation, a prelude to
structural changes in chromosomes (Baylin and Ohm, 2006; Ushijima
et al., 2006). Lead, a “probable” human carcinogen (IARC, 2006), is a
prevalent toxic metal that can alter both global and gene-specific DNA
methylation (Kovatsi et al., 2010; Li et al., 2011, 2014; Pilsner et al.,
2009; Wright et al., 2010).

Hematopoietic system is one of the targets of Pb poisoning since
most of the Pb accumulates in erythrocytes (Onalaja and Claudio,
2000). Lead can inhibit the §-aminolevulinic acid dehydratase (ALAD)
activity in heme synthesis and results in the accumulation of §-ami-
nolevulinic acid (ALA), which is associated with oxidative damage by
causing formation of reactive oxygen species (Ahamed et al., 2006;
Martinez et al., 2013). Thus, ALAD activity is considered as a valuable
indicator for early Pb effect and a biomarker of oxidative stress in the
Pb-exposed hematological system (Gurer-Orhan et al., 2004). To date,
there is only one study that showed an association between ALAD CpG
hypermethylation with an increased risk of Pb poisoning in Pb-exposed
workers (Li et al., 2011). Another gene that is affected by Pb is the
tumor suppressor gene pl6. It is one of the most extensively studied
genes due to its critical roles in cell cycle progression (Sherr and
Roberts, 2004) and development of cancers in humans (Herman et al.,
1995).

Kabwe town is the capital of the Zambian Central Province with a
population estimated at 230,000. The town is ranked among “The 10
World's most polluted places” (Blacksmith Institute, 2013) due to the
long history of Pb-Zn mine that operated without adequate environ-
mental pollution regulations for almost a century. However, despite the
mine being closed over 25 years ago, the site left the city with alarming
concentrations of toxic Pb in the soil. Recent studies have shown evi-
dence of childhood Pb poisoning in Kabwe, with up to 427 pg/dL (Yabe
et al., 2015, 2020). However, to date, no data exist regarding the in-
fluence of environmental Pb exposure on DNA methylation levels in
children from Kabwe.

Therefore, this cross-sectional study analyzed BLLs and its associa-
tion with the promoter methylation of ALAD and p16 genes in children
exposed to environmental Pb in Kabwe, Zambia. The association of
promoter methylation of these genes with reported Pb-related clinical
symptoms was also evaluated.

2. Material and methods
2.1. Study participants

The study was a community-based cross-sectional design that was
undertaken in July 2016. Children, aged 2-10 years, were randomly
chosen from five townships in Kabwe, Zambia, and invited to their
respective local health centers (Fig. 1). Before sampling commenced, an
awareness campaign about the research activities was conducted by
community health workers in their catchment areas around the health
centers. The parents or guardians of all children provided written in-
formed consent. All parents/guardians were interviewed a short set of
questions concerning a child's age, gender, place of residence, and Pb-
related clinical symptoms such as anemia, insomnia, pain in joints,
headache, fatigue, abdominal pain and memory problems.

The population used in this study consisted of 140 children from
five townships and divided into 2 groups. Of the total number of chil-
dren, 102 children resided near the closed mine; Chowa, Kasanda and
Makululu townships (2-3 km from mine tailings) categorized as “high
Pb exposed” children and 38 children living far from the mine; Bwacha
and Nakoli townships (67 km from mine tailings) categorized as “low
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Pb exposed” children. Trained nurses performed the collection of chil-
dren's blood samples. Approximately 3 mL of venous blood samples was
collected from each child at their respective health centers.

2.2. Analysis of lead

BLLs were analyzed immediately up on collection using a LeadCare
II analyzer (Magellan Diagnostics, USA) per manufacturer's instruc-
tions. The instrument was calibrated before each new lot of test supplies
(every 48 tests). Two levels of blood Pb quality control samples, “level
1” and “level 2” were run to assess accuracy. Results of control samples
were within the target ranges given by the manufacturer of
6.9-13.7 pg/dL for the level 1 (low) control and 21.8-32.6 pg/dL for
the level 2 (high) control. The limits of detection for LeadCare II are
3.3-65 pg/dL. Thus, BLLs below 3.3 ug/dL (3/38 samples from low Pb
exposed groups) were treated as 1.65 pug/dL for statistics. Blood samples
were immediately stored at —20 °C after Pb analysis and the frozen
samples were transported to Japan for biological analysis after ob-
taining a material transfer agreement (MTA, Approval No. E00417)
from the Ministry of Health, Zambia.

2.3. DNA extraction, bisulfite modification, and methylation-specific
polymerase chain reaction (MSP)

DNA extraction, bisulfite modification, and MSP were performed in
the Laboratory of Toxicology, Faculty of Veterinary Medicine,
Hokkaido University, Japan. Genomic DNA was extracted from 200 puL
of blood using the NucleoSpin Blood Kit (Macherey-Nagel, Duren,
Germany). Bisulfite modification of genomic DNA (1 pug) was performed
using the EpiTect Bisulfite Kit (Qiagen, Hilden, Germany). Bisulfite
conversion of DNA changes unmethylated cytosine to uracil whereas
methylated cytosines remain intact.

The methylation analysis was conducted by the MSP assay. The
bisulfite-modified DNA was amplified with two primer pairs specific for
methylated (M) and unmethylated (U) alleles. The primers for the
ALAD gene were designed using MethPrimer (Li and Dahiya, 2002). M
primers: 5-ATAGCGGTGATAGGAGTAGCGGTC-3' (forward) and
5-AAACGCACAACA CAATCTAAAAACG-3' (reverse); U primers:
5-GGAGATAGTGGTGATAGGAGTAGT GGTT-3' (forward) and 5’-CAA
ACACACAACACAATCTAAAAACA-3' (reverse). The primer sequences
for p16 were as described previously (Herman et al., 1996). M primers:
5’-TTATTAGAGGGTGGGGCGGATCGC-3' (forward) and 5-GACCCCGA
ACCGCGACCG TAA-3’ (reverse); U primers: 5-TTATTAGAGGGTGGG
GTGGATTGT-3' (forward) and 5-CAACCCCAAACCACAACCATAA-3'
(reverse). MSP was performed with EpiScope MSP Kit (TaKaRa Bio,
Tokyo, Japan). The PCR conditions were as follows: initial denature at
95 °C for 30 s, followed by 40 cycles of denaturation at 98 °C for 5 s,
annealing at 60 °C for ALAD-M & -U; 62 °C for p16-M & -U for 30 s, and
extension at 72 °C for 1 min. CpGenome universal methylated DNA
(S7821) was used as a positive control for methylation while water used
as a negative control. After amplification, PCR products were loaded
onto a 2% agarose gel and visualized under UV elimination. Samples
demonstrating methylation for each gene were repeated to confirm the
results.

2.4. Statistical analysis

All statistical analyses were performed using JMP pro 14 (SAS
Institute, Cary, NC, USA). Continuous variables were reported as
means *+ standard deviation (SD) while nominal data were expressed
as percentages. The variable's distribution was assessed by Shapiro-wilk
test and Levene's test was performed to assess the homogeneity of
variance. Continuous variables were compared using the student t-test.
The differences of the ALAD and p16 genes promoter methylation status
between high Pb exposed and low Pb exposed groups were analyzed
using a Pearson chi-square exact test. Crude and adjusted odds ratios
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Fig. 1. Location of the Pb-Zn mine (in red color) and sampling townships in Kabwe, Zambia (Source: Joseph Makumba/ZCCM-IH). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

(ORs) with their corresponding 95% confidence intervals (95% Cls)
were obtained to assess the association of ALAD and pl6 gene pro-
moters hypermethylation with the risk of Pb poisoning using the lo-
gistic regression model stratified by residential area and adjusted for
age and sex. BLLs were divided into quartiles [quartile 1 (Q1):
x < 10 pg/dL; quartile 2 (Q2):10 < x < 19 pg/dL; quartile 3 (Q3):
19 < x =< 25 ug/dL; quartile 1 (Q4): x > 25 pg/dL] and the influence
of Pb exposure level on ALAD and pl6 genes promoter methylation
status was assessed using chi-square test. Then we conducted a non-
parametric pairwise multiple comparison between BLLs quartiles and
methylation status using the first quartile as a reference value. ORs and
their 95% CIs were estimated as a measure of association of ALAD and
pl6 genes promoter methylation status with reported Pb-related clin-
ical symptoms without Chowa samples (N = 32), which had

incomplete questionnaire data. In all analysis, p < 0.05 was con-
sidered to indicate a statistically significant difference.

3. Results
3.1. Characteristics of the study participants and BLL

Table 1 provides demographic and biological characteristics of the
children. A total of one hundred and forty children, 65 females and 75
males in the relative age between 2 and 10 years, were recruited for this
study. There is no significant difference in sex distribution between the
two groups. Most of the children are born in Kabwe and resided in their
respective townships for most of their lifetime. The average ages of the
participants were 5.9 + 1.88 and 5.1 * 1.68 years in high exposed
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Table 1
Characteristics and BLLs of children by area.
Variables® Participants in high exposed area* p* Participants in low exposed area* p* P’
Total participants (N) 102 38
Age (mean = SD, years) [range] 5.9 + 1.88 [2-10] < 5.1 + 1.68 [2-8]
Sex Male [N (%)] 53 (51.9) 21 (55.2)
Female [N (%)] 49 (48.1) 17 (44.8)
BLLs (mean * SD, ug/dL) [range] 23.7 = 9.01 [7.80-60.8] 7.9 + 4.51 [1.65-22.5] < 0.001
BLLs by sex Male 22.3 +* 6.75 0.132 8.34 * 4.49 0.563
Female 25.4 + 10.8 7.47 £ 4.61

p < 0.05 is considered statistically significant.

*High exposed area: Chowa, Kasanda and Makululu townships; Low exposed area: Bwacha and Nakoli townships.

2 p value for difference in BLL between male and female in the same area.

b p value for difference in BLL between high Pb exposed area and low Pb exposed area.

¢ Continuous variables are expressed as mean + SD [range].

children (Chowa, Kasanda and Makululu townships; near the closed
mine) and low exposed children (Bwacha and Nakoli townships; far
from the closed mine), respectively.

The BLLs among the study children ranged from 1.65 to 60.8 pg/dL
as shown in Table 1. A significantly higher BLL (23.7 * 9.01 pg/dL)
was observed in the high Pb exposed children as compared to the low
Pb exposed children (7.9 = 4.51 pg/dL). All blood samples in high Pb
exposed children exceeded the CDC blood Pb reference value of 5 pg/
dL. There was no gender difference in BLLs between boys and girls in
the same area, showing equal exposure extent.

3.2. Methylation status of ALAD and p16 genes among the study subjects

MSP was employed to assess ALAD and pl6 promoter hy-
permethylation. The methylation frequencies of ALAD and pl16 genes
and their association with the risk of Pb poisoning are summarized in
Table 2. The methylation frequencies for both genes showed a sig-
nificant difference between the areas. Aberrant methylation of the
ALAD gene observed in 86 out of 102 (84.3%) high Pb exposed children
while the incidence of hypermethylation in low Pb exposed children
was 42.1% (16 of 38). This result demonstrates that the ALAD gene was
significantly hypermethylated in high Pb exposed children compared to
low Pb exposed children (p < 0.001). The methylated ALAD gene was
associated with an increased risk of Pb poisoning (Adjusted OR = 7.84,
95% CIL: 3.22-19.07; p < 0.001) compared with the unmethylated
status.

A statistically significant (p = 0.015) difference in the hy-
permethylation of the p16 gene was also observed (Table 2). The profile
of p16 methylation showed that 69 out 102 children (67.7%) in high Pb
exposed area and 17 out of 38 children (44.7%) from low Pb exposed
area presented hypermethylation of the gene. Moreover, the methylated
pl6 gene was associated with an increased risk of Pb poisoning (p16:
OR = 2.58, 95% CI: 1.20-5.53; p = 0.015).

Table 2

3.3. Correlation between quartiles of BLLs and methylation status

Fig. 2 illustrates the potential effect of Pb levels on the extent of
methylation. The relationships of ALAD and pl6 genes methylation
status with quartiles of BLLs were examined. There was a strong evi-
dence for statistically significant association of the ALAD gene methy-
lation with the quartiles of BLLs (chi-square test: X2 = 22.9, df = 3,
p < 0.001). Methylation frequency of the ALAD gene ranged from 42%
in Q1 children with BLLs < 10 pg/dL to 90% in Q4 children with
BLLs > 25 pg/dL regardless of their age and sex. Moreover, the effect of
Pb exposure level using the Q1 as a reference value was investigated.
The result showed that the ALAD gene methylation status was markedly
increased as the quartiles of BLLs increased in a dose-dependent manner
(p < 0.001). For the p16 gene, it showed an increment in methylation
frequencies (48% in Q1 children with BLLs < 10 pg/dL to 72% in Q3
groups) as quartiles of BLLs increase, but not statistically significant
(chi-square test: X* = 3.22, df = 3, p = 0.358).

3.4. Methylation status vs lead-related clinical symptoms

Moreover, we investigated associations between the methylation
status of the target genes and reported Pb-related clinical symptoms
(anemia, insomnia, pain in joints, headache, fatigue, abdominal pain
and memory problems) (Fig. 3). We found odds ratio (OR) greater than
1 for some factors even though none of the variables displayed statis-
tically significant association with either gene methylation. In the ALAD
gene (Fig. 3a), anemia (OR = 4.12) and insomnia (OR = 3.72) showed
high OR value with higher methylation of this gene, while headache
(OR = 1.12) and memory problem (OR = 1.55) showed a marginal
association. Analysis of the pl6 gene showed a marginal association
with anemia (OR = 1.41), pain in joints (OR = 1.19) and memory loss
(OR = 1.33) (Fig. 3b).

Methylation status of ALAD and pl6 genes promoter in the study groups and their associations with the risk of lead poisoning.

Gene  Methylation status High Pb exposed* (N = 102)

Low Pb exposed* (N = 38) p*

Crude OR (95% CI) p Adjusted OR (95% CD)* p

N % N %
ALAD Unmethylated 16 15.7 22 57.9 < 0.001 1.00 < 0.001 1.00 < 0.001
Methylated 86 84.3 16 42.1 6.64 (2.88-15.27) 7.84 (3.22-19.07)
plé Unmethylated 33 32.3 21 55.3 0.015 1.00 0.015 1.00 0.044
Methylated 69 67.7 17 44.7 2.58 (1.20-5.53) 2.24 (1.02-4.91)
BLL (Mean *+ SD) 23.7 + 9.01 7.90 + 4.51 < 0.001

P < 0.05 is considered statistically significant.
N: sample number in each group; OR: odds ratio; CI: confidence interval.

*High Pb exposed: Chowa, Kasanda and Makululu townships; Low Pb exposed: Bwacha and Nakoli townships.

#Pearson Chi-square (y2) exact test for methylation distribution frequency.
@ Obtained from logistic regression models with adjustment for sex and age.
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Fig. 2. Mosaic plots for ALAD and pl6 genes methylation status with BLL quartiles (Q1: x < 10 pg/dL; Q2:10 < x < 19 pg/dL; Q3: 19 < x =< 25 pg/dL; Q4:
x > 25pg/dL). *p < 0.01: Dunn's nonparametric multiple comparison test using Q1 as a reference category.

4. Discussion

The toxicology of Pb has been widely studied for centuries and the
issue of Pb carcinogenicity is of great current interest in science and
public health policy (Wani et al., 2015). Despite laws and significant
efforts to eliminate Pb in the environment, toxic levels of Pb are still a
big concern, especially in developing countries. Increasing epidemio-
logic and experimental evidence indicates that Pb exposure is asso-
ciated with DNA methylation and affects health outcomes. However, to
date, few studies have assessed the associations between DNA methy-
lation and Pb exposure. If available, most studies have been conducted
on global genomic methylation, such as measuring Alu or long inter-
spersed nuclear elements-1 (LINE-1) (Pilsner et al., 2009; Wright et al.,
2010). To our knowledge, this is the first study evaluating the asso-
ciation between BLLs and aberrant ALAD and pl6 genes methylation
status in environmental Pb-exposed children.

The BLL was high in the three townships near the mine and reached
a maximum level of 60.8 pg/dL. There was no gender difference in BLLs
between boys and girls, which shows an equal exposure extent.
Compared to the CDC concern of level i.e., 5 ug/dL, 92% of the parti-
cipants had exceeded this value. To date, only a few studies have been
undertaken on Pb exposure in the Kabwe population. In a group of
children under the age of 7 years, BLL up to 427 pg/dL was recorded
and almost all the sampled children had BLLs exceeding 10 pg/dL (Yabe
et al., 2015). Another study from the same area showed that BLLs in
children ranged from 1.65 to 162 pg/dL and about 80% of the children
had a BLL greater the concern level (Yabe et al., 2020). These incidents
showed that Pb poisoning among children in Kabwe is extensive. Thus,
urgent interventions should be required to reduce Pb exposure in the

affected townships.

Aberrant DNA methylation patterns of CpG islands are associated
with gene inactivation and play vital roles in the development of dis-
eases (Jin and Liu, 2018). The present study showed a significant in-
crease in ALAD and p16 CpG methylation levels in children from high
Pb exposed areas relative to the low Pb exposed areas. It is well known
that ALAD activity can be inhibited by Pb, and this inhibition has be-
come one of the most sensitive diagnostic indicators of Pb exposure
(Gurer-Orhan et al., 2004; Sakai and Morita, 1996). Lead inhibition of
ALAD activity results in the accumulation of §-aminolevulinic acid,
which is associated with oxidative DNA damage through the formation
of reactive oxygen species (Ahamed et al., 2006; Martinez et al., 2013).
Although genetic susceptibility related to ALAD polymorphism is a
possible mechanism for the toxicity of Pb, no correlation of epigenetic
changes in the ALAD gene and environmental Pb exposure has yet been
elucidated. To our knowledge, no other study has examined ALAD
methylation in environmental Pb-exposed children. In this study, the
methylated ALAD gene showed a significant risk of Pb poisoning
(OR = 7.84, 95% ClI, 3.22-19.07) compared to unmethylated status. In
a previous case-control study based on occupational Pb exposure, a
significant increase in ALAD CpG methylation levels was detected in
adult exposed workers relative to unexposed workers (Li et al., 2011).
Furthermore, in the same study, they confirmed that the CpG methy-
lation of the ALAD promoter plays a functional role in regulating ALAD
transcription. These results suggest that besides inhibiting ALAD en-
zyme activity, Pb could result in cell toxicity by increasing the level of
ALAD methylation and thus decreasing the level of ALAD gene tran-
scription.

The pl6 gene is a key factor involved in the early stages of

Fig. 3. Forest plot showing the odds ratios with 95% confidence intervals for the association of reported lead-related clinical symptoms with DNA promoter
methylation a) ALAD gene; b) p16 gene. Dots represent odds ratios for each reported lead-related clinical symptom.
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carcinogenesis and one of the most extensively studied genes in cancer,
including epigenetic alterations. It is implicated in a variety of human
cancers and is frequently silenced in human tumors through DNA hy-
permethylation (Inoue and Fry, 2018). A population-based data in the
US indicated a significant association between BLLs > 20 pg/dL and
increased risks of premature mortality, primarily due to increased
deaths due to cancer and heart disease (Lustberg and Silbergeld, 2002).
As of 2006, inorganic Pb and Pb compounds belong to Group 2 A
(probably carcinogenic to humans) in the IARC monographs (IARC,
2006). In this study, the promoter region of the tumor suppressor gene
p16 was highly methylated in children from the three townships near
the closed mine compared to the other two townships (67.7% vs 44.7%;
p = 0.015). Thus, this hypermethylation can lead to the down-
regulation of the p16 gene in the environmental Pb-exposed children
and could result in cancer via the dysregulation of cell cycle progression
(Sherr and Roberts, 2004). Moreover, the methylated pl16 gene was
associated with an increased risk of Pb poisoning (OR = 2.58, 95% CI,
1.20-5.53) compared to unmethylated status. In the previous study
based on Pb-exposed workers, which employed in a production line
using Pb, the level of p16 CpG methylation was frequent and extensive,
suggesting that DNA methylation could be involved in the mechanism
of Pb toxicity (Kovatsi et al., 2010).

Epidemiological studies have suggested a significant dose-response
relationship between Pb toxicity and cumulative Pb exposure (Weuve
et al., 2013; Wu et al., 2016). Thus, to elucidate the potential effect of
Pb exposure more on methylation status, a nonparametric pairwise
multiple comparison was performed using Q1 BLL as a referent. The
result showed that the three quartiles; Q2, Q3, and Q4 BLLs showed a
significant increased level in the ALAD methylation status compared to
Q1 level in a dose-dependent manner (p < 0.001). In a previous cul-
tured-cell model study by Li et al. (2011), the level of ALAD CpG me-
thylation status for the HepG2 cell line exposed with 100 pM lead
acetate was increased significantly relative to that of lead-free cells.
These results suggested that Pb may exert its harmful effects through
epigenetic mechanisms by DNA hypermethylation in the CpG islands of
gene promoters and/or it could result in cell toxicity by inhibition of
enzymatic activities. In the case of the pl6 gene, there was no sig-
nificant difference on the extent of methylation as BLLs increases. As
Pb-related symptoms based on questionnaire data are concerned, we
found an OR value of greater than 1 for some features. However, there
was no significant association between the promoter hypermethylation
of both genes and the clinical symptoms. Overall in the current study,
we present that children exposed to environmental Pb are significantly
more likely to have ALAD and p16 DNA hypermethylation.

The primary strength of the present study is the use children and all
the subjects residing in the same urban area. Secondly, it is the first
study to investigate the influence of environmental Pb exposure in
children, especially in Kabwe which is among the top polluted places in
the world (Blacksmith Institute, 2013). This study also has some lim-
itations: (i) small numbers of samples used in low Pb exposed areas
compared to high Pb exposed areas and (ii) the use of MSP analysis
which may be prone to false-positive results. Thus, additional larger
cohort population-based studies are warranted based on whether Pb
exposure influences gene-specific DNA methylation profiles as well as
epigenome-wide DNA methylation patterning in Kabwe, Zambia.

In conclusion, we found a relationship between BLLs and aberrant
DNA methylation in an environmentally Pb exposed population. Our
study demonstrates that environmental Pb exposure is associated with
promoter regions of ALAD and p16 DNA hypermethylation, leading to
epigenetic silencing, in children from Kabwe, Zambia. This result sug-
gests that this aberrant DNA methylation may be involved in the me-
chanism of Pb toxicity. Based on these observations, besides genetic
variations like polymorphisms, epigenetic modifications might act as
biomarkers in identifying Pb exposure susceptibility.

Environmental Research 188 (2020) 109759

Funding

This work was supported by Grants-in-Aid for Scientific Research
from the Ministry of Education, Culture, Sports, Science and
Technology of Japan awarded to M. Ishizuka (No. 16H0177906,
18KK0287) and Y. Ikenaka (17K2003807, 18H0413208) and S.M.M.
Nakayama (No. 16K16197, 17KK0009), and the foundation of JSPS
Bilateral Open Partnership Joint Research Projects
(JPJSBP120209902), the Environment Research and Technology
Development Fund (SII-1/3-2, 4RF-1802/18,949,907) of the
Environmental Restoration and Conservation Agency of Japan. This
research was also supported by JST/JICA and SATREPS (Science and
Technology Research Partnership for Sustainable Development; No.
JPMJSA1501).as well as aXis (Accelerating Social Implementation for
SDGs Achievement) funded by JST.

Ethical approval

The study was approved by the University of Zambia Research
Ethics Committee (UNZAREC; REF. No. 012-04-16) and permission was
granted by the Ministry of Health through the Zambia National Health
Research Ethics Board and the Kabwe District Medical Office.

CRediT authorship contribution statement

Yared B. Yohannes: Conceptualization, Data curation, Formal
analysis, Methodology, Writing - original draft, Writing - review &
editing. Shouta MM. Nakayama: Funding acquisition, Investigation,
Writing - review & editing. John Yabe: Investigation, Writing - review
& editing. Hokuto Nakata: Investigation, Writing - review & editing.
Haruya Toyomaki: Investigation, Writing - review & editing. Andrew
Kataba: Investigation, Writing - review & editing. Kaampwe
Muzandu: Investigation, Writing - review & editing. Yoshinori
Ikenaka: Funding acquisition, Investigation, Writing - review &
editing. Kennedy Choongo: Supervision, Writing - review & editing.
Mayumi Ishizuka: Funding acquisition, Project administration,
Supervision, Writing - review & editing.

Declaration of competing interest

Authors declare no conflicts of interest.
Acknowledgments

We are highly indebted to the children and families in Kabwe that
participated in the study. We are also grateful to the laboratory tech-
nicians and nurses at the five health centers in Kabwe, the Kabwe
District Health Office and the Zambian Ministry of Health for facil-
itating the study. We also acknowledge the contribution of the Kabwe
Municipal Council, especially Mr. Paul Mukuka, the Director of Public
Health, for facilitating the study.

References

Ahamed, M., Verma, S., Kumar, A., Siddiqui, M.K., 2006. Delta-aminolevulinic acid de-
hydratase inhibition and oxidative stress in relation to blood lead among urban
adolescents. Hum. Exp. Toxicol. 25 (9), 547-553. https://doi.org/10.1191/
0960327106het6570a.

Baylin, S.B., Ohm, J.E., 2006. Epigenetic gene silencing in cancer - a mechanism for early
oncogenic pathway addiction? Nat. Rev. Canc. 6 (2), 107-116. https://doi.org/10.
1038/nrc1799.

Blacksmith Institute, 2013. The World's Worst 2013: the Top Ten Toxic Threats. Cleanup,
Progress, and Ongoing Challenges. New York Blacksmith Institute Available. http://
www.worstpolluted.org/docs/TopTenThreats2013.pdf, Accessed date: 12 December
2019.

Canfield, R.L., Henderson, C.R., Cory-Slechta, D.A., Cox, C., Jusko, T.A., Lanphear, B.P.,
2003. Intellectual impairment in children with blood lead concentrations below 10
micrograms per deciliter. N. Engl. J. Med. 348, 1517-1526. https://doi.org/10.1056/
NEJMo0a022848.


https://doi.org/10.1191/0960327106het657oa
https://doi.org/10.1191/0960327106het657oa
https://doi.org/10.1038/nrc1799
https://doi.org/10.1038/nrc1799
http://www.worstpolluted.org/docs/TopTenThreats2013.pdf
http://www.worstpolluted.org/docs/TopTenThreats2013.pdf
https://doi.org/10.1056/NEJMoa022848
https://doi.org/10.1056/NEJMoa022848

Y.B. Yohannes, et al.

CDC (Centers for Disease Control and Prevention), 2012. Low Level Lead Exposure Harms
Children: a Renewed Call for Primary Prevention - Report of the Advisory Committee
on Childhood Lead Poisoning Prevention of the Centers for Disease Control and
Prevention. Atlanta, GA. Available. http://www.cdc.gov/nceh/lead/acclpp/final_
document_010412.pdf, Accessed date: 12 December 2019.

Cecil, K.M., Brubaker, C.J., Adler, C.M., Dietrich, K.N., Altaye, M., Egelhoff, J.C., Wessel,
S., Elangovan, 1., Hornung, R., Jarvis, K., Lanphear, B.P., 2008. Decreased brain
volume in adults with childhood lead exposure. PLoS Med. 5 (5), e112. https://doi.
org/10.1371/journal.pmed.0050112.

Cortessis, V.K., Thomas, D.C., Levine, A.J., Breton, C.V., Mack, T.M., Siegmund, K.D.,
Haile, R.W., Laird, P.W., 2012. Environmental epigenetics: prospects for studying
epigenetic mediation of exposure-response relationships. Hum. Genet. 131,
1565-1589. https://doi.org/10.1007/s00439-012-1189-8.

Li, L.C., Dahiya, R., 2002. MethPrimer: designing primers for methylation PCRS.
Bioinformatics 18, 1427-1431. https://doi.org/10.1093/bioinformatics/18.11.1427.

Flora, G., Gupta, D., Tiwari, A., 2012. Toxicity of lead: a review with recent updates.
Interdiscipl. Toxicol. 5, 47-58. https://doi.org/10.2478/v10102-012-0009-2.

Gurer-Orhan, H., Sabir, H.U., Ozgiines, H., 2004. Correlation between clinical indicators
of lead poisoning and oxidative stress parameters in controls and lead-exposed
workers. Toxicology 195 (2-3), 147-154. https://doi.org/10.1016/].t0x.2003.09.
009.

Herman, J.G., Merlo, A., Mao, L., Lapidus, R.G., Issa, J.P., Davidson, N.E., Sidransky, D.,
Baylin, S.B., 1995. Inactivation of the CDKN2/p16/MTS1 gene is frequently asso-
ciated with aberrant DNA methylation in all common human cancers. Canc. Res. 55,
4525-4530.

Herman, J.G., Graff, J.R., My6hénen, S., Nelkin, B.D., Baylin, S.B., 1996. Methylation
specific PCR: a novel PCR assay for methylation status of CpG islands. Proc. Natl.
Acad. Sci. U.S.A. 93, 9821-9826. https://doi.org/10.1073/pnas.93.18.9821.

IARC (International Agency for Research on Cancer), 2006. Monographs on the
Evaluation of Carcinogenic Risks to Humans, vol. 87 Inorganic and organic lead
compounds, Lyon, France 2006.

Inoue, K., Fry, E.A., 2018. Aberrant Expression of ARF in human cancer - a new bio-
marker? Cancer Rep. Rev. 2 (2). https://doi.org/10.15761/CRR.1000145.

Jaenisch, R., Bird, A., 2003. Epigenetic regulation of gene expression: how the genome
integrates intrinsic and environmental signals. Nat. Genet. 33 (Suppl. 1.), 245-254.
https://doi.org/10.1038/ng1089.

Jin, Z., Liu, Y., 2018. DNA methylation in human diseases. Genes Dis 5 (1), 1-8. https://
doi.org/10.1016/j.gendis.2018.01.002.

Kovatsi, L., Georgiou, E., Ioannou, A., Haitoglou, C., Tzimagiorgis, G., Tsoukali, H.,
kouidou, S., 2010. p16 promoter methylation in Pb2+-exposed individuals. Clin.
Toxicol. 48, 124-128. https://doi.org/10.3109/15563650903567091.

Lanphear, B.P., Hornung, R., Khoury, J., Yolton, K., Baghurst, P., et al., 2005. Low-level
environmental lead exposure and children's intellectual function: an international
pooled analysis. Environ. Health Perspect. 113, 894-899. https://doi.org/10.1289/
ehp.7688.

Li, C., Xu, M., Wang, S., Yand, X., Zhou, S., Zhang, J., Liu, Q., Sun, Y., 2011. Lead ex-
posure suppressed ALAD transcription by increasing methylation level of the pro-
moter CpG islands. Toxicol. Lett. (Shannon) 203, 48-53. https://doi.org/10.1016/j.
toxlet.2011.03.002.

Li, C., Yang, X., Xu, M., Zhang, J., Sun, N., 2014. Association between GSTP1 CpG me-
thylation and the early phase of lead exposure. Toxicol. Mech. Methods 24 (2),
111-115. https://doi.org/10.3109/15376516.2013.859195.

Lustberg, M., Silbergeld, E., 2002. Blood lead levels and mortality. Arch. Intern. Med. 162
(21), 2443-2449. https://doi.org/10.1001/archinte.162.21.2443.

Martin, E.M., Fry, R.C., 2018. Environmental influences on the epigenome: exposure-
associated DNA methylation in human populations. Annu. Rev. Publ. Health 39,
309-333. https://doi.org/10.1146/annurev-publhealth-040617-014629.

Martinez, S.A., Simonella, L., Hansen, C., Rivolta, S., Cancela, L.M., Virgolini, M.B., 2013.

Environmental Research 188 (2020) 109759

Blood lead levels and enzymatic biomarkers of environmental lead exposure in
children in Cordoba, Argentina, after the ban of leaded gasoline. Hum. Exp. Toxicol.
32 (5), 449-463. https://doi.org/10.1177/0960327112454893.

Martinez-Zamudio, R., Ha, H., 2011. Environmental epigenetics in metal exposure.
Epigenetics 6, 820-827. https://doi.org/10.4161/epi.6.7.16250.

Nye, M.D., Hoyo, C., Murphy, S.K., 2015. In vitro lead exposure changes DNA methyla-
tion and expression of IGF2 and PEG1/MEST. Toxicol. Vitro 29 (3), 544-550. https://
doi.org/10.1016/j.tiv.2015.01.002.

Onalaja, A.O., Claudio, L., 2000. Genetic susceptibility to lead poisoning. Environ. Health
Perspect. 108 (Suppl. 1), 23-28. https://doi.org/10.1289/ehp.00108s123.

Pilsner, J.R., Hu, H., Ettinger, A., Sanchez, B.N., Wright, R.O., Cantonwine, D., et al.,
2009. Influence of prenatal lead exposure on genomic methylation of cord blood
DNA. Environ. Health Perspect. 117 (9), 1466-1471. https://doi.org/10.1289/ehp.
0800497.

Rice, D., Barone Jr., S., 2000. Critical periods of vulnerability for the developing nervous
system: evidence from humans and animal models. Environ. Health Perspect. 108
(Suppl. 3), 511-533. https://doi.org/10.1289/ehp.00108s3511.

Sakai, T., Morita, Y., 1996. 8-Aminolevulinic acid in plasma or whole blood as a sensitive
indicator of lead effects, and its relation to the other heme-related parameters. Int.
Arch. Occup. Environ. Health 68, 126-132. https://doi.org/10.1007/bf00381245.

Sherr, C.J., Roberts, J.M., 2004. Living with or without cyclins and cyclin-dependent
kinases. Genes Dev. 18, 2699-2711. https://doi.org/10.1101/gad.1256504.

Steenland, K., Boffetta, P., 2000. Lead and cancer in humans: where are we now? Am. J.
Ind. Med. 38, 295-299 doi.org/10.1002/1097-0274(200009)38:3 < 295::AID-
AJIMS8 > 3.0.CO;2-L.

Ushijima, T., Nakajima, T., Maekita, T., 2006. DNA methylation as a marker for the past
and future. J. Gastroenterol. 41, 401-407. https://doi.org/10.1007/s00535-006-
1846-6.

Vorvolakos, T., Arseniou, S., Samakouri, M., 2016. There is no safe threshold for lead
exposure: A literature review. Psychiatriki 27, 204-214. https://doi.org/10.22365/
jpsych.2016.273.204.

Wani, A.L., Ara, A., Usmani, J.A., 2015. Lead toxicity: a review. Interdiscipl. Toxicol. 8,
55-64. https://doi.org/10.1515/intox-2015-0009.

Weuve, J., Press, D.Z., Grodstein, F., Wright, R.O., Hu, H., Weisskopf, M.G., 2013.
Cumulative exposure to lead and cognition in persons with Parkinson's disease. Mov.
Disord. 28, 176-182. https://doi.org/10.1002/mds.25247.

WHO (World Health Organization), 2010. Childhood Lead Poisoning. 2010. Geneva,
Switzerland. Available. https://www.who.int/ceh/publications/leadguidance.pdf,
Accessed date: 14 December 2019.

Wright, R.O., Schwartz, J., Wright, R.J., Bollati, V., Tarantini, L., Park, S.K., et al., 2010.
Biomarkers of lead exposure and DNA methylation within retrotransposons. Environ.
Health Perspect. 118 (6), 790-795. https://doi.org/10.1289/ehp.0901429.

Wu, Y., Gu, J.M., Huang, Y., Duan, Y.Y., Huang, R.X., Hu, J.A., 2016. Dose-response
relationship between cumulative occupational lead exposure and the associated
health damages: a 20-year cohort study of a smelter in China. Int. J. Environ. Res.
Publ. Health 13 (3). https://doi.org/10.3390/ijerph13030328.

Yabe, J., Nakayama, S.M.M., Ikenaka, Y., Yohannes, Y.B., Bortey-Sam, N., Oroszlany, B.,
Muzandu, K., Choongo, K., Kabalo, A.N., Ntapisha, J., Mweene, A., Umemura, T.,
Ishizuka, M., 2015. Lead poisoning in children from townships in the vicinity of a
lead-zinc mine in Kabwe, Zambia. Chemosphere 119, 941-947. https://doi.org/10.
1016/j.chemosphere.2014.09.028.

Yabe, J., Nakayama, S.M.M., Nakata, H., Toyomaki, H., Yohannes, Y.B., Muzandu, K.,
Kataba, A., Zyambo, G., Hiwatari, M., Narita, D., Yamada, D., Hangoma, P.,
Muntinda, N.S., Mufune, T., Ikenaka, Y., Choongo, K., Ishizuka, M., 2020. Current
trends of blood lead levels, distribution patterns and exposure variations among
household members in Kabwe, Zambia. Chemosphere 243, 125412. https://doi.org/
10.1016/j.chemosphere.2019.125412.


http://www.cdc.gov/nceh/lead/acclpp/final_document_010412.pdf
http://www.cdc.gov/nceh/lead/acclpp/final_document_010412.pdf
https://doi.org/10.1371/journal.pmed.0050112
https://doi.org/10.1371/journal.pmed.0050112
https://doi.org/10.1007/s00439-012-1189-8
https://doi.org/10.1093/bioinformatics/18.11.1427
https://doi.org/10.2478/v10102-012-0009-2
https://doi.org/10.1016/j.tox.2003.09.009
https://doi.org/10.1016/j.tox.2003.09.009
http://refhub.elsevier.com/S0013-9351(20)30652-6/sref11
http://refhub.elsevier.com/S0013-9351(20)30652-6/sref11
http://refhub.elsevier.com/S0013-9351(20)30652-6/sref11
http://refhub.elsevier.com/S0013-9351(20)30652-6/sref11
https://doi.org/10.1073/pnas.93.18.9821
http://refhub.elsevier.com/S0013-9351(20)30652-6/sref13
http://refhub.elsevier.com/S0013-9351(20)30652-6/sref13
http://refhub.elsevier.com/S0013-9351(20)30652-6/sref13
https://doi.org/10.15761/CRR.1000145
https://doi.org/10.1038/ng1089
https://doi.org/10.1016/j.gendis.2018.01.002
https://doi.org/10.1016/j.gendis.2018.01.002
https://doi.org/10.3109/15563650903567091
https://doi.org/10.1289/ehp.7688
https://doi.org/10.1289/ehp.7688
https://doi.org/10.1016/j.toxlet.2011.03.002
https://doi.org/10.1016/j.toxlet.2011.03.002
https://doi.org/10.3109/15376516.2013.859195
https://doi.org/10.1001/archinte.162.21.2443
https://doi.org/10.1146/annurev-publhealth-040617-014629
https://doi.org/10.1177/0960327112454893
https://doi.org/10.4161/epi.6.7.16250
https://doi.org/10.1016/j.tiv.2015.01.002
https://doi.org/10.1016/j.tiv.2015.01.002
https://doi.org/10.1289/ehp.00108s123
https://doi.org/10.1289/ehp.0800497
https://doi.org/10.1289/ehp.0800497
https://doi.org/10.1289/ehp.00108s3511
https://doi.org/10.1007/bf00381245
https://doi.org/10.1101/gad.1256504
http://refhub.elsevier.com/S0013-9351(20)30652-6/sref31
http://refhub.elsevier.com/S0013-9351(20)30652-6/sref31
http://refhub.elsevier.com/S0013-9351(20)30652-6/sref31
https://doi.org/10.1007/s00535-006-1846-6
https://doi.org/10.1007/s00535-006-1846-6
https://doi.org/10.22365/jpsych.2016.273.204
https://doi.org/10.22365/jpsych.2016.273.204
https://doi.org/10.1515/intox-2015-0009
https://doi.org/10.1002/mds.25247
https://www.who.int/ceh/publications/leadguidance.pdf
https://doi.org/10.1289/ehp.0901429
https://doi.org/10.3390/ijerph13030328
https://doi.org/10.1016/j.chemosphere.2014.09.028
https://doi.org/10.1016/j.chemosphere.2014.09.028
https://doi.org/10.1016/j.chemosphere.2019.125412
https://doi.org/10.1016/j.chemosphere.2019.125412

Downloaded via HOKKAIDO UNIV on October 26, 2020 at 23:37:17 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

i

pubs.acs.org/est

Land Use in Habitats Affects Metal
Around a Former Lead Mining Site

Concentrations in Wild Lizards

Rio Doya,# Shouta M. M. Nakayama,# Hokuto Nakata, Haruya Toyomaki, John Yabe,
Kaampwe Muzandu, Yared B. Yohannes, Andrew Kataba, Golden Zyambo, Takahiro Ogawa,
Yoshitaka Uchida, Yoshinori Ikenaka, and Mayumi Ishizuka™

Cite This: https://dx.doi.org/10.1021/acs.est.0c00150

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: We investigated the potential effects of different
land use and other environmental factors on animals living in a
contaminated environment. The study site in Kabwe, Zambia, is
currently undergoing urban expansion, while lead contamination
from former mining activities is still prevalent. We focused on a
habitat generalist lizards (Trachylepis wahlbergii). The livers, lungs,
blood, and stomach contents of 224 lizards were analyzed for their
lead, zinc, cadmium, copper, nickel, and arsenic concentrations.
Habitat types were categorized based on vegetation data obtained
from satellite images. Multiple regression analysis revealed that
land use categories of habitats and three other factors significantly

affected lead concentrations in the lizards. Further investigation suggested that the lead concentrations in lizards living in bare fields
were higher than expected based on the distance from the contaminant source, while those in lizards living in green fields were lower
than expected. In addition, the lead concentration of lungs was higher than that of the liver in 19% of the lizards, implying direct
exposure to lead via dust inhalation besides digestive exposure. Since vegetation reduces the production of dust from surface soil, it is
plausible that dust from the mine is one of the contamination sources and that vegetation can reduce exposure to this.

1. INTRODUCTION

Several studies have described environmental hazards preced-
ing city development. Examples are environmental contami-
nation in developing countries that is caused by poorly
managed electronic waste-recycling facilities, dumping
grounds, and mining sites.' > Since diversification of land
use is one of the characteristics of urbanization,’ the status of
long-standing contamination and how the effects thereof differ
between different land use patterns should be understood
before cities are developed in regions where environmental
pollution has already occurred. Existing studies have examined
the effects of different land uses on environmental contami-
nation status only by describing the existence of pollution
sources, such as intensive crop fields, various industries, power
plants, and heavy traffic.°™ In contrast, we have considered
land use as one of the environmental factors controlling
exposure to and accumulation of contaminants in living
organisms. Such insight is necessary for creating proper
methodologies for city development that can minimize the
potential negative environmental and health effects. Although
environmental remediation is the most fundamental solution
for heavily contaminated regions, it costs an enormous amount
of money and is not always feasible for addressing problems in
widely spread populations.'”"" Until remediation is complete,
humans and animals continue to be exposed to toxic
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substances. Moreover, even if the environment is not suitable
for people to live in since contamination sources often
correspond with local economic drivers, social communities
and economic activities continue to flourish and fuel
urbanization regardless. Therefore, appropriate city planning
should be conducted before mass construction begins, so that
people can receive the benefits of urbanization while their
exposure to environmental pollutants is mitigated.

Kabwe, in the Republic of Zambia, is a remarkable example
of a city undergoing urban expansion in an environment that
has long been contaminated.'” In Kabwe, the primary
contamination source is a lead (Pb) and zinc (Zn) mine.
After the mine closed in 1993, slags were deposited in the open
environment on the premises (S14°27'44”, E28°25'51")."
Even though the official operation had stopped, high
concentrations of Pb, Zn, copper (Cu), cadmium (Cd), and
arsenic (As) were detected in the soil around the mine in
2009."* Leaded gasoline has been eliminated from fuel
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distribution in Zambia since 2008, and the majority of
electricity powering of Kabwe is provided by hydroelectric
plants. There is no major heavy industry in Kabwe.
Considering these points, the mining site is regarded as the
predominant contaminant source in Kabwe. Samples from
humans and animals (chicken, cattle, goats, rats, and dogs) in
Kabwe have revealed accumulation of high concentrations of
metals in the blood, liver, kidneys, and muscles.>' #7718

The Pb contamination in Kabwe has been intensively
analyzed, due to the high toxicity of Pb and the associated
health risk to animals. Pb is a nonessential element and can
cause various toxic effects, including neurodevelopmental and
cardiovascular disorders, renal failure, and hypochromic
anemia.'” Recent guidelines require exposure to Pb to be
minimized as much as possible.””*" To achieve this goal, it is
necessary to understand the exposure pathways and factors
that affect the amount of exposure.

Reptiles are the least-studied group in ecotoxicology;””
however, lizards are increasingly regarded as important in
ecotoxicological field research. There are increasing reports on
field research, which feature lizards, including some geckoes, as
a bioindicator of pollutants.”*~>* These studies take advantage
of the species’ insect-based feeding habits in estimating the
quantities of contaminants entering into the vertebrate food
web from the invertebrate level. In addition, some species of
lizards are abundant throughout a region, while the areas of
individual habitats tend to be small. There are also increasing
numbers of laboratory studies using lizards as model species or
investigating contaminant kinetics in lizards.”**” In this study,
the lizard Trachylepis wahlbergii (Wahlberg’s striped skink;
Scincidae) was selected as the target species in an investigation
of the relationship between land use and Pb exposure. T.
wahlbergii is a diurnal lizard with a snout—vent length (SVL) of
around 10 cm. This species is common and widespread
throughout southern and eastern Africa and is a habitat
generalist. The lizards are terrestrial, arboreal, or rock-living.
They have also become habituated themselves to humans and
settle in houses.”® Therefore, this species can be used to
monitor a wide range of geographic areas. In addition, its home
range is thought to be less than 500 m?>’ which is relatively
small compared to its body size,” so it can be used to compare
the status of locations that are close to each other. This is
important because few other species have such small home
ranges. The lizards eat a variety of insects, such as beetles, flies,
and grasshoppers. They forage actively but also bask in a
strategic position so that they can dart forward to catch the
passing prey.”® Although they may sometimes accidentally eat
soil or small stones, their main source of contaminants via oral
exposure is assumed to be the insects they eat. This feature is
optimal for identifying exposure sources. Together, these
characteristics make T. wahlbergii an ideal species for
investigating differences in metal accumulation among
individual animals living in different environments.

The objective of this study is to explore the environmental
factors affecting the contamination status of living organisms
by comparing metal (Pb, Zn, Cd, Cu, nickel [Ni]) and As
concentrations in lizards inhabiting various locations and a
range of environments.

2. MATERIALS AND METHODS

2.1. Sampling. The primary ore mineral assemblage and
metal production history in Kabwe are described in the
Supporting Information (SI1).

The sampling of lizards and soil was conducted in the
vicinity of the Kabwe Pb—Zn mine from May to September
2017, which corresponded to the dry season in the region
(Figure S1, SI2). The distance from the mine to the sampling
sites ranged from 0.26 to 21.2 km (Figure S2, SI2). The
sampling sites were accurately located using global positioning
system (GPS) coordinates. The sampling took place under a
permit from the Zambian Ministry of Fisheries and Livestock,
as well as the Faculty of Veterinary Medicine, Hokkaido
University, Sapporo, Japan (approval number: Vet-17010). A
total of 224 lizards were captured by hand or using adhesive
traps, and their body weight (BW) and SVL were measured.
Juveniles were assigned to the “unknown sex” category since it
was difficult to sex them. The lizards were carried in ventilated
plastic cases to a laboratory in the Central Province Veterinary
Office of the Ministry of Fisheries and Livestock in Kabwe and
dissected after being euthanized with isoflurane (Isotroy,
Troikaa Pharmaceuticals, Gujarat, India). First, blood was
collected from the heart with a 27-gauge needle and syringe,
which had been flushed with heparin (Mochida Pharmaceut-
ical, Tokyo, Japan). Subsequently, the livers, lungs, and
stomach contents were placed in sampling tubes and stored
at —20 °C until metal analysis. A small portion of the heart was
preserved in RNAlater (Sigma-Aldrich, St. Louis) for species
identification. Kidneys were not collected because they were
too small to be differentiated. Surface soils (n = 29) were
collected from each sampling site and stored at —20 °C until
analysis. Biological samples and soils were transported to the
Laboratory of Toxicology, Faculty of Veterinary Medicine,
Hokkaido University, Sapporo, Japan, under permits from both
the Zambian and the Japanese governments, for the following
analyses.

2.2. Species Identification. Whole genomic DNA was
extracted from the hearts using the Wizard Genomic DNA
Purification Kit (Promega, Fitchburg). The 12S rRNA region
was amplified via polymerase chain reaction (PCR) using Tks
Gflex DNA Polymerase (Takara Bio, Kyoto, Japan). The
primers and PCR conditions are shown in Table S1, SI3. After
purification, PCR products were sequenced using the same
primers. All nucleotide sequences were confirmed by the
Fasmac sequencing service (Kanagawa, Japan). Sequences
were aligned, and the phylogenetic tree was constructed using
MEGA?7 software (Molecular Evolutionary Genetics Analysis
version 6.0).*"** Information on the 12S rRNA genes used in
the phylogenetic analysis is shown in Table S2, SI3.

2.3. Metal and As Analysis. Metal and As analysis was
conducted based on an existing method® with minor
modifications. After being dried at 50 °C for 48 h, the 29
soil samples were sieved to eliminate particles larger than a
diameter of 2 mm. The average dry weight used for analysis
was 51.0 mg. With the lizard tissue samples, parts of organs or
whole organs were analyzed. The average wet weight of
samples was 82.7 mg for the liver and 51.5 mg for the lung.
Whole volumes of blood and stomach contents were used in
the analysis. The mean wet weight of blood was 68.0 mg, while
that of stomach contents was 182.3 mg. Samples were dried in
an oven at 50 °C for 48 h. For stomach content samples whose
dry weight exceeded 100 mg, the dried samples were
homogenized, and a dry weight of approximately 50 mg was
used. Dried samples were placed in prewashed digesting vessels
with S mL of 30% HNOj (nitric acid for atomic absorption
spectrometry, 60%, Kanto Chemical, Tokyo, Japan) in distilled
deionized water (DDW) and 1 mL of 30% H,0, (hydrogen
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peroxide for atomic absorption spectrometry, 30%, Kanto
Chemical, Tokyo, Japan) and digested in a microwave
digestion system (Speed Wave MWS-2, Berghof, Eningen,
Germany). Parameters for digestion are shown in Table S3,
SI4.

Analysis of Pb, Zn, Cd, Cu, Ni, and As contents was
performed using inductively coupled plasma mass spectrom-
etry (ICP-MS 7700 series, Agilent Technologies, Tokyo,
Japan). Detailed operating conditions are shown in Table S4,
SI4. The procedure for verifying analytical quality is described
in SIS. All concentrations are expressed in micrograms per
gram on a dry-weight (ug/g DW) basis in the following results.

2.4. Categorization of Land Use. Land use was
categorized based on the analysis of satellite images taken in
the rainy season (January—March; Figure S1, SI2) in QGIS
2.14.14 Essen (QGIS Development Team, 2016). Data sets of
spectral reflectance were obtained from the Sentinel-2
(European Space Agency) database via the EO browser
(https://apps.sentinel-hub.com/eo-browser/?lat=41.
9000&Ing=12.5000&zoom=10). Satellite images with cloud
coverage of less than 10% were selected. Data sets containing
bands 3 (green), 4 (visible red), and 8A (near-infrared) were
imported to QGIS and merged to create new raster graphics,
which indicate the status of vegetation. By comparing these
with true-color images, which are also created in QGIS from
data sets containing bands 2 (blue), 3, and 4, the coloration of
the merged band images was linked to the actual land use
pattern (Figure 1). Changes in the surface land cover during

Figure 1. Process of land use categorization. Composite images were
created from three reflectance band images that had been separately
colored and categorized. Photographs are representative of (a)
residential areas, (b) bare fields, and (c) green fields. They contain
modified Copernicus Sentinel data [2017].

the rainy season were compared to categorize land use into the
following four groups: bare field (no vegetation cover
throughout the rainy season), green field (vegetation cover
present throughout the rainy season), open field (vegetation
cover present for part of the rainy season), and residential area
(several buildings present).

2.5. Calculation of the Normalized Difference
Vegetation Index (NDVI). The normalized difference
vegetation index (NDVI) indicates the amount of vegetation
by measuring the activity of photosynthetic pigments.
Calculation of the NDVI is based on the aerial imagery of
spectral reflectance in the visible red (665 nm) and the near-
infrared (865 nm) wavelengths, as shown in SI6.

2.6. Defining the Angle toward the Prevailing Wind.
Since the prevailing wind in Kabwe is from the east-southeast
(ESE), the angle of the sampling sites from the mine with
respect to the ESE wind direction was calculated to investigate
the effect of wind, as shown in SI7.

2.7. Measurement of Soil pH. Soil pH was measured
according to an existing method,™ as shown in SIS.

2.8. Statistical Analysis. All statistical analyses were
conducted using JMP Pro 14 software (SAS Institute, NC).
Spearman’s rank correlation test was used to determine the
relationships between the distance from the mine and the
metal/As concentrations in the soil (Figure S8, SI10) and Pb
concentrations among biological samples (Table S9, SI11).
Multiple regression analysis was used to investigate the effects
of various environmental factors on the Pb concentrations in
lizard’s organ (Table 1). To examine the confounding effect of

Table 1. Association between Liver Pb Concentration and
Environmental Parameters”

p t P
distance from the mine —0.382 —-3.20 0.0018
bare field 0.450 5.00 <0.0001
green field —0.427 —4.02 0.0001
open field —0.028 -0.29 0.7738
residential area —0.002 0.09 0.9317
soil Pb 0.287 2.63 0.0098
soil pH —0.165 —-2.06 0.0414
angle from ESE 0.020 0.24 0.8118
average annual NDVI 0.019 0.21 0.8337

“Standardized partial regression coefficient (f) and t-values (S
divided by the standard error of each parameter) were obtained from
multiple regression analysis (least-squares method). ESE, east-
southeast; NDVI, normalized difference vegetation index.

the distance from the mine to the sampling site, we used the
residuals between the measured liver Pb concentration and the
concentrations modeled based on the distance from the mine
(Figure 3). The estimated Pb concentration was calculated
with least-squares method between the measured liver Pb
concentration and the distance from the mine (Figure S10,
SI12). The Steel-Dwass test was used to evaluate the
differences among the above-mentioned residuals (Figure 3),
metal concentrations (Figure S9, SI11 and Figure S11, SI12),
and NDVI annual averages (Figure S12, SI12).

3. RESULTS AND DISCUSSION

3.1. Species Identification. A total of 224 lizards captured
in Kabwe were identified as T. wahlbergii (Wahlberg’s striped
skink; Scincidae) based on coloration, distribution,®* and
phylogenetic analysis of their 12S rRNA (Figure S3, SI3). Sex
distribution and SVLs are shown in Table S6, SI9. The median
SVL of captured lizards was 8 cm, and there was no significant
difference in SVL between males and females.

3.2. Metal and As Concentrations in the Soil. The
concentrations of the elements (Pb, Zn, Cd, Cu, Ni, and As) in
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the soil samples (median and range, ug/g DW) are shown in
Table S7, SI10, alongside the values for Zambian soils obtained
from other studies, as well as the ecological soil-screening
levels (Eco-SSLs) for birds and mammals suggested by the
U.S. Environmental Protection Agency (EPA)."**™* The
medians of the Pb, Zn, and Cd concentrations were higher
than the U.S. EPA Eco-SSL values for both birds and
mammals. Although the median concentration of Cu was
lower than the Eco-SSL for mammals, the maximum value
exceeded the Eco-SSL. These patterns of accumulation in the
soil were in agreement with the previous research,'**' which
means that soil contamination is still a cause for concern in
Kabwe. In contrast, even the maximum concentrations of Ni
and As were lower than the Eco-SSL values. As shown in
Figure S8, SI10, concentrations of Pb, Zn, Cd, Cu, and As in
the soil were negatively correlated with the distance from the
mine (p < 0.0001). Therefore, the mine can be identified as the
primary metal contamination source in Kabwe. For Ni,
however, the concentrations in the soil were low, and this
was the only element that did not show a significant correlation
with the distance from the mine. Thus, of the six elements
investigated, only Ni can be excluded as a potential metal
contaminant originating from the Kabwe mine. There were no
significant differences in the concentrations of any of the
elements among the land use categories.

3.3. Metal and As Concentrations in Lizards. The
metal and As concentrations in the livers, lungs, blood, and
stomach contents of lizards in the current study are shown in
Table S8, SI11, along with the concentrations reported in
previous studies for other animals collected in Kabwe (ug/g
DW).'>'*!® Box-and-whisker plots are shown in Figure S9,
SI11. Liver concentrations of Pb, Cd, and Cu showed the
widest variability among the tissue samples. The liver samples
that displayed the highest concentrations of Pb, Zn, Cd, and
Cu were all taken from lizards living inside the mine. The wide
range of Pb concentrations could be a consequence of the
broad coverage and differences in the habitats of the analyzed
lizards. Although further investigation of the biological and
toxicological aspects of lizards is required, the current results
highlight the potential for lizards to be indicators of pollution
status in a range of environments.

Pb concentrations in the livers, lungs, blood, and stomach
contents showed significant positive correlations with each
other, as shown in Table S9, SI11 (p < 0.0001). The strongest
correlations were between livers and blood and between lungs
and blood (both p = 091, p < 0.0001). Therefore, it is
reasonable to assume that the accumulation of Pb in livers and
lungs reflects the blood Pb levels. Due to the limited number of
blood samples (n = 102), liver Pb levels were used as an
indicator of systemic contamination in the following analyses.

3.4. Effects of Environmental Parameters on Metal
and As Exposure. As shown in Figure S11, SI12, lizards living
in Hamududu, which is 21.2 km away from the mine, had
accumulated significantly lower concentrations of Pb than
lizards living near the mine (p < 0.01). Therefore, Hamududu
could be considered not polluted by the mine. In contrast, liver
Pb concentrations of lizards captured inside the mine site were
significantly higher than those of lizards captured at other sites
(p < 0.01). Since extremely low or high contamination levels
may conceal other underlying factors, the results from lizards
from Hamududu and inside the mine were excluded from the
following analyses.

Figure 2 demonstrates the distribution of sampling sites
together with the mean liver Pb concentrations and sample

Figure 2. Mean liver Pb concentration (ug/g DW) with sample sizes
indicated in brackets. Bars and texts are colored according to land use
categories (pink, bare field; green, green field; blue, open field;
orange, residential area); bar length is proportional to the Pb
concentration. This figure contains modified Copernicus Sentinel data
[2020] processed by Sentinel Hub.

sizes. The height of each bar represents the mean
concentration, and its color indicates the land use category.
It is clear that the mean Pb concentrations in lizards were
higher in the areas closer to the mine. In addition, sites
categorized as bare fields also tended to show high Pb
concentrations.

To evaluate the effects of possible environmental factors
(land use category, distance from the mine, wind direction,
average annual NDVI, and soil Pb concentration and pH),
multiple regression analysis was performed (Table 1). Land
use category affected the liver Pb concentration, especially bare
fields and green fields, which were positively (t = 5.00) and
negatively (f = —4.02) associated with the Pb concentration,
respectively. The absolute values of ¢ for these two categories
were the largest among all of the potential environmental
factors. Therefore, it is assumed that lizards living in a bare
field accumulate more Pb than lizards living in other habitats,
while those living in green fields accumulate less Pb. In
addition, the distance from the mine negatively affected the
liver Pb concentration, and the soil Pb concentration was
positively correlated with the liver Pb concentrations (t =
—3.20 and 2.63, respectively; p < 0.01). These results show
that Pb accumulation is enhanced in surface soils adjacent to
the mine, which results in a higher Pb concentration in the
lizards inhabiting these areas.

The pH values of most of the soil samples were close to
neutral (median 7.56), as shown in Figure S7, SI8, although
one sample exhibited an extremely high pH (11.5). This might
have been caused by fire since high temperatures and ash
promote alkalization of soil.**** In fact, controlled burns are
commonly used in Kabwe as a way of reducing the growth of
wild plants. Since alkaline conditions suppress metal
mobility,44 it is reasonable that the high soil pH value would
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negatively affect the liver Pb concentration, as shown in Table
1.

The frequency distribution of the angle of the sites between
the mine and ESE, and the prevailing wind direction is shown
in Figure S6, SI7. The distribution indicated that 64% of all
sampling sites were located downwind of the mine (angle from
ESE > 90°). Although Figure 2 suggests that lizards on the
west side of the mine showed higher concentrations of Pb than
those living on the east side, there was no significant effect of
wind direction (angle from ESE in Table 1).

Figure 2 also suggests that bare fields tend to be located near
the mine. To further assess the effect of land use while
controlling the effect of the distance from the mine, the
residuals between the measured liver Pb concentrations and
the concentrations predicted by a model based on the distance
from the mine were compared among land use categories
(Figure 3). These residuals were positive for bare fields and

Figure 3. Box-and-whisker plots of the residuals obtained by
subtracting the liver Pb concentration predicted based on the
distance from the mine from the measured values. The upper and
lower boundaries of the box and the line inside each box indicate the
upper and lower quartiles and the median, respectively. The whiskers
extend to the maximum and minimum values observed, excluding
outliers. Significant differences between groups are indicated by
different letters (Steel—Dwass test, p < 0.01).

negative for green fields. This suggests that the lizards living in
bare fields accumulated more Pb than expected based on the
location of their habitat, while those living in green fields
accumulated less. Since the median values of the residuals of
open fields and residential areas were almost zero and there
were no significant differences between these two categories,
the extent of accumulation in these areas was assumed to be
intermediate between the extent observed for bare and green
fields. This result suggests that vegetation status is an
important factor affecting Pb accumulation in living organisms,
supporting the result shown in Table 1. Previous reports have
concluded that both distance and direction from the source of
pollution are important factors affecting Pb accumulation in
terms of dust scattering.'”'> The present findings support
these results since vegetation can suppress both the production
and the remobilization of dust.*’ In regions that have long dry
seasons, like Kabwe, the role of dust both in spreading
pollutants from the pollution source to the surrounding areas
and in allowing pollutants to travel through the air even when
distant from the source cannot be dismissed.

The median NDVI value was 0.315, and the range was from
0.050 to 0.486 (Figure S4, SI6). To confirm the validity of the
link between vegetation status and the land use categories
defined in this study, the NDVI value was compared among
different land use categories (Figure S12, SI12). The NDVI
value increased in the following order: bare fields ~ residential
areas < open fields < green fields (p < 0.05). There was no
significant difference between bare fields and residential areas.
Since the average annual NDVI was consistent with the land
use categories, we attempted to use it as a parameter to
describe land use. However, despite the significant differences
in the effects of different land use categories on liver Pb
concentrations (Table 1 and Figure 3), the effect of NDVI was
not significant (Table 1). This striking difference between the
effects of the land use categories used in this study and that of
NDVI can be explained by the fact that the calculation of
NDVI does not reflect the existence of houses. Thus, it is
possible that not only the amount of vegetation but also
human activities, such as the construction of buildings or
frequent traffic on unpaved roads, affect the contamination
status of the animals inhabiting those areas. In fact, the
variation in the residuals between the measured and predicted
liver Pb concentrations shown in Figure 3 was the largest in the
residential areas. This implies that there are other potential
factors affecting the accumulation of Pb in this type of habitat.
Therefore, to further investigate the effect of land use on
contamination status, additional parameters that reflect these
differences should be developed and used.

3.5. Pathway of Exposure of Lizards to Pb. Among the
four biological sample types, the concentrations of most
elements (except for Cu) were highest in the stomach contents
(Table S8 and Figure S9, SI11). Stomach content concen-
trations can be considered to reflect the quantity of ingested
contaminants. To compare the present results with the in vivo
studies in which the dosage is expressed as pig/g body weight
(BW), our Pb concentrations in the stomach content samples
were converted to yg/g BW. The results are shown in Figure
S13, SI13. Generally, the stomach contents contained <10 pg/
g BW Pb. The highest Pb concentration (1478 ug/g DW) was
equivalent to 32.9 ug/g BW. Since the Pb concentration of the
stomach contents was positively correlated with that of the
livers (Table S9, SI11), ingestion may be an important Pb
exposure pathway. Salice et al. performed toxicity tests of
inorganic Pb administered via oral exposure in Sceloporus
occidentalis (Western fence lizard).*® They reported that the
approximate lethal dose was >2000 ug/g BW, with subacute
effects, such as weight loss, seen in the 62.5 ug/(g BW day)
group and subchronic effects, such as decreased hematocrit, in
the 10 ug/(g BW day) group. Holem et al. also conducted
acute toxicity tests on S. occidentalis.”” After a single
administration of 1000 pg/g BW Pb via gavage, 30% of the
lizards died within 24 h and 50% of the surviving lizards
exhibited a significant increase in skin pigmentation (they
became darker). Dark coloration was also seen in the acute
exposure test conducted by Salice et al,* although its
biological meaning remains unknown. In the current study,
only two individuals had >10 pug/g BW Pb in their stomach
contents (Figure S13). In fact, a small fragment with a
stonelike structure was found in the stomach of the lizard that
had the highest Pb concentration in its stomach contents (32.9
ug/g BW). That fragment was removed prior to the analysis,
but the Pb concentration was nevertheless high. The Pb
concentrations in the tissues of this lizard were not especially
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high compared to those of other lizards captured at the same
site. It should be noted that while the Pb concentration of
stomach contents can be considered to represent the oral
exposure levels, they capture only a limited time frame.
Although these Pb concentrations overall tended to be much
lower than the reported toxicity levels, they should not be
disregarded, particularly because there has been limited
research on the consequences of chronic exposure to such
levels of Pb for lizards.

In the case of oral exposure, Pb is absorbed from the
digestive tract, enters systematic circulation, and is sub-
sequently delivered to every organ, including the lungs.
Generally, Pb accumulation in the lungs via blood circulation
is subtle. Winiarska-Mieczan and Kwiecien have reported the
distribution of Pb among the organs of rats after subacute oral
exposure.”®* In their studies, the concentration of Pb in the
lungs was only 4% of that in the livers. However, in the present
results, the median ratio of the lung Pb concentration to liver
Pb concentration was 0.6 (Figure 4). Remarkably, 19% of the
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Figure 4. Distribution of the ratios of the lung Pb concentration to
liver Pb concentration (N = 207).

lizards had accumulated higher concentrations of Pb in their
lungs than in their livers (i.e., ratios of the lung Pb
concentration to liver Pb concentration >1). Similar patterns
have been reported for goats and chickens in Kabwe (Table S8,
SI11)."” If exposure via ingestion were the only pathway of Pb
exposure in Kabwe, the concentration of Pb in the lungs would
be much lower than that in the liver. Therefore, it is suspected
that not only distribution via blood circulation but also direct
exposure to Pb via dust inhalation is responsible for the high
accumulation of Pb in the lungs of lizards in Kabwe. In fact, a
prolonged (1 year) study on the exposure of rats to Pb-
contaminated soil has shown that Pb can accumulate in tissues
without exposure via food sources.”® In that study, the Pb
accumulation ratio of lungs to livers was also found to be high
(0.432). Studies in the field of occupational exposure show
that the absorption rate of Pb from the lungs is 40—50% after
the Pb reaches the alveolar region,51 while that from the
digestive tract is only 10%.”> Considering the high absorption
rate from the lungs, Pb exposure via dust inhalation should be

considered an important pathway, in addition to digestive
exposure.

In rapidly developing countries, land use patterns are altered
and diversified through urbanization. Topsoil is often exposed
to the wind at construction sites or along temporary roads. Our
results suggest that these bare lands produce dust that is
contaminated with metals from pollution sources, thus
increasing Pb exposure via inhalation. Apart from dust
generation, several studies have reported that changes in land
use can affect soil properties, altering the leaching rate and
bioavailability of pollutants.”>>* In these studies, both
vegetation cover and the type of vegetation, which was not
considered in this study, affected the transfer of trace elements
from the environment to organisms. Overall, the influence of
land use and vegetation patterns on exposure to contaminant
warrants further research. Moreover, to take effective measures
to mitigate the impact of contaminated land on organisms in
the course of city development, exposure pathways should be
well understood and taken into account from the planning
phase onwards. Our results contribute to both of these needs
by demonstrating the significance of land use categorization in
a contaminant study and indicating the implications of
respiratory exposure to metal contaminants.
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ABSTRACT

Zinc plant leach residues (ZPLRs) are hazardous solid wastes generated from zinc metal production owing to
their substantial contents of lead (Pb), a toxic heavy metal. This study investigated the detoxification of historic
ZPLRs from Kabwe, Zambia by removing Pb using a coupled extraction-cementation method in chloride media.
For the coupled extraction-cementation method, micro-scale zero-valent iron (mZVI) was added during ZPLRs
leaching in acidified chloride solution. Cemented Pb on the surface of mZVI was recovered easily from the
leaching pulp by magnetic separation. Pb removal was evaluated in different solution compositions
(NaCl:1-5.13 M, HCL: 0-0.1 M) with and without the addition of mZVI. The addition of mZVI during ZPLRs
leaching (i.e., coupled extraction-cementation) increased Pb removal from 3% to 24%, 1.3% to 27.5%, 5.2% to
34.9%, and 6.5% to 55.8% when NaCl concentration was fixed at 0.86 M and HCI concentrations were 0 M,
0.01 M, 0.05M and 0.1 M, respectively. When NaCl concentration was increased above 3.42M and HCI main-
tained at 0.1 M HCI, Pb removal increased to 80%. Analysis of the Pb-loaded mZVI (magnetic fraction) by
scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX) and X-ray photoelectron
spectroscopy (XPS) revealed that Pb was recovered during leaching via cementation as Pb°. The toxicity char-
acteristic leaching procedure (TCLP) and in vitro solubility and bioavailability research consortium gastric phase
(SBRC-QG) tests for Pb of ZPLRs before and after treatment decreased drastically from 11.3 to 3.5mg/L (below
5mg/L threshold) and 12 300 to 2 840 mg/Kg, respectively.

1. Introduction

its deleterious effects on human health even at very low amounts (i.e.,
0.01 mg/L levels) [3]. It is notorious for causing irreversible brain da-

The rapid degradation of the environment due to heavy metal pol-
lution is one of the most pressing global environmental concerns as
highlighted by the United Nation’s Sustainable Development Goals
[1,2]. Anthropogenic activities such as underground space development
[3-8] and mining, mineral processing and extractive metallurgy
[9-13], as well as the rapid generation of municipal solid wastes and
electronic wastes [14-16], including industrial and traffic emissions
[17,18], are largely to blame for this degradation. Among the heavy
metals of concern, lead (Pb) is one of the most problematic because of

mage and severe neurological disorders in infants and children, liver
and kidney diseases in both children and adults, cardiovascular diseases
like anemia and various types of cancers [19,20].

Lead pollutions of the air, water, and soil are three of the biggest
environmental challenges in developing countries, particularly in sev-
eral African countries [21-24]. For example, Kabwe town—the capital
of Central Province, Zambia (Supplementary Fig. S1a) —is one of the
world’s most Pb-polluted areas where the topsoil of residential areas
had alarmingly high Pb content of over 2000 mg/kg [25,26]. A recent
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study on the extent of Pb poisoning in children from the residential
areas of Kabwe showed blood Pb levels (BLL) as high as 4.28 mg/L
[27,28], which are almost 100-fold higher than the 0.05mg/L level
recommended by the Centers for Diseases Control and Prevention [29].
The bioaccumulation of Pb in animals such as cattle, free-range
chickens, goats, and wild rats has also been reported by other authors
[30-32]. The excessively high Pb levels in the topsoil of residential
areas in Kabwe, including its bioaccumulation in animals and humans,
is partly because of the mining solid wastes generated and dumped
between 1902 and 1994 when the area had a large lead-zinc (Pb-Zn)
mining and processing industry. These mining solid wastes—most no-
tably zinc plant leach residues (ZPLRs) (Supplementary Fig.
S1b)—continue to pollute the area via the groundwater and/or wind
dispersion as they still contain substantial amounts of Pb [25,33].

Several techniques such as immobilization of Pb by solidification/
stabilization [34-36], phytoextraction/phytostabilization [37,38], and
chemical extraction of Pb from ZPLRs [39-41] have been proposed as
potential strategies to limit the Pb pollution problem from ZPLRs.
Stabilization/solidification is, however, not a lasting detoxification
approach for ZPLRs because Pb and other toxic heavy metals are only
‘stored” and not permanently removed [42]. Meanwhile, phytoextrac-
tion/phytostabilization of Pb, typically requires a very long time for
detoxification and suffers from serious challenges in terms of plant
growth [43]. To date, solidification using bacteria and phytostabiliza-
tion have been applied to stabilize Pb in ZPLRs in Kabwe [36,44].
Unfortunately, the long-term evaluation and monitoring of Pb stability
after solidification have not been carried out while stunted plant
growth during phytostabilization remains a critical problem.

To achieve the rapid and permanent detoxification of ZPLRs, che-
mical extraction of Pb may be considered as one of the best options. In
hydrometallurgy, conventional chemical extraction typically follows
this order [39-41,45]: leaching—solid-liquid separation—recovery.
One serious drawback of this approach is the generation of residues
containing residual Pb-rich solution due to the incomplete solid-liquid
separation typically encountered with very fine particles like ZPLRs. A
common approach to remove this residual solution from the residues
after solid-liquid separation is via extensive washing or stabilization
prior to disposal but both require subsequent complex treatment of the
resulting waste stream. One innovative approach around this problem is
the detoxification of ZPLRs via coupled extraction-cementation—a
process whereby Pb from the pulp is recovered as soon as it is extracted
during the leaching stage via cementation onto magnetic material-
s—prior to solid-liquid separation. Cementation (i.e., reductive pre-
cipitation) is a process well-known in hydrometallurgy for the recovery
of redox-active metal ions and metal-complexes like those of gold,
silver, copper, cobalt, and nickel [46-49]. This approach has three
advantages over the previously discussed decontamination techniques:
(1) Pb is removed from ZPLRs, (2) Pb is recovered for other applica-
tions, and (3) the residual solution after filtration is relatively free of
dissolved Pb, so the final residue could be disposed of without the need
for additional treatment. Although similar techniques have been ap-
plied to treat municipal solid waste molten fly ash [50], the applic-
ability of coupled extraction-cementation for the detoxification of ma-
terials containing very high Pb and relatively insoluble Pb-bearing
phases like those encountered in historic ZPLRs remains unknown.

In this study, detoxification of ZPLRs obtained from Kabwe via
coupled extraction-cementation process using magnetic micro-scale
zero-valent iron (mZVI) in chloride medium is proposed. Specifically,
the objectives of this study are as follows: (1) to characterize the che-
mical and mineralogical properties of ZPLRs, (2) to identify the solid-
phase partitioning of Pb, (3) to remove Pb from ZPLRs using the pro-
posed technique, and (4) evaluate Pb leachability of the final residue.
The first and second objectives were achieved using X-ray fluorescence
spectroscopy (XRF), inductively coupled plasma atomic emission
spectroscopy (ICP-AES), X-ray powder diffraction (XRD), and sequential
extraction. For the third objective, coupled batch extraction-
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cementation experiments were carried out and the loaded mZVI was
characterized by scanning electron microscopy with energy dispersive
X-ray spectroscopy (SEM-EDX) and X-ray photoelectron spectroscopy
(XPS). Finally, the fourth objective was accomplished by evaluating the
leachability and bio-accessibility of Pb from ZPLRs before and after
treatment using the toxicity characteristic leaching procedure (TCLP)
and in vitro solubility and bioavailability research consortium gastric
phase (SBRC-G), respectively.

2. Materials and methods
2.1. Materials

The ZPLRs samples were collected from the dump site and air-dried
for 30 days in the laboratory. The samples contained compact and ag-
glomerated particles, hence, they were lightly crushed with an agate
mortar and pestle, then dry-sieved using stainless steel sieves to obtain
—106 um fraction. Light crushing to —106 um was necessary to im-
prove the leaching and recovery of metals. The chemical and miner-
alogical compositions of the ZPLRs samples have been reported in
previous studies of the authors [51,52]. The ZPLRs sample is composed
of 6.19 wt% Pb, 2.53 wt% Zn, 17.0 wt% Fe, 7.3 wt% Ca, and 31.4 wt%
Si. The ZPLRs also contain small amounts of Cu (0.21 wt %), V (0.72 wt
%) and other elements. The Pb-bearing mineral in ZPLRs include an-
glesite (PbSO,4), cerussite (PbCO3), and esperite (PbCayZn3(SiO4)s3).
Other minerals identified in ZPLRs include gypsum (CaSO42H,0), zinc
sulfate dihydrate (ZnSO42H,0), quartz (SiO,), goethite (FeOOH), and
hematite (Fe,03).

All chemicals used for the experiments were reagent grades (Wako
Pure Chemical Industries, Ltd., Osaka, Japan). Leaching solutions of
different concentrations were prepared from these chemicals by dis-
solving them or diluting them with deionized (DI) water (18 MQ cm,
Milli-Q® Integral Water Purification System, Merck Millipore,
Burlington, Vermont, USA). Ultrapure micro-scale zero-valent iron
(mZVI) (> 99.9%, —150um, Wako Pure Chemical Industries, Ltd.,
Osaka, Japan) was selected as the reductant of extracted Pb2* because
it has a lower standard redox potential than Pb and could be collected
from the pulp my magnetic separation.

2.2. Methods

2.2.1. Solid-phase fractionation of lead, zinc, and iron in zinc plant leach
residues

Solid-phase fractionation of Pb, Zn, and Fe in ZPLRs was in-
vestigated by the sequential extraction procedure developed by Dold
[53] for mine tailings. This was carried out to gain insights into the
fraction of Pb-bearing solid phases in ZPLRs amenable to non-oxidative
acidic leaching. Table S1 (Supplementary information) summarizes the
different lixiviants and experimental conditions applied in each ex-
traction step including their target solid phases. In the first step, 3 g of
ZPLRs was mixed with 120 mL of deionized water in a 300-mL Erlen-
meyer flask agitated using a magnetic stirrer at 200 rpm for 4 h. After
equilibration, solid-liquid separation was done by centrifugation of
suspensions at 3000 rpm for 20 min.. The supernatant was decanted and
filtered through 0.20 um syringe-driven membrane filters (Sartoris AG,
Gottingen, Germany) and the filtrates were analyzed for Pb, as well as
Zn and Fe by ICP-AES (ICPE-9820, Shimadzu Corporation, Kyoto,
Japan). The solid residues were washed with 20 mL DI water before
subjecting it to the next extraction step. The same procedure was re-
peated for all the extraction steps except for the last one (5th step). In
the 5th step, the residue was dissolved in aqua regia using a microwave-
assisted acid digestion system (Ethos Advanced Microwave Lab station,
Milestone Inc., Sorisole, Italy) prior to ICP-AES analysis.

2.2.2. Leachability and gastric bio-accessibility tests
To assess the mobility and bio-accessibility of Pb from ZPLRs before
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and after the coupled extraction-cementation procedure proposed in
this study, the toxicity characteristics leaching procedure (TCLP) [54]
and in vitro solubility and bioavailability research consortium gastric
phase (SBRC-G) [55] leaching tests were carried out. For the TCLP, 1 g
of untreated ZPLRs or treated ZPLRs was mixed with 20 mL of acetic
acid solution (pH 2.89) in a centrifuge tube shaken at 30 rpm on a ro-
tary tumbler for 18 h. After each batch leachability test, the leachate
was filtered through 0.20 um syringe-driven membrane filters and
analyzed for Pb concentration using ICP-AES. To evaluate Pb solubili-
zation in the gastric fluid of a fasting human (bio-accessibility), 1 g of
sample was added in a 300 mL Erlenmeyer flask containing 100 mL
solution composed of 0.4 M glycine with pH of 1.5 * 0.05 (pH ad-
justed using concentrated HCl). Each flask was tightly capped using a
silicon stopper and lightly shaken at 40 rpm in a thermostat water bath
shaker maintained at 37 = 0.5 °C for 1 h. After each test, the leachate
was filtered through 0.20 umsyringe-driven membrane filters and
analyzed for Pb concentration using ICP-AES

2.2.3. Lead removal from zinc plant leach residues by leaching in chloride
solution

Batch experiments with and without coupled extraction-cementa-
tion treatment of ZPLRs were carried out using 200 mL Erlenmeyer
flasks and the solution volume was fixed at 50 mL for all experiments.
Solutions containing different concentrations of NaCl and HCl were
added in the flasks and purged with N, gas for 10 min. prior to samples
addition. 2.5g of ZPLRs (i.e., solid to liquid ratio of 1:20) with and
without mZVI were added in the flasks containing the leaching solu-
tions. Ny purging of the pulp after sample addition was carried out for
5min. before completely sealing the flasks with silicon stoppers and
parafilm®. The flasks were then shaken in a thermostat water bath
shaker maintained at 25 = 0.5°C at a shaking speed of 120 strokes/
min and amplitude of 40 mm. After the predetermined time, the sus-
pension was collected, filtered through 0.20 pm syringe-driven mem-
brane filters, and analyzed for Pb and Zn concentration using ICP-AES.
After the coupled extraction-cementation treatment of ZPLRs, Pb-
loaded mZVI was recovered from the pulp using a handheld 0.6 T
permanent magnet. The magnetic fractions were then thoroughly wa-
shed with DI water and dried in a vacuum drying oven at 40 °C for 24 h.
After drying, the magnetic fractions were digested using aqua regia in a
microwave-assisted acid digestion system and the leachates were ana-
lyzed for Pb by ICP-AES. In addition, the magnetic fractions were
analyzed by SEM-EDX (JSM-IT200, JEOL Ltd., Tokyo, Japan) and XPS
(JPS-9200, JEOL Ltd., Tokyo, Japan). For the XPS analysis, a mono-
chromatic Al Ka X-ray source operating at 140 W (voltage, 14 kV;
current, 10 mA) was used to analyze the sample in a chamber main-
tained under ultrahigh vacuum conditions (~ 1077 Pa). High-resolution
narrow scan spectra of Pb4f;,,, Fe2p3,», and O1s were obtained and
calibrated using the binding energy of adventitious carbon (Cls)
(285.0 eV) for charge correction. Deconvolution of the XPS spectra was
done using XPSPEAK version 4.1 by applying an 80% Gaussian-20%
Lorentzian peak model and a true Shirley background [56-59].

Lead removal efficiency from ZPLRs after treatment was calculated
according to Eq. (1):

Pbremoval (%) = (M,,*W,,, + Cior * Vior)/ (M *W;)x 100 (€8]

where M is the mass of ZPLRs (g), M,, is the mass of magnetic fraction
(g), W; is the weight percent of Pb in ZPLRs (%), W, is the weight
percent of Pb in magnetic fraction, Cy, is the Pb concentration in so-
lution (g/L) and V4, is the volume of leach solution (L). When ZPLRs
were leached without the addition of mZVI, the Pb removal efficiency
was calculated using Eq. (2):

Pb removal (%) = (Co * sol)/(Ms *W/;) x100 2
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Fig. 1. Solid-phase fractionation of Pb, Zn, and Fe in zinc plant leach residues
(ZPLRs).

3. Results and discussion

3.1. Solid-phase fractionation of lead, zinc, and iron in zinc plant leach
residues

Solid-phase fractionation of Pb as well Zn and Fe were carried out to
understand the chemical forms and solid-phase fraction amenable to
non-oxidative acid leaching. Fig. 1 shows the solid-phase fractionation
of Pb, Zn, and Fe in ZPLRs. Pb was mainly associated with three solid-
phase fractions: 1.3% with water-soluble, 63.5% with exchangeable
and carbonates, and 35.2% partitioned with the residual (in this study,
residual denotes Pb associated with sulfides/organic and silicates). The
results indicate up to 65% of Pb (i.e. around 65% which is the sum-
mation of water, exchangeable, and carbonates fractions) can readily
dissolve from the ZPLRs and pollute the environment under slightly
acidic condition. High amounts of Pb associated with exchangeable and
carbonates fractions in ZPLRs may be attributed to anglesite (PbSO,4)
and cerussite (PbCO3) [51,52] that are slightly soluble in water and
more soluble in acetate solution as the result of the formation of lead-
acetate complexes [60,61].

Unlike Pb which was mainly partitioned in three of the five solid-
phase fractions, Zn was distributed in all solid-phases in the following
order: crystalline Fe-oxides > amorphous Fe/Mn oxyhydroxides =
carbonates > residual > water-soluble. High amounts of Zn asso-
ciated with the reducible fraction (i.e., 27% at amorphous Fe/Mn
oxyhydroxides and 33% crystalline Fe-oxides stages) have also been
reported by Sethurajan et al. [62], Iavazzo et al. [63], and Anju and
Banerjee [64] in 30-year-old ZPLRs from Brazil, abandoned mine
wastes from Morocco, and soil contaminated by mining activities of Pb
and Zn in India, respectively. The possible reason for Zn association
with reducible fractions can be due to isomorphic substitution of Fe and
co-precipitation with Fe-oxyhydroxide [65,66].

3.2. Leachability and gastric bio-accessibility of Pb from zinc plant leach
residues

The leachability and gastric bio-accessibility of Pb from historic
ZPLRs was evaluated by TCLP and SBRC-G. The amount of Pb leached
from the ZPLRs using TCLP was around 11.3 mg/L which exceeded the
allowable threshold (i.e., 5mg/L) by over 6 mg/L. Furthermore, the
SBRC-G leaching results showed that Pb of around 12 300 mg/kg
(19.8% of the total Pb) could dissolve from ZLRs in gastric fluid espe-
cially for a fasting human being. The TCLP and SBRC-G leaching results
indicate that Pb in ZPLRs is easily mobilized, which makes them po-
tentially hazardous to the surrounding ecosystem and health of people
living nearby.
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Fig. 2. The concentration of dissolved Pb from zinc plant leach residues
(ZPLRs) as a function of time with and without micro-scale zero-valent iron
(mZVI).

3.3. Detoxification zinc plant leach residues by removal of Pb using the
coupled extraction-cementation method

3.3.1. Effects of micro-scale zero valent iron addition

The concentration of dissolved Pb from ZPLRs (2.5 g) leached in a
50 mL solution composed of 5.13M (300 g/L) NaCl and 0.05M HCl
with and without addition 0.5 g mZVI (Fig. 2). In the absence of mZVI,
the concentration of dissolved Pb increased rapidly with time, stabi-
lizing at around 10.4 mM after 2h. Considering the two Pb-bearing
minerals —PbSO, and PbCOs;— that were detected in ZPLRs, Pb dis-
solution can be explained by the following chemical reactions [39,67]:

PbSOy) + CIm = PbCI* + SOF 3)
PbCO;() + 2H*+ ClI- = PbCI* + H, O+ CO, 4
PbCI* + CI~ = PbCly, (5)
PbCly) + ClI- = PbCly (6)
PbCl; + CI- = PbCIZ )

The chemical reaction depicted by Eq. (5) shows the formation of
sparingly soluble PbCly, intermediate phase (solubility of PbClyy) in
water at 25 °C is 0.99 g/L). The solubilization of PbCly, can increase by
either increasing the reaction temperature [68,69] or increasing the
chloride concentration to form soluble Pb-chloride complexes as de-
picted by Egs. (6) and (7) [70].

When mZVI was added during ZPLRs leaching, the concentration of
dissolved Pb reached a maximum of around 8.8 mM after 1 h. After this,
it decreased dramatically with time to around 0.35 and <1 x 10~°
mM (0.1 mg/L) after 6 and 12h, respectively. The dissolved Pb con-
centration decrease after 1 h suggests that soluble Pb-Cl complexes were
sequestered by mZVI, probably due to cementation (e.g., Eq. (8)).

PbCI3™ + Fe — Pb + Fe?+ + 4CI- 8)

The magnetic fraction collected after 12h of coupled extraction-
cementation treatment of ZPLRs was analyzed by SEM-EDX. The SEM
photomicrograph, EDX elemental maps, and EDX spectra showed Pb
cemented on the surface of mZVI particles (Fig. 3). Further analysis of
the magnetic fraction was carried out to identify the elemental forms of
Pb observed on the surface of mZVI by XPS analysis. The XPS spectra of
Pb4f (i.e., Pb4f,,» and Pb4fs,5), Fe2ps,», and Ols are shown in Fig. 4
and the corresponding curve fitting parameters are summarized in
Table 1. The Pb4f spectrum (Fig. 4a) imply that Pb on mZVI was present
in two valent forms: (1) as zero-valent lead (Pb®) at binding energy
136.59 eV (Pbf;,,) and 141.45 eV (Pbfs,,) [71-73], and (2) as divalent
lead (Pb(II)) attributed to PbO at binding energy 138.50 eV (Pbf;,») and
143.32eV (Pbfs,5) [71,74]. The spectrum of Fe2ps,, (Fig. 4b) shows
peaks of oxidized Fe at binding energies of 708.3 and 709.75 eV that are
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attributed to FeO while the peaks at binding energies at 711.1, 712.2,
and 713.2eV are attributed to goethite (a-FeOOH) [10,75]. The for-
mation of PbO, FeO and a-FeOOH was also corroborated by the spec-
trum of Ols (Fig. 4c), the deconvolution of which identified several
peaks at different binding energies: (1) binding energies at 529.2 and
530.1 eV are attributed to lattice oxygen 0%), (2) binding energies at
531.3 and 532.3 eV are attributed to hydroxyl oxygen (OH-), and (3)
peak at binding energy at 533.4 eV is attributed to the adsorbed water
(=H,0) [74,75]. Based on the XPS results, Pb recovered on mZVI was
primarily because of the cementation of extracted Pb®>* on mZVI as Pb°
(Eq. 8). Moreover, the presence of oxidation products of mZVI (FeO and
a-FeOOH) and Pb°® (PbO) could be attributed to the oxidation of mZVI
and Pb° during the experiments, storage and drying because these two
metals are known to readily react with oxygenated water and moist air
[73,76]

The concentration of dissolved Zn when ZPLRs were leached with
and without mZVI are shown in Supplementary Fig. S2. In these ex-
periments, Zn dissolution reached 10.5mM after 15 min but remained
almost constant even after 24 h in the presence of mZVI. These results
suggest that mZVI is ineffective in the recovery of dissolved Zn leached
from ZPLRs via cementation, which is to be expected because dissolved
Zn cementation onto mZVI is thermodynamically unfavorable because
Zn**/Zn (-0.763V vs SHE) is more electronegative than Fe®*’Fe
(-0.44 V vs SHE)). To recover dissolved Zn in solution, techniques such
as electrowinning [78,79] or precipitation [80] may be applied but
these techniques are beyond the scope of this study. From this point
forward, only the results and discussion of Pb removal are presented.

3.3.2. Effects of solution composition on lead distribution in solution, mZVI,
and treated residues

The experimental conditions on the study of the effects of solution
composition were based on our preliminary experimental results
(Supplementary Fig. S3) and previous results (Fig. 2), thus the solid-to-
liquid ratio, mZVI dosage and treatment time were fixed at 1:20, 0.35 g
and 12h, respectively. During the coupled extraction-cementation
treatment of ZPLRs, Pb was expected to distribute into three fractions:
(1) extracted and cemented Pb on mZVI, (2), extracted Pb but remain in
solution, and (3) unextracted Pb remaining in the residues.

Fig. 5 shows the effects of solution composition (i.e., NaCl and HCL
concentrations) on the distribution of Pb in the three defined fractions.
The distribution of Pb to mZVI was independent of NaCl when HCI
concentration in the system was 0.01 M or less (Fig. 5a and b). Pb re-
covered on mZVI fraction was around 28% of the total Pb in ZPLRs at
0.86 M (50 g/L) NaCl solution and an insignificant increase was ob-
tained even after increasing the NaCl concentration 6-fold to 5.13 M. At
higher HCI concentrations (i.e., 0.05M and 0.1 M), however, the par-
titioning of Pb to mZVI became more extensive as the NaCl con-
centration increased. Pb recovered by mZVI in 0.05M and 0.1 M HCl
increased from 32% to 65% and from 55% to 80% as the NaCl increased
from 0.86 M to 5.13 M, respectively (Fig. 5c and d). The percentage of
Pb remaining in the solution for almost all the solution compositions
was almost zero except for 0.1 M HCl and 5.13 M NacCl solution com-
position as around 5 % (0.2mg/L) of Pb remained in solution. This
means that almost all extracted Pb was cemented out of the leaching
solution for almost all the solution compositions.

The amounts of Pb removed from ZPLRs when leached with and
without the addition of mZVI in different leaching solution composi-
tions were compared. As defined in Eq. (2), Pb removal without mZVI
addition during ZPLRs leaching is referred to as %Pb distributed in
solution, whereas when mZVI was added Pb removal corresponds to the
summation of %Pb distributed to the solution and mZVI (Eq. (1)). Be-
cause Pb remaining in solution was almost 0% in the presence of mZVI,
it is reasonable to assume that Pb removal by mZVI is approximately
equal to %Pb distributed to mZVI. When ZPLRs were leached without
the addition of mZVI, Pb removal increased with increasing NaCl and
HCI concentrations (Fig. 6a—c). However, the dependence of Pb removal
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Fig. 3. SEM-EDX of the magnetic fraction obtained when mZVI was added during ZPLRs leaching for 12 h: (a) SEM microphotograph image, (b) EDX elemental
mapping of Pb, (c) EDX elemental mapping of Fe, and (d) EDX spectra of the whole area.

from ZPLRs on NaCl concentration was insignificant when HCl was <
0.05M (Fig. 6a&b). For example, for 0 and 0.01 M HCl increasing NaCl
to 5.13 M removed Pb of around 16% and 32%, respectively. When HCI
concentration was increased to 0.05M and 0.1 M, Pb removal increased
with increasing NaCl concentration (Fig. 6¢&d). For the former case, the
maximum Pb removal was around 70% at the highest NaCl con-
centration of 5.13 M while for the latter the removal was around 80%
when NaCl concentration was 5.13 M.

The addition of mZVI during ZPLRs leaching (i.e., the coupled ex-
traction-cementation technique) favored Pb removal at low NaCl con-
centrations (Fig. 6a—c). For example, when NaCl concentration was
fixed at 0.86 M and HCI concentrations were 0, 0.01, 0.05 and 0.1 M, Pb
removal increased from 3 to 24 %, 1.3 to 27.5 %, 5.2 to 34.9 %, and 6.5
to 55.8 %, respectively. It is also noteworthy that the highest Pb

removal obtained was around 80% of the total Pb in ZPLRs when HCl
and NaCl concentrations were 0.1 M HCl and above 3.42M, respec-
tively. This was higher than the amount of Pb amenable to acid leaching
as determined by sequential extraction (65 %), which may be attributed
to the dissolution of Pb associated with sulfide/organics. Cl- in acidic
solutions typically enhances the non-oxidative dissolution of sulfide
minerals (i.e. galena) [81-83].

The increase of Pb removal as NaCl concentration increased was
attributed to the formation of soluble Pb-Cl complexes (i.e., PbCl; and
PbCI3") as previous explained in chemical reactions in Eq. (5)-(7) and
depicted in Supplementary Fig. S4. Additionally, the concentration of
sulfate (SO37) in the leaching system determines the required con-
centration of chloride (Cl-) for chemical reaction represented by Eq. (3)
to move forward to its completion. Furthermore, SO3~ and Cl-

Fig. 4. XPS of the magnetic fraction obtained when mZVI was added during ZPLRs leaching for 12 h: (a) Pb4f;/2s5,2, (b) Fe2ps,», and (c) Ols. Data points are
represented by squares, fitted results are referred to by the dark blue lines, and deconvoluted peaks are denoted by orange lines. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)



M. Silwamba, et al.

Table 1

XPS peak parameters and chemical state of Pb 4f; 45,2, Fe2ps,», and O1 s spectra.
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Spectra Peak Binding Energy (eV) FWHM Comments (chemical state)

This study Reference This study Reference
Pb4f; 5 136.56 136.6% 2.01 - Zero-valent lead (Pb®)
Pbafs,, 141.45 141.5% 2.01 - Zero-valent lead (Pb%)
Pb4f; 5 138.5 137.8% 2.5 - Lead oxide (Pb(IN)-O)
PbA4fs > 143.32 142.7% 2.5 - Lead oxide (Pb(I)-O)
Fe2ps/» 708.3 708.4° 1.65 1.4° Iron oxide (Fe(I)-O)
Fe2ps/» 709.75 709.7° 1.65 1.6° Iron oxide (Fe(IN-0)
Fe2ps/, 711.1 711.2° 1.4 1.2° Iron hydroxide (a-Fe(II)-O-OH)
Fe2ps/» 712.2 712.1° 1.4 1.4° Iron hydroxide (a—Fe(II)-O-OH)
Fe2ps,» 713.2 713.2° 1.4 1.4° Iron hydroxide (a—Fe(III)-O-OH)
Ols 529.2 529.9° 1.9 - Hydroxyl oxygen in Fe hydroxide (0%
Ols 530.1 530.0° 1.9 - Lattice oxygen in Pb and Fe oxide (0%)
Ols 531.3 531.2¢ 1.9 1.6° Hydroxyl oxygen in Fe hydroxide (OH-)
Ols 532.3 532.3° 1.9 1.6° Hydroxyl oxygen in Fe hydroxide (OH-)
Ols 533.7 533.2°¢ 1.9 1.6¢ Adsorbed water (=H,0)

a [72]; ® [751; € [771; © [57]. Note “-” means “not reported”.

concentration in the leaching system affect dissolved Pb** resulting
from PbCOj leaching (depicted in Eq. (4)) from precipitating as PbSO4.
In our leaching system, the source of SO~ is not only PbSO, but also
CaS042H,0 and ZnSO42H,0, hence the need of high NaCl con-
centration to attain high Pb removal. Furthermore, proton (H") con-
centration (i.e., pH) also plays crucial role in release of Pb from both
PbSO, and PbCO5; minerals. Pb dissolution as function of H* con-
centration for the former mineral is indirect in the sense that it involves
the speciation of SO3~. At low pH SO~ speciate as bisulfate (HSO;)
[84], meaning high H* concentration lowers the free SO3~ concentra-
tion in the leaching system that would hinder the chemical reaction
depicted in Eq. (3) going in the forward direction (right direction), that
is, promotes precipitation of PbSOj,.

Meanwhile, the enhancement of Pb removal from ZPLRs at low
chloride (NaCl) concentration when mZVI was added during leaching
can be attributed to shifting the equilibrium between the dissolved Pb
(i.e., Pb** and PbCl*) and sparingly soluble solid PbCly as well as Pb
host minerals—PbSO, and PbCOs. The addition of mZVI consumes
Pb?* and PbCl* by reductive precipitation (Eq. (8)), so more PbSO,(s)

dissolves by the shift of equilibria in Egs. (3)-(5). This could be one
possible reason for the enhanced removal of Pb from ZPLRs when mZVI
was added.

3.4. Leachability and gastric bio-accessibility of Pb from treated residues

The leachability (TCLP leaching test) and bio-accessibility (SBRC-G
leaching test) of Pb from the residues after coupled extraction-ce-
mentation treatment (conditions: 5.13 M NaCl and 0.1 M HCI with ad-
dition of 0.35g of mZVI) showed significant decrease from 11.3 (un-
treated ZPLRs) to 3.5mg/L (below 5mg/L which is the regulatory
threshold [54]) and 12 300 (untreated ZPLRs) to 2840 mg/kg, respec-
tively. These results suggest that detoxification of ZPLRs by coupled
extraction-cementation using mZV1I is effective. The coupled extraction-
cemntation eliminated not only the need to extensively wash the gen-
erated residues to remove residual leaching solution but also the
treatment of the contaminated solution after washing. Finally, the re-
covered Pb may be reprocessed for other applications. The technique
may also be extended to the decontamination of soils containing toxic

Fig. 5. Effects of solution composition on distribution of Pb in three solution, mZVI and residues: (a) 0 M HCl and 0-5.13 M NacCl, (b) 0.01 M HCl and 0-5.13 M NacCl,

(c) 0.05M HCI and 0-5.13M Nacl, and (d) 0.1 M HCI and 0-5.13 M NaCl.
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Fig. 6. Effects of solution composition on Pb removal from ZPLRs with and without addition of mZVI: (a) 0 M HCl and 0-5.13 M NacCl, (b) 0.01 M HCl and 0-5.13 M

Nacl, (¢) 0.05M HCI and 0-5.13M Nacl, and (d) 0.1 M HCI and 0-5.13 M NaCl.

and hazardous elements like mercury (Hg) from small-scale mining
operations as well as the recovery of valuable elements like palladium
(Pd) and gold (Au) from wastes.

4. Conclusions

This study investigated the detoxification of historic ZPLRs from
Kabwe, Zambia by removing Pb using the coupled extraction-ce-
mentation method using mZVI in chloride media. Pb removal was in-
vestigated under different solution compositions and the detoxification
efficacy of the method was evaluated using TCLP and SBRC-G. The
findings are summarized as follows:

1) Concentration Pb®* in the leaching solution was < 0.1 mg/L at the
end of the treatment of ZPLRs by the coupled extraction-cementa-
tion method, so treated residues may not need extensive washing for
the removal of a residual solution after solid-liquid separation;

2) Lead removal was low especially at low NaCl and HCI concentration
(i.e. Pb removal 6.5% at 0.86 M NaCl and 0.1 M HCl) when ZPLRs
were leached without the addition of mZVI, which could be attrib-
uted to the leaching solution reaching saturation with dissolved
Pb2+;

3) The coupled extraction-cementation method significantly enhanced
Pb removal even at low NaCl and HCI concentration (i.e. Pb removal
from 6.5 to 55.8% when mZVI was added at 0.86 M NaCl and 0.1 M
HCI), which was ascribed to shifting of equilibrium between dis-
solved Pb (i.e., Pb2* and PbCl™) and the Pb host minerals (i.e.,
PbSO,4 and PbCO3) as well as sparingly intermediate solid product
PbCl,(s);

4) Lead removal increased to around 80% when NaCl concentration
was above 3.42M in 0.1 M HCI solution; and

5) Leachability of Pb from ZPLRs before and after treatment by the
coupled extraction-cementation method drastically decreased from
11.3 to 3.5mg/L, which was below the regulatory threshold of
5mg/L. Similarly, the bio-accessibility of Pb from the untreated and
treated ZPLRs decreased from 12 300 to 2 840 mg/kg.
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High levels of lead (Pb) in the soil is a serious issue in the city of Kabwe, Zambia. Phytoremediation is an effective
approach to revive the life-supporting functions of the soils. Locally available soil amendments, such as chicken
manure, can strengthen phytoremediation. This study aims to find an appropriate combination of a locally available
Pb hyperaccumulator, lemongrass (Cymbopogon citratus (DC.) Stapf.), and soil amendments, to minimize the
Pb pollution. After a short-term (78 day) pot experiment with lemongrass and three soil amendments (chicken
manure, biochar of chicken manure, and urea) on a Pb-contaminated soil in Kabwe, an edible crop, dent corn
(Zea mays var. indentata (Sturtev.) L.H.Bailey), was grown for two weeks. Chicken manure combined with lemongrass
had the most beneficial impact, reducing the Pb level in dent corn by 19%, compared to the Pb in dent corn grown
on the control soil. By growing lemongrass in the Kabwe soil with chicken manure, the exchangeable soil Pb was
reduced by 70%. The growth of lemongrass without chicken manure reduced the exchangeable soil Pb by 20%. In
conclusion, lemongrass successfully reduced Pb levels, in combination with chicken manure. Soil amendments must
be chosen carefully by considering the soil properties and environmental conditions for an optimized Pb reduction.

Keywords: chicken manure, dent corn, Kabwe, lead-contaminated soil, lemongrass, phytoremediation
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Introduction

Phytoremediation is a promising phytotechnology for the
remediation of metals from contaminated soils whereby
living plants are used to remove, transfer, or stabilize the
soil contaminants (Burges et al. 2018). Plants can (i) extract
metals from contaminated soil (phytoextraction) and/or (ii)
immobilize them through sorption by roots, precipitation,
complexation or metal reduction in the rhizosphere
(phytostabilisation) (Raskin et al. 1997; Ali et al. 2013;
Burges et al. 2018).

Within the approaches relating to phytoremediation,
phytoextraction or phytomining is the process of planting
hyperaccumulators (i.e. plants that can accumulate high
concentrations of contaminants in their above-ground
biomass) (Yang et al. 2005) and then harvesting them
to remove the contaminant (Ali et al. 2016; Burges et
al. 2018). A limitation of phytoextraction is the extensive
time required to effectively extract metals from soils
(Burges et al. 2018), particularly in highly contaminated
sites (Zhao et al. 2000). However, if the aim of the
phytoextraction strategy is only to remove the bioavailable
metal fraction (i.e. the fraction of the total contaminants in

the soil solution and soil particles that is available to the
receptor organism) from soil (Naidu et al. 2008), and not
to reach the total metal removal, the time for successfully
completing the task can be considerably shorter
(Vangronsveld et al. 2009).

Phytostabilisation is another phytoremediation
approach and was developed to reduce the bioavailability
of contaminants in soils and to prevent the pollution from
spreading further to surrounding areas (Raskin et al.
1994). This technique can also be used to re-establish
the vegetation cover at sites where natural vegetation
fails to survive due to high metal concentrations
(Pilon-Smits 2005). The vegetation cover can then help
minimizing the wind dispersion of heavy metals and water
migration through the soil resulting from evaporation
(Arienzo et al. 2004).

The efficiency of phytoremediation depends on the type
of contaminant, its bioavailability, and the soil properties
(Cunningham and Ow 1996). For phytoextraction, the low
biomass and slow growth of most hyperaccumulators often
limit their efficiency. To overcome this issue, fertilizers are
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often used to increase hyperaccumulators’ biomass yield,

thus enabling the plants to access and deplete larger

pools of bioavailable metals, as a consequence of root

proliferation (Robinson et al. 1997; Kayser et al. 2000;

Schwartz et al. 2003; Barrutia et al. 2009; Salomon et al.

2012; Bani et al. 2015; Deng et al. 2016). For example,

chicken manure has been shown to successfully reduce

contamination effects of Pb. Adams et al. (2018) applied
chicken manure to contaminated soil from the Niger-Delta
region of Nigeria, which had traces of copper, nickel,
zinc, and lead (0.1840, 0.0820, 0.4120, and 0.0198 mg/g,
respectively). They found that vegetation on the soil treated
with chicken manure showed more heavy metal removal

efficiency (82.8%) compared to untreated soil (69.7%).

With regard to phytostabilisation, previous studies
have shown that soil amendments can increase its
effectiveness. For example, organic amendments such as
chicken manure, which contains a high level of humified
organic matter (OM), can decrease the bioavailability
of heavy metals in soil (Walker et al. 2003). Biochar, or
charred materials made of biomass, is also known to help
achieve phytostabilisation (Park et al. 2011). Thus, these
widely available organic materials (i.e. chicken manure
and biochar) should be tested in more detail in heavily
contaminated soils, especially where the application of
expensive approaches (e.g. the physical removal of soils or
surface-sealing using solid-materials) is difficult.

In this study, we targeted contaminated soils sampled
in the city of Kabwe, Zambia. Kabwe is known as one of
the most polluted cities in the world with high lead (Pb)
levels reported in soils, water, plants, animals, and human
blood samples because of previous mining activities (Yabe
et al. 2010, 2011, 2013, 2015). However, many residents
still grow vegetable crops in their gardens around the
mine area. Thus, it is essential to minimize the Pb transfer
from soils to crops by simple measures that local people
can easily apply. When locally available species are used,
the societal implementation of this technology can easily
be carried out by the residents. According to previous
studies, lemongrass (Cymbopogon citratus (DC.) Stapf.)
has a relatively high ability to accumulate heavy metals
in its biomass, compared to other plants (Obiora et al.
2016). Thus, this plant has the potential to be used as an
approach to remediate the heavy metal contaminated soils,
although there also needs to be a strategy to deal with the
harvested plant biomass which has a high heavy metal
content. An example of this would be recovery of the heavy
metals from plant biomass using an engineering approach.
Soil amendments such as chicken manure, urea, and
biochar made from chicken manure are readily available
in Kabwe. Thus, this study aims to find the most effective
combination of lemongrass and these locally available soil
amendments to minimize the Pb concentration of edible
crops such as dent corn in Kabwe.

Our hypotheses are as follows:

1. The transfer of Pb from contaminated Kabwe soil to
crops can be reduced by growing lemongrass before
planting the vegetable crops.

2. One of three organic sources i.e. chicken manure,
biochar from chicken manure, and urea will strengthen
the phytoremediation potential of lemongrass.

Materials and methods

Soil

The soil (pH 8.14, total Pb concentration: 2.85 g kg~ )
used in this experiment was a Sandveldt type collected
(0—10 cm depth) from local farmland at Kabwe, Zambia
(14°28'08.1” S; 28°26'05.2” E, 546 m above sea level) in
October 2015. Soils were sieved through 2 mm, air-dried,
and packed into polyethylene bottles. Sandveldt soil is one
of the major soil types in Zambia. The topsoil textures range
from sand to sandy loam. The total carbon (C) and nitrogen
(N) contents of the soil were 24.8 + 1.2 and 2.0 £ 0.1 g kg™,
respectively. Sandveldt is characterized as being low in
exchangeable bases and has a low organic matter content
(Clayton 1962).

Experimental design

Two experiments were conducted in the current study. The
first experiment was conducted to investigate the ability of
lemongrass to reduce soil Pb concentrations (experiment
1) and the second experiment was performed to measure
the combined effects of lemongrass and soil amendments
on reducing the contamination risk of an edible crop (dent
corn) (experiment 2).

For experiment 1, the soils were placed in small square
pots (length 60 mm x width 60 mm x height 52 mm), holding
80 g of air-dry soil each. The soil was loosely packed
to one cm below the height of the pot (the bulk density of
the soil was 0.53 g cm=). The experiment consisted of two
treatments; no lemongrass (control) and lemongrass. One
stump of lemongrass was planted per pot for the lemongrass
treatment. The pot experiment was carried out in the
laboratory with LED light (HOME GROWN, World Trading
Co., Ltd, LED Ratio: 630 nm:460 nm = 165:60) turned on
between 08:00-20:00 from February to April of 2016 for
six weeks. The air temperature of the laboratory was kept
at 25°C throughout the experimental period. The soils were
supplied with 10 ml Milli-Q water daily for the duration of
the experiment. Loss of water from the bottom of the pot
was not observed. The Pb concentration for each fraction
in soils before and after growing lemongrass for six weeks
was measured using a sequential extraction procedure (as
described below). The total Pb concentration of the soil was
also measured. From each pot, approximately 5 g of fresh
soil was sampled before and after growing lemongrass
(i.e. 0 days and 42 days after the start of experiment) and
oven-dried (105°C for 24 hours) for the analyses.

Experiment 2 was performed using the same pot and
lighting parameters as described for experiment 1. This
experiment consisted of eight treatments with three to four
replicates as shown in Table 1. Lemongrass was grown in
the soil from July to September 2016 (100 g of air-dry soil per
pot) with one of three organic amendments (chicken manure,
biochar from chicken manure, or urea) for ten weeks, and
then the lemongrass was harvested from the pots. The Pb
level of the chicken manure (obtained from Clean Alpha
Co,, Ltd., Japan) used in our experiment was negligible. The
concentration of Pb in the chicken manure has to be less
than 100 mg Pb kg™ to be sold as a commercial product
in Japan, based on the guideline produced by the Ministry
of Agriculture and Fishery, Japan and our experiment did
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Table 1: Summary of the treatment structures, used soil amendments, application rates, and replicate

numbers for experiment 2.

Treatment Soil amendment

Lemongrass Replicates

N-L No soil amendment

No lemongrass 3

C-L Chicken manure (total N 26.9 + 0.1 g kg™, total

No lemongrass 4

C 167 £ 0.3 g kg™, total P 50 g kg™, total

K 28 g kg™, water content 247 + 13 g kg™")
*The application rate per application was
7.44 g kg™' (equivalent of 200 mg N kg™)
and it was added to the soil before planting.

B-L Biochar made from chicken manure (total N

No lemongrass 4

25.3 3.3 gkg™, total C 473 + 58.8 g kg™,
total P 84 g kg™', total K 49 g kg™, water

content 26.3 + 1.8 g kg™')

*The application rate per application was
7.91 g kg™ (equivalent of 200 mg N kg~') and
it was added to the soil before planting.

U-L Urea

No lemongrass 4

*The application rate per application was
20 mg N kg™" and it was applied in 10 ml

of water, weekly, for 10 weeks..

N+L No soil amendment

Lemongrass 3

C+L Chicken manure

Lemongrass 4

B+L Biochar made from chicken manure

*added to the soil before planting

Lemongrass 4

U+L Urea

Lemongrass 4

not show any increase in soil Pb after the application of
the chicken manure. Dent corn (Zea mays var. indentata
(Sturtev.) L.H.Bailey) was grown for two weeks after being
planted in the same soil in which lemongrass had been
grown. Soils without the lemongrass but with the same
organic amendment types (-L) were also prepared to
study the single effect of organic amendments. The control
treatments (no organic amendment) were prepared with
(N+L) and without lemongrass (N-L). The pots were watered
with 10 ml Milli-Q water daily for the experiment duration.
The leaching of added water through the pots was negligible.

Measurement of Pb content — sequential extraction
procedure

The Tessier method sequential extraction procedure has
been used to investigate the fate of Pb in soils (Tessier et
al. 1979; Hamzenejad Taghlidabad and Sepehr 2018). The
method partitions elements into five operationally-defined
geochemical fractions, including 1) exchangeable; 2)
carbonates (acid-soluble); 3) iron (Fe) and manganese (Mn)
oxides (reducible); 4) organic matter (oxidizable) and 5) the
residual. The different reagents used for these purposes are
as follows:

Exchangeable Pb (representing the water-soluble and
exchangeable fraction): 0.32 g of oven-dried soil was
extracted at room temperature for 1h with 8 ml of 1 M MgCl,
(pH 7.0) with continuous agitation.

Carbonate (acid-soluble) bound Pb (representing the
inorganically bound fraction): the soil residue from (i) is
extracted at room temperature for over 5 h with 8 ml of
1 M NaOAc adjusted to pH 5.0 with HOAc with continuous
agitation.

Fe and Mn oxides (reducible) bound Pb (representing iron

and manganese oxides existing as nodules, concretions,
cement between particles, or just as a coating on particles):
the soil residue from (ii) was extracted at 96 + 3°C for over
5 h with 20 ml of 0.04 M NH,OH-HCI in 25% (v/v) HOAc
with occasional agitation.

Organic matter (oxidisable) bound Pb (representing
various forms of organic matter including living organisms,
detritus and coatings on mineral particles): the soil
residues from (iii) were extracted at 85 + 2°C for 2 h with
3 ml of 0.02 M HNO, and 5 ml of 30% H,O, adjusted to
pH 2 with HNO, with occasional agitation. A second 3-ml
aliquot of 30% H,0O, (pH 2 with HNO,) was then added,
and the sample was again heated to 85 + 2°C for 3 h with
intermittent agitation. After cooling, 5 ml of 3.2 M NH,OAc
in 20% (v/v) HNO, was added, and the sample was diluted
to 20 ml and agitated continuously for 30 min.

Residual: Once the four fractions (above) have been
extracted, the residual solid should contain mainly primary
and secondary minerals, which may hold trace metals
within their crystal structures. To obtain this value, the sum
of the Pb concentrations of the four fractions above was
subtracted from the total Pb concentration. The method
used to obtain the total Pb is explained in the next section.

Each soil suspension was filtered using filter paper
(0.22 ym) (Toyo Roshi Kaisha No. 5C filter paper, Toyo
Roshi Kaisha, Ltd., Tokyo, Japan). The concentration of
Pb in the extracts was determined using an Inductively
Coupled Plasma-Mass Spectrometer (ICP-MS; 7700 series,
Agilent Technologies, Tokyo, Japan). The Pb of dent
corn was measured as described in the next section and
calculated as a concentration (mg Pb/kg soil), and as an
amount (ug Pb/pot or plant).



Yoshii, von Rein, Munthali, Mwansa, Nakata, Nakayama, Ishizuka and Uchida

Measurements total Pb concentrations by using
microwave and ICP-MS

For the preparation of both soil and plant samples, 5 ml of
30% HNO, and 1 ml of H,0, were added to approximately
0.3 g of the sample. This solution was digested in 10 ml
vessels made of TFM™-PTFE in a Speedwave microwave
oven (Berghof, Germany). The optimized digestion
program includes heating for 5 min at 160°C, 20 min
at 190 °C, 20 min at 200 °C, and 5 min at 100 °C. The
digested samples were transferred into plastic tubes. The
volume was then adjusted to 10 ml with Milli-Q water.
The concentrations of Pb in the digested samples were
determined using an Inductively Coupled Plasma-Mass
Spectrometer (ICP-MS; 7700 series, Agilent Technologies,
Tokyo, Japan).

Measurements of soil and plant characteristics —
Experiment 1

After growing lemongrass, the soils were sampled and the
first to fourth fraction Pb concentrations were measured
following the Tessier method Sequential extraction
procedure for Pb.

Soil pH was determined using 5 g of air-dried soil mixed
with 12.5 ml of 10% Milli-Q water and shaken for 30 min
followed by measurement using a pH sensor (AS800, AS
ONE Co., Osaka, Japan).

Measurements of soil and plant characteristics —
Experiment 2

After growing lemongrass, the total Pb concentration of the
lemongrass plants was measured. We carefully removed
the whole plants from the soil in each pot, washed them,
particularly the roots, and then the shoots and roots were
separated using scissors. They were carefully washed with
deionized water and oven-dried at 80°C for over 24 hours.

The soils were also subsampled and the first and second
fraction Pb concentrations were measured, as well as
other soil properties including pH, NO,-N and NH,*-N
concentrations, and total C and N contents. In order to
measure the NO,-N and NH,*-N concentrations, 5 g of
each soil was placed in a polyethylene bottle, and 25 ml
of 10% KCI was added. After shaking for 30 minutes, the
eluate was filtered through a filter paper (0.22 pym) (Toyo
Roshi Kaisha No.5C filter paper, Toyo Roshi Kaisha, Ltd.,
Tokyo, Japan). The NO,-N and NH,*-N concentrations of
the filtrate were measured using a colorimetric method with
a flow injection analyzer (AQLA-700, Aqualab Co., Ltd.,
Japan) (Hamamoto and Uchida, 2015). Total C contents
(TC) and Total N (TN) were measured using oven dried and
finely ground soils with an organic elemental analyzer (2400
Series I CHNS/O Elemental Analysis, PerkinElmer Co.,
Waltham, US) (Mogi et al. 2017).

The remaining soil was used for growing dent corn.
Each pot contained 50 g of air-dry soil. The pots were
watered with 5 ml MilliQ-water daily for the duration of
the experiment. The leaching of added water through the
pots was negligible. Dent corn was grown from September
to October 2016 for two weeks after germination. After
growing dent corn, the same sampling procedures and
measurements, as previously described for lemongrass,
were carried out.

Statistical analysis

All measurements, including the total Pb concentrations
of plant and soil, the Pb concentrations for each fraction
in soil, NO,-N and NH,*-N concentrations, and total
C and N contents, were obtained from triplicates or
quadruplicates of each treatment. Statistical significance of
the experimental data was analyzed using R Studio Version
1.0.15 software (2009-2017 R Studio, Inc.) at a significance
level of p < 0.05. The comparisons between with/without
lemongrass in the same fertilizer treatments were
performed using a Welch Two Sample t-test, because of
no evidence of homoscedasticity. The comparisons among
treatments were performed using a two-way ANOVA (with
the lemongrass and the organic amendment treatments as
two factors) and a Tukey method for multiple comparisons.

Results

Original soil Pb concentration for each fraction

Before growing lemongrass, the total Pb concentration in
the soil was 2 846 + 323 mg kg™'. Within the total soil, Pb
occurred as 1.5% as exchangeable forms (first fraction),
24% as a form bound to carbonate (second fraction),
38.6% as Fe-Mn oxide (third fraction), 21.8% as organic
matter (fourth fraction) and 14.1% remained in the residual
form (fifth fraction) (Figure 1). The presence of lemongrass
significantly decreased the first (Figure 1a: exchangeable
Pb) and the second fractions (Figure 1b: bound to
carbonates Pb) (p < 0.001 and p < 0.01, respectively) in the
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Figure 1: Soil Pb concentration reduction by lemongrass for first
(a: exchangeable Pb), second (b: bound to carbonates Pb), third
(c: bound to Fe-Mn oxides Pb), and fourth fraction (d: bound to
organic matter). The error bars indicate standard errors (n = 3).
Asterisks indicate significant differences (**p < 0.01, ***p <0.001).
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soil. However, it did not have a significant effect on the third
and fourth fractions (Figures 1c and d).

Lemongrass and soil Pb concentrations after growing
lemongrass

After growing in the Pb contaminated soil for ten weeks
without any soil amendments, the lemongrass root and leaf
Pb concentrations were 739 and 498 mg kg, respectively,
averaged across the soil amendment treatments. The
growth of lemongrass leaves was slightly improved by
chicken manure, compared to other treatments, while
the root biomass was the largest in the control treatment
(Figure S1, supplementary file). The bioaccumulation
factor (plant Pb/soil Pb) was less than 0.25 (the total Pb
concentration in soil was 2846 mg kg™'), on average.
Regarding the lemongrass root Pb concentrations, soil
amendments had no significant impact. In contrast,
the application of urea significantly decreased Pb
concentrations in lemongrass leaves compared to the
control treatment (Figure 2).

Analysis of soils in which lemongrass had been grown
showed that the presence of lemongrass significantly
reduced soil exchangeable Pb concentration (first fraction),
when averaged across the soil amendment treatments
(Figure 3a). When averaged across the lemongrass
treatments, chicken manure treated soils showed higher
exchangeable Pb concentrations (first fraction), when
compared to the control soils. For the Pb bound to
carbonate concentration (second fraction), there was no
influence of lemongrass or soil amendments (Figure 3b).
The mass balance calculation (based on the weight of Pb
per pot) suggested that the decrease of fraction one Pb
in the soil due to the presence of lemongrass was larger
than the actual uptake of Pb by lemongrass (Figure S2,
supplementary file).
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Figure 2: Total Pb concentration in the lemongrass roots (white
bars) and leaves (grey bars) after growth in a Pb contaminated
soil with different soil amendments for ten weeks (N: No soil
amendment, C: Chicken manure, B: Biochar made from chicken
manure, U: Urea). The error bars indicate standard errors (n = 3).
The capital letters indicate significant differences regarding the
lemongrass leaves within each treatment. Asterisk indicates a
significant difference (*p < 0.05).

Dent corn and soil Pb concentration after growing

dent corn

There was an interaction between the fertilizer treatments
and the lemongrass treatments for fraction one Pb in the
soils after the growth of the dent corn (Figure 4a). For the
soils in which lemongrass had not been grown, the chicken
manure treated soils showed the lowest levels of fraction
one Pb. For the soils in which lemongrass had been
grown, treatments with chicken manure and urea showed
relatively lower fraction one Pb contents than the other
treatments. In contrast, the prior presence of lemongrass
did not significantly reduce the carbonate (acid-soluble)
bound Pb concentration in the soil after growing dent corn
(Figure 4b).

For the Pb concentrations in the dent corn, there was
no significant effect of the organic amendments and the
previous lemongrass treatment. However, within the
chicken manure treated soils, prior growth of lemongrass
resulted in a decrease in the dent corn Pb concentration
compared to the plants grown in soils treated with chicken
manure without lemongrass treatment (Figure 5). There
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Figure 3: Soil Pb concentration for first (a: exchangeable Pb) and
second fraction (b: bound to carbonates Pb), with (white bars)
and without (grey bars) the growth of lemongrass with different
soil amendments (N: No soil amendment, C: Chicken manure,
B: Biochar made from chicken manure, U: Urea) after growing
lemongrass. The error bars indicate standard errors (n = 3).
Asterisk indicates a significant difference (***p < 0.001).
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Figure 4: Soil Pb concentration for first (a: exchangeable Pb) and
second fraction (b: bound to carbonates Pb), with (white bars)
and without (grey bars) the growth of lemongrass with different
soil amendments (N: No soil amendment, C: Chicken manure, B:
Biochar made from chicken manure, U: Urea) after growing dent
corn. The error bars indicate standard errors (n = 3). Asterisks
indicate a significant differences (*p < 0.05; ***p < 0.001). Because
there was an interaction between the lemongrass and fertilizer
treatments in fig. (a), we have performed a multiple comparison
for the group without lemongrass (white bars) and the group with
lemongrass (gray bars). For each comparison, the statistical
differences were shown as alphabets on each bar.
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Figure 5: Total Pb concentration in dent corn after growing on the
Pb-contaminated soil with (white bars) and without (grey bars) prior
growth of lemongrass with different soil amendments (N: No soil
amendment, C: Chicken manure, B: Biochar made from chicken
manure, U: Urea). The error bars indicate standard errors (n = 3).
Asterisk indicates significant differences (*p < 0.05).

was no clear influence of the soil amendments on the dent
corn biomass (per pot), and the dent corn biomass was
markedly smaller than lemongrass (Figure S1). The actual
mass of Pb accumulated in the dent corn biomass (per
pot) was also much smaller than Pb accumulated in the
lemongrass (Figure S2).

Soil nutrition conditions

Growing lemongrass significantly decreased soil pH
and NO,;-N, regardless of the organic amendment
treatments. Levels of NH,*-N, total N and C in the soils
were not significantly decreased by lemongrass. Soil pH
in the biochar treatment was significantly higher than the
other treatments, when averaged across the lemongrass
treatments. Urea significantly increased the NO,™-N levels
compared to the other amendment treatments (Table 2).

Discussion

The effects of lemongrass on bioavailable Pb in

Kabwe soils

The results of experiment 1 show that the growth of
lemongrass significantly reduced the exchangeable Pb
(first fraction), and Pb bound to carbonate (second fraction)
in soils, when averaged across all the soil amendment
treatments (Figure 1a). The lemongrass growth also
decreased soil pH in the current study (Table 2). When
the soil pH decreases, Pb?* concentrations in soil solution
normally increase due to the release of Pb, which may
be bound to carbonate species, such as PbCO, or
Pb,(CO,),(OH),. Thus, the solubilized Pb?* was absorbed
by the lemongrass and this resulted in the decrease of both
first and second fraction Pb, in the current study.

Having grown lemongrass in the soil did not decrease
the second fraction pool of Pb in experiment 2, when
averaged across the soil amendment treatments
(Figure 3b). This was because the soil amendment
treatments hindered the impact of lemongrass on the
second fraction soil Pb in experiment 2. For the control
treatment (without any fertilizer inputs) in experiment
2, the second fraction was reduced, similar to the
experiment 1, but when there was an input of organic
amendments (chicken manure and biochar chicken
manure), the effect of the lemongrass on Pb fraction
two became unclear. This was because these organic
amendments increased the variability of data (Figure 3b).
These organic amendments were solid materials and
probably increased the heterogeneity of the soils.

Overall, the amount of Pb absorbed by the lemongrass
relative to the total soil Pb observed in the current study
was relatively small compared to the previous studies.
Lemongrass was reported to be able to absorb Pb
efficiently, and some studies report that lemongrass
Pb concentration equalized soil Pb concentrations.
For example, Yashim (2015) reported that lemongrass
Pb concentrations were 40-45 mg/kg in contaminated
soil containing 40-45mg/kg Pb in field experiments.
Using a pot experimental setup, Dawle et al. (2014)
reported that Pb concentrations of lemongrass increased
up to 200-300 mg Pb/kg in a soil contaminated at a
level of 200-300 mg/kg Pb. In the current experiment,
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Table 2: Characteristics (pH, nitrate (NO,™-N), ammonium (NH,*-N), total carbon (C) and nitrogen (N)) in
the soils with and without lemongrass with variable soil amendments (N: No soil amendment, C: Chicken
manure, B: Biochar made from chicken manure, U: Urea). The significance based on the two-way ANOVA
(p <0.001: ***, p <0.01: **, p < 0.05: * and p < 0.1) for each characteristic is shown below the data.

pH NO,™-N NH,*-N Total C Total N
(mg kg™) (mg kg™) (9 kg™ (9 kg™

N without lemongrass 8.18+0.09 12.01+6.80 294 +0.24 248+1.2 26+0.1
N with lemongrass 7.97 £0.09 6.03 £ 2.04 2.32+0.22 241+22 3.3+0.7
C without lemongrass 8.36 +0.04 12.59+6.70 227 +0.14 251+20 34+08
C with lemongrass 7.97 £0.07 5.77 + 3.68 256 £0.17 27.7+23 5.0+0.8
B without lemongrass 8.72+0.13 3.54 +1.31 2.33+£0.09 259+1.0 25+0.6
B with lemongrass 8.47 £ 0.04 297 +0.77 2.68+0.16 247 +21 24+06
U without lemongrass 7.98 +0.10 51.4+13.7 2.56 +0.08 287+24 3.9+0.6
U with lemongrass 7.60 +0.14 28.4+10.8 2.37+0.28 209+04 45+0.7
Significance
Treatment * * NS * *
Lemongrass b * NS NS NS
Interaction NS * NS NS

lemongrass Pb concentrations were much lower than the
Pb concentration in the soil. However, the first fraction
Pb in soils was reduced by 10-40%, due to the presence
of lemongrass, based on the mass balance calculation,
and this decrease was higher than the Pb contents in the
lemongrass biomass (Figure S2). This suggested that in our
experiment, the lemongrass markedly impacted and reduced
the soluble fraction (the first fraction) of Pb in the soil but the
impacts of plants and soil amendments on other fractions,
which were less available and soluble, were not clear.

The effects of chicken manure soil amendments
This study suggested that growing and harvesting
lemongrass with chicken manure could lower Pb
concentrations in edible crops (dent corn) planted afterwards
(Figure 5). According to previous studies, chicken manure
has two contrasting influences on exchangeable metal in
soil: decreasing exchangeable Pb through the complexing
of heavy metals (Tordoff et al. 2000) or increasing
exchangeable Pb through increasing dissolved organic
carbon (DOC) (Bolan et al. 2011). In this study, the chicken
manure treatment temporarily increased the exchangeable
Pb concentration in the soil, when compared to the control
treatment, when averaged across the lemongrass treatment
(Figure 3a). This increase of the exchangeable Pb might be
through increasing DOC (Bolan et al. 2011), and it could lead
to a higher efficiency of phytoextraction by lemongrass. An
increase of the exchangeable Pb could lead to higher Pb
concentrations in plants. Thus, when a hyperaccumulator
such as lemongrass is used with chicken manure, our
study suggests that it could increase the Pb accumulation
capacity of the plants, leading to the reduction in levels of Pb
contamination in the soil. However, when chicken manure
is used as a fertilizer for edible crops (rather than for the
non-edible plants used for phytoextraction), it needs to be
used with caution, since it could increase the Pb levels in the
edible crops planted afterwards.

After growing the dent corn, chicken manure significantly
decreased the soil exchangeable Pb concentration, when
compared to the control treatment, when averaged across

the lemongrass treatment (Figure 4a). The decrease of the
exchangeable Pb might be through complexing of heavy
metals (Tordoff et al. 2000), and it could lead to a higher
efficiency of phytostabilisation for dent corn. Since the
exchangeable Pb could also easily be absorbed by edible
crops such as dent corn, a decrease of this fraction could
minimize Pb contamination for the edible crop.

Also, the previous presence of lemongrass with chicken
manure significantly decreased the Pb concentration in
dent corn planted afterwards (Figure 5). The decrease in Pb
in the dent corn was because of the dilution due to larger
biomass of dent corn, when it was grown after lemongrass.
This suggests that chicken manure with lemongrass could
improve soil properties for the growth of dent corn.

In conclusion, the effect of chicken manure on the plant
uptake of Pb can differ depending on the physiology of
plants. Lemongrass could uptake a relatively larger amount
of Pb into the biomass, whereas the dent corn’s ability
to accumulate Pb in its biomass was relatively lower,
when compared per pot (Figure S2). For lemongrass,
the chicken manure positively impacted the production of
leaf biomass (Fig. S1b) and the Pb concentration within
the leaves (Fig. 2). However, for dent corn, these positive
impacts of chicken manure on plant activities (leaf growth
and its Pb concentration) were not observed. These
differences might be due to the fact that the lemongrass
is a hyperaccumulator of heavy metals and can generally
actively grow in soils with high heavy metal levels (Gautam
et al. 2016). More studies are needed to determine how
chicken manure and other organic amendments influence
the ability of different plants to uptake or modify Pb in soils.

The effects of urea on soil and plant Pb levels

The application of urea significantly decreased the Pb
concentration in lemongrass leaves, compared to those
grown without any amendment (Fig. 2). This suggests
that urea reduced the translocation of Pb from roots to
leaves. In some cases, plants were used to remove the
heavy metals from soils by harvesting their aboveground
biomass (Environmental Protection Agency, 2000). Thus,
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the reduction of the translocation of Pb from roots to leaves
can be a negative aspect if the plants are used to remove
the Pb from soils. The TF (Translocation Factor = plant leaf/
plant root metal concentration) of the urea treatment (0.12)
was significantly smaller than that of the control treatment
(0.76). In contrast, Hadi et al. (2014) reported that urea
increased the Pb-TF of Cannabis sativa from 0.535 to
0.577. However, urea decreased the Cd-TF of Cannabis
sativa from 0.308 to 0.194. This suggests that the effect of
urea on the TF depends on the combination of soil type,
plant species and metal under investigation. In the current
experiment, the aboveground biomass of the lemongrass
was not increased by the urea application, compared to
the other treatments (Fig. S1). If the urea increased the
biomass of plants, the heavy metal concentration per unit
weight of the plant (e.g. per gram plant tissue) could be
decreased even when the plant adsorbed the same amount
of the heavy metal per whole plant, when compared to a
plant with a relatively smaller biomass. Thus, the dilution of
the Pb in the leaves was not the reason for the relatively
lower Pb contents in the lemongrass leaves with urea.
Other possible reasons can be an increase of microbial
biomass Pb, because urea-N is readily available for
microbes and it might have increased microbial biomass
(Zhang et al. 2019). Soil microbes might have absorbed
Pb, preventing plants from taking up excess Pb. Also, both
Pb and N are transported from roots to shoot via xylem
(Brennan and Shelley 1999). Thus, there is a possibility
that the addition of urea-N changed the root metabolism
and prevented the transport of Pb to leaves due to changes
in the balance between different ions within the xylem.
Both Pb and ammonium-N (products of urea hydrolysis)
are present in soils as protons and the balance between
different types of protons is a known factor controlling the
activity of xylem transport of nutrients from roots to shoots
(van Beusichem and Neeteson 1982). The possibilities
stated above are also related to the fact that prior growing
of lemongrass combined with urea significantly decreased
the exchangeable Pb concentration in the soil after growing
dent corn (Fig. 4a). Although the urea did not decrease the
dent corn Pb contents in the current study (Fig. 5), we note
that the urea has a potential to reduce the soil’s available
Pb (the fraction one), when used with the lemongrass and
dent corn (Fig. 4a). Because of the limited data, we could
only suggest possible reasons behind this, as above.
Further experiments are clearly needed in this area.

The effects of soil amendments - biochar made from
chicken manure

Compared to the control treatment, the biochar treatment
without lemongrass did not reduce the soil exchangeable
Pb after growing dent corn, in this study (Fig. 4a). A review
paper by Paz-Ferreiro et al. (2014) stated that the impact
of biochar on the availability of Pb in soils was dependent
on the source of biochar, pyrolysis conditions and soil
types. For example, chicken manure pyrolyzed at 350°C
had a higher Pb stabilizing capacity when compared to the
same chicken manure pyrolyzed at 650°C, according to a
previous study (Uchimiya et al. 2012), thus the pyrolysis
condition for the chicken manure biochar used in the current
study might not have been optimal. Also, the presence

of lemongrass decreased the available soil N in the
chicken manure biochar treatment compared to the other
treatments (e.g. NO,™-N, Table 2), thus the changes in soil
nutrient status may influence the behavior of Pb in soils
with biochar (e.g. adsorption of Pb?* to organic matter or
precipitation of Pb?*). These phenomena may explain why
the biochar reduced soil exchangeable Pb after growing
dent corn only in soils in which lemongrass had previously
been grown (Fig. 4a). The above mentioned review paper
(Paz-Ferreiro et al. 2014) stated that there were few
studies which observed the effects of the combined use of
phytoremediation (the use of plants) and biochar, thus the
current study added important information regarding the
interaction between plants and biochar in reducing the Pb
availability in soils.

Conclusion

In our study, the presence of lemongrass significantly
decreased the exchangeable Pb in soils. When dent corn
was planted in the Pb contaminated soil after growing
lemongrass with chicken manure, the concentration of Pb
in the dent corn was significantly reduced, when compared
to the dent corn grown with chicken manure without prior
lemongrass treatment. The presence of lemongrass
enhanced the beneficial effects of the chicken manure, in
terms of reducing the availability of Pb in the soil. Other
tested soil amendments (urea and chicken manure biochar)
reduced the exchangeable Pb in soils but did not have an
impact on dent corn Pb levels. Overall, we found that the
combined use of lemongrass and chicken manure (both
are locally available resources across sub-Saharan Africa)
provided benefits in Pb-contaminated soils regarding the
reduction of Pb uptake risks for human beings, through
consuming dent corn grown on the soils. Further studies are
needed to investigate the applicability of this technique to
other soil types and the mechanisms behind the reduction
of Pb uptake by dent corn when lemongrass and chicken
manure are used to condition the soils.

Geolocation

The study area is Kabwe, Zambia, located at
14°28'08.1" S; 28°26'05.2" E, 546 m above sea level.
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Lead (Pb) interferes with various bodily functions. Although high blood Pb (Pb—B) levels in residents
from Kabwe, Zambia have been reported, the accumulation pattern of other metals remains unknown.
The study was designed to determine the Pb—B, blood cadmium (Cd—B), and zinc (Zn—B) values of 504
representative samples from Kabwe, as well as the potential associated adverse health effects. The Pb—B
level ranged from 0.79 to 154.75 pg/dL and generally increased in areas near the mine. A significant
elevation of Cd—B was observed in two areas (0.37 + 0.26 and 0.32 + 0.30 pg/L) where the two highest
mean Pb—B levels were recorded. By contrast, the Zn—B values did not differ greatly with respect to area.
Some blood biochemical parameters relating to hepatic and renal functions were out of the normal range
in approximately 20—50% of studied adult participants. The d-aminolevulinic acid dehydratase (3-ALAD)
activity was significantly inhibited in the two areas contaminated by Pb and Cd. A significant negative
relationship was observed between metal levels and clinical parameters, e.g., between Pb—B and 3-ALAD
for all the age categories and between Cd—B and the estimated glomerular filtration rate for all the age
categories except 0—4 years. The elevated Cd—B in areas near the mine relative to the other areas sug-
gested the potential adverse health effects of Cd and/or the interaction of Pb and Cd. A significant as-
sociation of metal levels with clinical parameters also indicated the effects of metal exposure on
hematopoietic, hepatic, and renal systems.

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction

Lead (Pb) poisoning has been recognized as a major public
health risk. According to the World Health Organization (WHO), Pb
poisoning accounts for 0.6% of the global disease burden, which is
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highest in developing countries (WHO, 2009). Lead is a persistent
toxic substance that impacts human health through inhalation and
ingestion pathways. Human exposure to Pb generally occurs via
various sources, such as leaded gasoline, Pb-based paints, Pb-
containing water pipes, battery recycling, and industrial processes
including smelting and mining. The blood lead level (Pb—B) is used
as the main bioindicator to monitor the current exposure level. The
Center for Disease Control and Prevention (CDC) defined the blood
reference value as 5 pg/dL in their new guidelines for assessing
children’s Pb—B (CDC, 2012). Chronic environmental Pb poisoning
with approximately 40—60 pg/dL of Pb—B has been widely reported
(Bede-Ojimadu et al., 2018; Li et al., 2014; Tuakuila et al., 2013),
whereas acute poisoning is relatively uncommon.

Lead is known to interfere with a number of bodily functions
including nervous, hematopoietic, hepatic, and renal systems
(Lockitch, 1993). Exposure to Pb causes hematotoxicity through the
restriction of hemoglobin synthesis by inhibiting key enzymes,
such as d-aminolevulinic acid dehydratase (3-ALAD), and short-
ening the life span of circulating erythrocytes (Gonick, 2011).
Anemia, which is caused by these processes, is one of the most
well-known toxicities of Pb. Renal toxicity occurs at Pb—B > 60 pg/
dL (Wang et al., 2002); however, even at lower levels, toxic effects
appear (Harari et al., 2018). Chronic nephropathy causes functional
and morphological changes, resulting in renal breakdown and hy-
pertension (Rastogi, 2008). Lead intoxication also causes hepatic
injury, namely, hepatic hyperplasia, and high serum levels of he-
patic enzymes, such as alkaline phosphatase (ALP) (Mudipalli,
2007).

Kabwe is the fourth largest town and the administrative capital
of Zambia’s central province, with a long history of Pb and zinc (Zn)
mining activity, which operated for nearly a century until 1994.
Despite the end of the mining operation, some activities have
continued, such as the smelting of the mineral ores that were left in
the mine dump or transported from outside the town. Artisanal
mining at the closed mine tailing dams and the use of Pb-
contaminated soil to make bricks are other activities commonly
seen at the site. Earlier observational studies reported serious Pb
contamination in soil (Nakata et al., 2016; Nakayama et al., 2011),
wild rats (Nakayama et al., 2013), goats (Nakata et al., 2016),
chickens (Nakata et al., 2016), dogs (Toyomaki et al., 2020), wild
lizards (Doya et al., 2020) and even humans (Yabe et al., 2015, 2018,
2020). Moreover, a recent cross-sectional study with the sample
size of 1190 using a LeadCare® Il instrument, which enables on-the-
spot testing of Pb—B, revealed that Pb contamination has spread to
wide areas of Kabwe (Yabe et al., 2020). Among the tested people of
all ages, 70% had higher Pb—B than the reference level of 5 ug/dL
although the reference level was determined for not all age group,
but children ages 1-5 years old (CDC, 2012). The Pb—B level of
approximately 15% of the people exceeded 45 pg/dL, which is the
threshold in children ages 1-5 years old required for chelation
therapy (CDC, 2002). With the wide spread of Pb poisoning across
age groups in Kabwe, the accompanying adverse effects of Pb are
anticipated; however, no clinical observation has been conducted.
Given these factors, the current study aimed to assess the possible
health effect of Pb poisoning in Kabwe. Furthermore, we also tar-
geted blood cadmium (Cd) and Zn levels, as high concentrations of
Cd in rats (N = 20) (Nakayama et al., 2013), free range chickens
(N = 10) (Nakata et al., 2016) and children (N = 190) (Yabe et al.,
2018) as well as that of Zn in soil (N = 101) (Nakayama et al.,
2011) have also been recorded in Kabwe. Cadmium exhibits
nephrotoxic activity, with a reduction in the estimated glomerular
filtration rate (eGFR) and albumin (Alb) loss in urine (ATSDR, 2012).
An observational study reported a significant relationship between
low-level environmental Cd exposure and renal dysfunction
(Ferraro et al., 2010). Additionally, according to both observational

and experimental studies, various adverse health effects can occur
due to the co-exposure to Pb and Cd (Hambach et al., 2013; Ni et al.,
2014; Pan et al., 2018; Nakayama et al., 2019). In contrast to Pb- and
Cd-related diseases, disease relating to Zn excess is not common.
Rather, a protective effect of Zn on Pb and Cd intoxication has been
suggested by experimental studies using laboratory rats (Saxena
et al., 1989; Soussi et al., 2018).

In this study, we targeted the inhibition of 3-ALAD as a marker of
hematotoxicity as well as various hepatic and renal function pa-
rameters. Studies focusing on the exact impact of metal poisoning
on human health are limited. To the best of our knowledge, this is
the first study that reports the widespread association of exposure
to multiple metals with clinical screening parameters for humans
on the African continent where serious Pb poisoning cases exist
(Yabe et al., 2010). The present study was designed to clarify the
exact health impact in Kabwe and to facilitate the implementation
of possible countermeasures that can help us to overcome this type
of pollution.

2. Methods
2.1. Sample collection and plasma preparation

The study was approved by the University of Zambia Research
Ethics Committee (UNZAREC; REF. No. 012-04-16) and the Ministry
of Health through the Zambia National Health Research Ethics
Board as well as the Kabwe District Medical Office. The sampling
was done in Kabwe, which is located approximately 130 km north
of Lusaka, the capital city of Zambia. Kabwe has a population of
approximately 230,000 residents and an area of 1547 km?. The
study was designed to select 1000 households from across Kabwe
using two-stage random selection. After informed and written
consent was obtained from household heads, the data and samples
were collected. Further details of sample selection and collection
have been described in recent papers (Hiwatari et al., 2019; Yabe
et al.,, 2020). Heparinized blood was dispensed and immediately
centrifuged for 10 min at 1500xg, after which the plasma was
stored at —20 °C. Analysis was performed at the KAbwe Mine
Pollution Amelioration Initiative (KAMPAI) project monitoring
laboratory in the Department of Biomedical Sciences, School of
Veterinary Medicine, the University of Zambia. The remaining
whole blood samples were transported to Japan in cooler boxes
after obtaining a material transfer agreement (MTA) from the
Ministry of Health, Zambia, through the National Health Research
Ethics Committee (No. E03618) and analyzed in the Laboratory of
Toxicology, Faculty of Veterinary Medicine, Hokkaido University,
Japan. After sample collection, we randomly ranked the 40 stan-
dard enumeration areas (SEAs) and selected them in sequential
order until the total sample size of the selected SEAs exceeded 500.
Consequently, 504 samples from 20 SEAs were chosen for labora-
tory analysis in the current study. Supplementary Figure S1 shows
the locations of the selected SEAs.

2.2. Data collection and physical measurement

We asked the participants their age and measured their height
and body weight at the same time as blood collection. Data were
recorded using Survey Solutions (version 5.22.20, the latest version
at the time of our survey), developed by the World Bank. Body mass
index (BMI) was calculated using the following formula:

BMI=body weight (kg)/height (m)"2

The BMI z-score for participants with the age between 5 and 17
years old was also determined with reference to sex- and age-
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specific mean BMI values and distributions using the charts and
tables provided by WHO (2007) because the z-score gives a relative
measure of adiposity adjusted for sex and age.

2.3. Whole blood digestion and metal extraction

Blood digestion and metal extraction were performed as
described previously (Nakata et al., 2016) with minor modifica-
tions. All laboratory materials and instruments used in the metal
extraction were washed in 2% nitric acid (HNO3) and rinsed at least
twice with distilled water. Two hundred microliters of whole blood
were placed in pre-washed digestion vessels, followed by acid
digestion using 5 mL of twofold diluted ultrapure nitric acid (Cica
reagent, specific gravity of 1.38, 60%; Kanto Chemical Corp., Tokyo,
Japan) and 1 mL of ultrapure hydrogen peroxide (Cica reagent, 30%;
Kanto Chemical Corp.). The digestion and metal extraction were
conducted using a microwave digestion system (Speed Wave MWS-
2; Berghof, Eningen, Germany) following the manufacturer’s in-
struction. After cooling, extracted solutions were transferred into
15-mL plastic tubes and diluted to a final volume of 10 mL with
double distilled and deionized water (Milli-Q; Millipore, Bedford,
MA).

2.4. Metal analysis

The concentrations of metals (Pb, Cd, and Zn) were determined
using Inductively Coupled Plasma — Mass Spectrometer (ICP-MS)
(7700 series; Agilent Technologies, Tokyo, Japan). Detailed oper-
ating conditions are shown in Supplementary Table S1. Analytical
quality control was performed using the certified reference mate-
rial, Seronorm™ Trace Elements Whole Blood L-2 (Sero, Billingstad,
Norway). Replicate analysis of these reference materials showed
good accuracy (relative standard deviation (RSD) was less than 3%)
and recoveries (95—105%). The instrument detection limit was
0.001 png/L.

2.5. Blood biochemical analysis

A conventional blood biochemical analyzer (Spotchem EZ SP-
4430, Arkray Inc., Kyoto, Japan) was used to analyze the levels of
plasma total bilirubin (T-bil), aspartate aminotransferase (AST),
alanine aminotransferase (ALT), lactase dehydrogenase (LDH), y-
glutamyltranspeptidase (GGT), ALP, total protein (T-pro), Alb, blood
urea nitrogen (BUN), urea acid (UA), and creatinine (Cre) in all
participants. The analyses were done following the manufacturer’s
instructions. Normal ranges of the parameters for participants with
the age of 18 years and above were presented in the manufacturer’s
manual. The BUN/Cre ratio was determined because it is widely
used to assess renal function. The eGFR Modification of Diet in
Renal Disease (eGFRyprp) value was also calculated for participants
older than or equal to 18 years for renal function screening using
the following formulas (Levey et al., 2006). A value < 60 mL/min/
1.73 m? is considered normal (Levey et al., 2009).

eGFRyiprp = 175 x (Cre*—1.154) x (age (y)*—0.203) x 1.212
x 0.742 (for females)

eGFRyiprp = 175 x (Cre”—1.154) x (age (y)*—0.203)
x 1.212 (for males)

The following formula was used to calculate eGFRyppgrp for
children and adolescents aged below 18 years old (Schwartz et al.,
2009). The value below 75 mL/min/1.73 m? is considered normal
(National Institute of Diabetes and Digestive and Kidney Disease).

eGFRyprp = 0.413 x height (cm)/Cre

In cases where the T-bil level was below the limit of detection
(LOD) of 0.2 mg/dL, the data were adjusted to the LOD value divided
by the square root of 2 (0.14 mg/dL) for statistical analysis (Hornung
and Reed, 1990). Similarly, the AST, ALT, and GGT levels lower than
the LOD of 10 international unit (IU)/L were adjusted to 7.07 IU/L.
Furthermore, BUN values below the detection limit of 5 mg/dL were
adjusted to 3.54 mg/dL. These changes were made to minimize the
effect on statistical analysis where the exact distribution of values
below the detection limit was unknown.

2.6. 0-ALAD activity assay

Enzymatic activity and the ratio between non-activated and
in vitro-activated enzymes were measured as described in previous
studies (Espin et al., 2015; Scheuhammer, 1987) with slight modi-
fications. Three aliquots of 20 uL of whole blood of each participant
were separated to measure non-activated d-ALAD activity, reac-
tivated 5-ALAD activity, and the activity of the matrix. For the non-
activated enzyme activity assay, 80 pL of 0.1% Triton X-100 (Sig-
ma—Aldrich, MO, USA) was added to the blood as a lysate. Then,
100 pL of 0.5-M phosphate-buffered saline (PBS) (pH 6.8), 50 pL of
60-mM 5-aminolevulinic acid (ALA) hydrochloride (Sigma-
—Aldrich) solution in PBS, and 50 pL of distilled water (DW) were
added. For the reactivated activity assay, 0.1% Triton X-100, 0.5-M
PBS, and 60-mM ALA hydrochloride were added to the sample
with the same volume of each solution used in the non-activated
enzyme activity assay. Then, 25 pL of 0.8-mM Zn acetate (Hime-
dia Laboratories Pvt. Ltd., Mumbai, India) and 25 pL of 1-M
dithiothreitol (DTT) (Himedia Laboratories Pvt. Ltd.) were added.
For the matrix blank assay, 80 uL of Triton X-100, 150 pL of PBS, and
50 pL of DW were added, followed by 200 pL of 0.4-M trichloro-
acetic acid (TCA) (Merck, Darmstadt, Germany)/60-mM mercury
chloride (HgCl,) (Himedia Laboratories Pvt. Ltd.) as a stop solution.
After a 60-min incubation and termination of the reaction by HgCl,
in both the non-activated and reactivated activity assays, all sam-
ples were centrifuged at 10,000 g for 5 min. Supernatants were
transferred to new tubes and mixed with 750 pL of modified Ehr-
lich’s reagent, which consisted of dimethylaminobenzaldehyde
(Nacalai tesque, Kyoto, Japan) in acetic acid (glacial; 99.6%, Himedia
Laboratories Pvt. Ltd.) and perchloric acid (Merck KGaA, Darmstadt,
Germany). After 10 min, the absorbance was read at 555 nm against
the appropriate blank using a UV spectrophotometer (Shimadzu
UV-2600, Shimadzu Inc., Kyoto, Japan). The activity was expressed
as pmol porphobilinogen (PBG)/h/L red blood cells using the
equation provided by Scheuhammer (1987). Then, the ratio be-
tween the non-activated and the in vitro reactivated enzymes was
calculated.

2.7. Statistical analysis

IBM SPSS Statistics 26 (IBM Corporation, Armonk, NY, USA) was
used to evaluate significant differences in the data in all statistical
analyses except principal component analysis (PCA), which was
carried out using JMP Pro version 14 (SAS Institute, NC, USA). The
data were log-transformed and fitted a normal distribution. The
Tukey—Kramer test was used to compare age, height, body weight,
BMI, blood metal levels, blood biochemical parameters, 3-ALAD
enzyme activity, and the 3-ALAD activity ratio among areas in
Kabwe as well as groups categorized by age or Pb—B. Pearson’s
product—moment correlation (r) was used to analyze the rela-
tionship between blood metal levels, blood biochemical parame-
ters, and the 3-ALAD activity ratio. PCA was performed with blood
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metal levels, age, BMI, and the 3-ALAD activity ratio. All statistical
analyses were performed at the significance level of 0.05 (p < 0.05).

3. Results
3.1. General outcomes of the randomly selected subjects

In the random selection, subjects were drawn from people who
were tested at the following eight health centers: Kasanda,
Makululu, Chowa, Natuseko, Bwacha, Mpima prison, Kang’'omba,
and Hamududu (Supplementary Figure S1). The age of the 504
selected Kabwe residents ranged from 0 to 96 years
(Supplementary Table S2). The mean and median ages of all tested
people were 28.1 and 27 years, respectively, and their mean and
median heights were 144.9 and 156.0 cm, respectively. Their body
weight ranged from 7 to 154 kg, with mean and median values of
47.8 and 53.0 kg, respectively. For adults 18 years or older, the mean
and median BMI values were 24.0 and 22.6, respectively, whereas
the mean and median BMI values for all age groups were 21.0 and
20.4, respectively.

Significant area differences in age, height, body weight, and BMI
for all age groups were recorded. The age, height, and body weight
of people in Makululu were significantly higher than those in
Natuseko and Mpima prison. Similarly, the age, height and body
weight of people in Kasanda were significantly higher than those in
Natuseko. Significantly higher BMI values were recorded in
Makululu and Bwacha compared to those recorded in Mpima
prison for all age groups.

The distribution patterns of BMI z-score for children and ado-
lescents with the age between 5 and 17 years old were summarized
in Supplementary Table S3 and S4. Generally, approximately 75% of
both girl and boy showed the value of z-score between —1 and 1,
which are the values considered normal. The 16% of girls and 18% of
boys had the z-score below —2, indicating thinness, whereas 9% of
girls and 4% of boys recorded the z-score above 2 which means
obesity. There was no clear area trend and relationship with Pb—B.

3.2. Metal levels in blood

Levels of Pb—B, Cd—B, and Zn—B in the whole blood samples are
shown in Table 1. The minimum, maximum, mean, and median
Pb—B levels of all subjects were 0.79,154.75, 14.62, and 10.75 pg/dL,
respectively. Values of Pb—B and Cd—B for all age groups in Kasanda
were significantly higher than those in other areas except for Cd—B
in a comparison between Kasanda and Makululu. The highest Pb—B
level was measured in Kasanda. All people tested in Kasanda had
Pb—B levels higher than the 5 ug/dL reference level. In Kang’'omba
and Hamududu, which are far from the mine site, the mean Pb—B
values for all age groups were lower than the reference level
although the values for children and adolescents in Kang’'omba
with the age below 18 were slightly greater than the reference level.
The Zn—B level showed less variation among areas, and significant
differences for all age groups were observed only between Kasanda
and Natuseko and between Kasanda and Kang'omba.

In comparison among age groups, Pb—B for the group with the
age between 0 and 4 in Kasanda was remarkably greater than that
for the other age groups. In general, the group with age between 5
and 17 years had significantly elevated Pb—B than adult female and
male groups. Contrary to Pb—B, Cd—B and Zn—B showed higher
values in participants with the age of 18 and above compared to
children and adolescent groups.

3.3. Blood biochemical parameters

The values of the blood biochemical parameters in 8 areas of

Kabwe are presented in Supplementary Table S5. The T-bil value
recorded in Natuseko was significantly higher than that recorded in
Makululu and Kang’omba. Kasanda also showed a significantly
higher level of T-bil compared with Makululu. Hanududu had
significantly higher AST value than Makululu and Kang’omba. The
LDH level in Chowa was significantly higher than those in Maku-
lulu, Mpima prison, Kang’omba and Hamududu. Bwacha recorded
the highest mean value of GGT with statistical significant difference
compared to Kang’omba. A significantly lower Alb value was
measured in Makululu compared to those in Kasanda and Chowa.
The significant increase of Cre was observed in Chowa compared to
Makululu, Mpima prison and Hamududu. The eGFRypgrp value in
Kasanda was significantly lower than those in Makululu and
Hamududu. ALT, BUN and BUN/Cre did not show any significant
area difference.

The distribution pattern of the parameters by age and Pb—B
range is presented in Supplementary Table S6. Moreover, the
comparison of parameters with normal levels for the participants
with the age of 18 and above is summarized in Fig. 1. Most of the
participants had T-bil values in the normal range or below, whereas
only 1.5% of adult female and 0.9% adult male participants had a
value higher than the normal range. Adult male participants
recorded significantly greater T-bil level compared to other cate-
gories although there was no significant difference of T-bil level by
Pb—B range in adult male group. Similarly, two major hepatic pa-
rameters, AST and ALT, were within the normal range for most of
the participants. In addition, those two parameters in adult male
group was significantly higher than those in other three categories
as same as T-bil. However, the LDH, GGT, and ALP levels exceeded
the normal values in approximately 20—70% of the adult partici-
pants. The highest values of LDH, GGT, and ALP were 1176, 390, and
1660 IU/L, respectively, which are approximately 5—10 times higher
than the upper limit of the normal range. For the LDH and ALP, adult
female and male groups recorded significantly lower values
compared with other two age categories while GGT in these two
adult groups were significantly higher than that in two younger age
categories. The T-pro and Alb levels were lower than the normal
range in approximately 30% of the adult participants. The signifi-
cantly higher T-pro and Alb levels were shown in adult female and
male groups than other two groups except the relationship of Alb
value between the group with age of 5—17 years and the adult fe-
male group. There was no Pb—B effect on T-pro and Alb. Approxi-
mately 20% of the tested adult female and male participants had
values higher than the normal range for UA, whereas Cre levels of
approximately 60% of female and 30% male participants exceeded
the normal range. The BUN/Cre ratio was lower than the normal
range for almost half of the adults. By contrast, BUN and eGFRyiprp
were mostly in the normal range. The significant effect of Pb—B on
these parameters relating to renal function were rarely recorded.
Generally, male aduly group showed significantly greater values of
BUN, UA, Cre, BUN/Cre and eGFRyprp.

3.4. 6-ALAD activity

The 3-ALAD activities recorded in the matrix blank and non-
activated and reactivated assays are shown in Supplementary
Table S7 together with the activity ratio. Significantly lower ratios
were recorded in Kasanda and Makululu compared with those
recorded in the six other areas. The maximum ratio of 0.85 occurred
in Kang’omba and Hamududu, whereas the two minimum ratios,
0.29 and 0.30, occurred in Makululu and Kasanda, respectively. The
values of the non-activated and reactivated assays in Hamududu
were significantly the highest across the areas followed by those in
Kang'omba, while no significant area difference was found for the
value of the matrix blank assay.
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Table 1
Blood Pb, Cd and Zn levels in whole blood among the 504 representative Kabwe residents from 8 areas by age (Mean + SD, minimum — maximum).
Area Kasanda Makululu Chowa Natuseko Bwacha Mpima prison Kangomba Hamududu All area
Pb—B (ng/dL)
allage 31.74+19.05 a 1638+9.67 b 810+7.72 ¢ 820+7.07 ¢ 6.28+6.71 cd 531 +3.85 cd 3.99 +3.34 de 299 +2.01 e 14.62 + 14.40
(9.90-154.75)  (3.29-65.9) (1.47—33.44) (1.30 (126 (167 (0.95 (0.79 (0.79
—35.58) —27.89) —21.58) —17.06) —12.61) —154.75)
0-4 85.61+48.04 2455+13.25 8.46 11.68 + 7.52 23.70 5.60 + 3.56 6.76 + 5.37 3.67 + 1.64 16.84 + 26.35 AB
(43.55 (6.06—43.43)  (6.82, 10.09) (3.94 (19.50, (2.30 (2.50 (1.73-7.36)  (1.73
—154.75) —31.32) 27.89) —13.35) —14.55) —154.75)
5-17 3197 + 1216  25.17 + 11.54 14.42 + 13.56 6.74 + 3.82 6.44 + 1.69 5.68 +3.30 547 +4.76 3.10 + 1.57 19.63 + 1464 A
(12.31-66.89) (9.74—65.94)  (3.24—33.44) (2.78 (5.23—8.90) (2.69 (1.78 (1.62-5.77)  (1.62—66.89)
—15.35) —15.11) —17.06)
18 -, 2547 +12.91 12.93 + 6.10 3.62 + 1.41 6.95 + 8.16 3.28 +1.36 4.72 + 490 3.00 + 1.52 2.58 +2.77 11.63 £+ 1032 B
female (9.90—57.87) (4.53—-49.87) (1.47-4.92) (1.30 (1.66—6.31) (1.67 (1.11-6.34) (0.79 (0.79-57.87)
—35.58) —21.58) —12.61)
18 -, 3131 +12.84 13.00 + 6.00 720 £7.15 6.37 +3.77 449 + 4.67 5.53 +£2.99 280+ 1.15 3.04 + 1.31 13.23 +12.07 B
male (10.41-63.63) (3.29-26.80)  (5.62—8.90) (2.43 (1.26-9.85)  (3.32 (0.95-4.80)  (1.18—6.36)  (0.95—63.63)
~11.39) ~10.64)
Cd—B (ug/L)
allage 0.37 +0.26 2a032+030 ab0.16+0.08 cde 0.17 +0.11 cde 0.12 + 0.06 de 0.26 +0.26 bc 0.19 +0.11 cd 0.13 +0.14 e 0.27 + 0.26
(0.12-1.38) (0.04—2.27) (0.06—0.33) (0.05-0.52) (0.05—0.26) (0.04-1.30)  (0.06—0.56)  (0.02—0.99)  (0.02—2.27)
0-4 030+0.16 0.16 + 0.15 0.09 0.11 £ 0.05 0.06 0.15+0.13 0.15 + 0.01 0.06 + 0.03 013 +0.11 A
(0.14-0.52) (0.04-0.38) (0.08,0.10) (0.05-0.25) (0.05, 0.07) (0.04-043)  (0.13-0.16)  (0.02—0.11)  (0.02—0.52)
5-17 0.27 £ 0.17 0.21 £ 0.10 0.13 + 0.09 0.14 + 0.08 0.08 + 0.01 0.19 +£0.13 0.14 + 0.03 0.07 + 0.03 020+0.13 B
(0.12—-1.04) (0.05—0.52) (0.06—0.26) (0.06—0.31) (0.07—0.10) (0.05-0.40)  (0.10—-0.19)  (0.05—-0.12)  (0.05—1.04)
18 -, 0.38 +0.17 0.39 + 0.36 0.21 + 0.10 0.21 + 0.13 0.16 + 0.07 0.24 + 0.16 0.19 + 0.06 0.11 + 0.07 031+028 C
female (0.14—0.72) (0.08—2.27) (0.08—0.33) (0.08—0.52) (0.07-026)  (0.08—0.52)  (0.09—0.30)  (0.03—0.25)  (0.03—2.27)
18 -, 0.51 +£0.39 0.34 + 0.30 0.16 + 0.05 0.23 +£0.17 0.11 £ 0.07 0.70 + 0.49 0.23 +0.19 0.21 +£0.22 034+032 C
male (0.18—1.38) (0.07—1.46) (0.11-0.21) (0.13—0.48) (0.05—0.19) (0.19-130)  (0.06—0.56)  (0.05—0.99)  (0.05—1.46)
Zn—B (mg/L)
allage 592+137 a552+125 ab514+1.05 ab 501+111 b 549+1.13 ab 580+ 146 ab 504 +1.09 b 5.37 +1.38 ab 5.51 + 1.30
(345-1020)  (2.30-10.06)  (3.53—7.02) (2.95-7.53) (3.72-7.36) (299-9.27)  (3.05-6.85)  (2.78—8.53)  (2.30—10.20)
0-4 531+1.18 3.84 +1.15 4.55 4.49 + 0.82 4.16 4.50 + 0.84 426 +0.73 3.99 + 1.58 436+106 A
(4.17—6.84) (2.30-5.14) (4.29, 4.81) (2.95-5.96) (3.72, 4.60) (299-593)  (3.46-491) (2.78-=7.75)  (2.30—7.75)
5-17 4.95 + 0.95 4.95 + 0.95 4.48 + 0.90 4.51 + 0.85 527 +1.20 5.04 + 0.98 4.19 + 0.94 494 + 1.24 471102 A
(3.45-7.34) (3.45-7.34) (3.53—-5.69) (3.40—-5.88) (4.27-6.70) (3.40-6.79) (3.05-6.19) (3.40-6.93) (3.03-9.70)
18 -, 6.22 + 1.13 5.67 + 1.00 5.59 + 1.16 549 + 1.04 5.78 + 0.94 6.78 + 1.27 5.54 + 1.00 533 +0.94 579+1.09 B
female (4.61—8.84) (3.48—8.82) (4.36—6.82) (3.05-7.53) (445-7.36)  (4.93-927) (3.93-6.83)  (3.16-7.09)  (3.05-9.27)
18 -, 6.97 + 1.32 6.44 + 1.02 5.52 + 1.06 571+ 1.70 5.69 + 1.68 7.17 £ 0.81 548 + 0.84 6.36 + 1.03 640+1.17 C
male (4.94-1020) (4.64-10.06)  (4.57—7.02) (4.00—7.24) (3.92-7.26)  (625-8.06) (3.66-6.85)  (4.61-8.53)  (3.66—10.20)

Note: Different small letters (a, b, ¢, d and e) between columns indicate a significant difference among areas. Different capital letters (A, B and C) indicate a significant difference

among age categories.

Additionally, the comparison of the 3-ALAD activity ratios by age
and Pb—B was summarized in Table 2. In comparison of different
Pb—B categories in the group with the age from O to 4 years, two
categories with Pb—B of 20.0 pug/dL and above had significantly
lower 3-ALAD activity ratios than other two categories with Pb—B
below 20.0 pg/dL. Similar trend was observed in the age groups
of 5—17 years as well as 18 years and above. There was no signifi-
cant difference among different age groups.

3.5. Association among blood metal levels and other factors

The association between Pb—B and the 3-ALAD activity ratio is
shown in Fig. 2. Within the group of all Kabwe residents who were
randomly selected in the current study, the Pb—B level and 3-ALAD
activity ratio were negatively correlated, with an r? value of 0.288
(p < 0.0001). Correlation coefficients between blood metal levels
and blood biochemical parameters, as well as the 3-ALAD activity
ratio, are shown in Table 3. The Pb—B and Cd—B were positively
correlated with statistical significance for all the age categories. A
significant positive correlation between Pb—B and UA was recorded
for all the age categories except the category of 0—4 years, whereas
there was a significant negative correlation between the Pb—B level
and T-bil, as well as the 3-ALAD activity ratio, for the category of all
age. The Pb—B and3-ALAD activity ratio showed a strong negative
correlation with a statistical significance for all the age categories as

Fig. 2 drew the statistical negative significance for the category of
all age. The Cd—B level showed significant positive or negative
correlations with most of the parameters other than T-bil, AST and
eGFRyvprp. However, those significant association with Cd—B did
not appear for all the categorized age groups while UA and3-ALAD
activity ratio were positively and negatively correlated with Cd—B
for the age categories of 5—17 years as well as 18 years and
above, respectively. Similarly, Zn—B value was significantly corre-
lated with most of the parameters for the category of all age
whereas no significant association was observed for the age cate-
gories of 0—4 years as well as 5—17 years. PCA was performed on
log-transformed data to evaluate the relationship between blood
metal levels, age, BMI, and the 3-ALAD activity ratio for the category
of all age (Fig. 3). The results showed that the first principal
component (PC1) accounted for 37.2% of the variation, and the
second principal component (PC2) accounted for 28.8%. The Zn—B
level was the factor that most positively contributed to PC1 fol-
lowed by the Cd—B level, age, and BMI. PC2 had a strongly positive
relationship with the 3-ALAD activity ratio and a negative rela-
tionship with Pb—B. The Pb—B level and 3-ALAD activity ratio had
the strongest negative relationship.

4. Discussion

Although environmental metal pollution remains a significant
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Fig. 1. Comparison of blood biochemical parameters in plasma of adult female (A) and male (B) with normal range (NR) by Pb—B range (0—4.9, 5-19.9, 20—44.9, 45< ng/dL).

Table 2
The 3-ALAD activity ratio in whole blood in Kabwe residents by groups categorized by age and Pb—B range (0—4.9, 5—19.9, 20—44.9, 45< pg/dL).
age group Pb—B range min 25% quartile median 75% quartile max mean SD SE
all age all Pb—B 0.294 0.490 0.581 0.667 0.850 0.577 0.122 0.006
0-4 all Pb—B 0.333 0.532 0.629 0.686 0.773 0.596 0.126 0.022 A
<5 0.463 0.633 0.646 0.679 0.742 0.643 0.072 0.020 a
5-19.9 0.483 0.565 0.619 0.706 0.758 0.636 0.092 0.028 a
20.0—44.9 0.333 0.388 0.486 0.542 0.773 0.499 0.158 0.065 b
45< 0.351 0.354 0.356 0.358 0.360 0.356 0.006 0.004 b
5-17 all Pb—B 0.303 0.462 0.560 0.634 0.850 0.558 0.125 0.011 A
<5 0.553 0.613 0.678 0.759 0.850 0.686 0.090 0.019 a
5-19.9 0.355 0.532 0.595 0.669 0.800 0.590 0.108 0.016 b
20.0-44.9 0.313 0.411 0.500 0.558 0.714 0.496 0.099 0.013 c
45< 0.303 0.401 0.431 0.445 0.463 0.411 0.058 0.024 c
18 - all Pb—B 0.294 0.500 0.587 0.667 0.849 0.583 0.120 0.007 A
<5 0.364 0.594 0.667 0.727 0.849 0.659 0.097 0.010 a
5-19.9 0.333 0.469 0.564 0.633 0.847 0.560 0.115 0.009 b
20.0—44.9 0.294 0.481 0.533 0.600 0.755 0.526 0.091 0.014 b
45< 0.308 0.333 0.393 0.484 0.545 0.412 0.093 0.031 c

Note: Only one capital letter (A) indicate that there was no significant difference among age groups. Different small letters (a, b and c¢) indicate a significant difference among

Pb—B range categories.

risk factor for human health all over the world, many serious
pollution cases associated with industrial activities have been
recently reported especially in Africa where a rapid economic
growth is being achieved (Dooyema et al., 2012; Olewe et al., 2009;
Tuakuila et al.,, 2013; Yabe et al,, 2010). However, exact effect on
human health due to metal exposure remains unknown despite the
big effort to evaluate metal accumulation status in the past studies.
Assessment of adverse health effect would be a key to quantify the
impact of pollution and to move toward resolution. In this sense, it
is vitally important that our cross-sectional study of clinical
screening relating to the exposure to multiple metals indicated the
effect on hematopoietic, hepatic and renal functions.

Dispersibility of areas in Kabwe was maintained after the
random selection of SEAs to choose 504 individuals in terms of the
direction and distance from the mine, which are key factors that
determine the Pb contamination level (Nakayama et al., 2011; Yabe
et al., 2020). The selected subjects were considered representative
of the Kabwe region. Kasanda and Makululu are seriously
contaminated by Pb. This result agrees with previous reports of Pb
contamination in children’s blood (Yabe et al., 2015), feces, and
urine (Yabe et al., 2018). Similarly, the result of higher Pb—B of
younger generation in some areas including Kasanda, Natuseko and
Bwacha supported the previous findings that children had greater
Pb—B than adults (Yabe et al., 2020) although such a trend was not
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Fig. 2. Relationship between logPb-B and 3-ALAD activity ratio of the 504 repre-
sentative Kabwe residents.

clearly shown in general. Chowa and Natuseko followed Kasanda
and Makululu, with mean values close to 10 pg/dL. It should also
be emphasized that some residents had Pb—B values above the
reference level of 5 png/dL, even in rural areas away from the mine,
such as Mpima prison, Kang’'omba, and Hamududu. Considering
the possibility that the reference level may be revised to 3.48 pg/
dL based on the 2011—2014 National Health and Nutrition Ex-
amination Survey (NHANES) (Caldwell et al.,, 2017), observed
mean Pb—B levels below 5 pg/dL in Kang’omba and Hamududu
should also be carefully considered. Compared with the results
concerning other African countries, the Pb—B levels recorded in
the current study were higher, although elevated Pb—B values
have been reported in northwestern Nigeria where more than 400
children died because of Pb poisoning caused by artisanal mining
activities; the values ranged from 36.5 to 445 pg/dL in 86 children
<5 years of age (Dooyema et al., 2012; Pure Earth, 2014). In a cross-
sectional study in Kinshasa, Democratic Republic of Congo, where
leaded gasoline was still used at the time, Pb—B levels in 275
representative residents ranged from 2.9 to 49.3 pg/dL, with a
median value of 9.9 pug/dL (Tuakuila et al., 2013). In Kibera slum,
Nairobi, Kenya, a mean Pb—B level of 6.0 ug/dL with a range of
3.3—24.7 pg/dL was recorded in a cross-sectional study targeting
387 children aged 6—59 months (Olewe et al., 2009). Mean Pb—B
values of 5.85 (N = 618) and 5.66 (N = 1546) pug/dL at birth and the
age of 13 years, respectively, were reported in a cohort study
conducted in the Johannesburg—Soweto metropolitan area
(Naicker et al., 2010). The elevated Pb—B level in Kabwe relative to
that in other countries has sounded the alarm due to the serious
effects on human health.

Elevated fecal and urine Cd levels in Kasanda and Makululu
residents have been reported (Yabe et al., 2018), and supportive
results were obtained in our blood analysis study. A significantly
higher Cd—B level was detected in Kasanda than in other areas
except Makululu. A similar significantly high level of Cd—B was
also recorded in Makululu compared with those recorded in the
other areas except Mpima prison. In comparison of Cd—B by age, it
was found that adults accumulated greater level of Cd in their
blood than children and adolescents on the contrary to Pb accu-
mulation pattern. Although the exact Cd—B threshold that would
cause adverse health effects is unclear, the mean values for all
residents in Kasanda and Makululu were markedly higher than
those reported for children in Koprivnica (Croatia), i.e., 0.17 ug/L

Table 3

Correlation coefficients (%) between blood metal levels, biochemical parameters and 3-ALAD activity ratio by age.

Zn—B

Pb—B

Age category

18 -

all age

18 -

all age

18 -

all age

r2

0.74 0.19

r2
0.15 0.03

0.07 0.12

r2

2

<.0001 0.03

r2

<.0001 0.56

r2
<.01 0.56

r2 r2 2 2
<.0001 048

2

r2

<.001

0.27

047

0.46

Pb—B

<.005

0.19 0.16

<.0001 0.35

0.32

<.0001
<.001

<.0001 0.56
0.74

0.56
0.03

01

0.15
0.68
0.14

0.11

<.

<.0001 048
0.47

0.46
0.03

Cd—-B

0.16  <.005

0.19

0.07 0.12
0.57

<.0001 0.35

0.22
0.98

0.32
0.06
0.00
0.14

0.19

0.27

Zn—B

<.001
<.01
<.05

—0.04 0.65 0.19
-0.13 0.16 0.15
—0.06 0.53 0.11

-0.15 0.09

0.63
0.46
0.67
0.20

<.0001 0.09

23
-0.02 0.74

0.
0.20

-0.04 046

0.07
0.06
0.00
0.00
0.05
0.08
0.00
0.08
0.18
0.05
0.03

-0.07 043

0.11
0.21
0.13

0.2

-0.04 044

0.01

-0.22 <.05
-0.02 0.84

0.00
0.01

0.08
0.28
0.30
0.41
0.31

-0.12 <.05

0.04

T-bil
AST
ALT

0.14

0.23
0.25
0.93
093
0.37
0.14
0.94
0.14

0.94
0.39

0.29 0.01

0.80

0.35

<.0001 0.08

049 0.08
0.28
030

<.005

-0.02 0.69

0.97
0.91

-0.05 0.27
0.09

—0.03 0.65

-0.23 <.0001 0.24

0.30

—0.06 0.52

1

-0.12 <.01

0.14

—0.03 0.58
—0.01

0.00

0.07

0.00

0.08

0.19

0.08

0.02

<.05

0.11

0.05

LDH

0.05
0.79
<.05

0.58 0.04 0.68 0.11

0.66

<.0001 0.11

-0.03 0.74
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Fig. 3. Principal component analysis on log-transformed data of the 504 representative Kabwe residents showing the relationship among blood metal levels, age, BMI and 3-ALAD
activity ratio. K = Kasanda, M = Makululu, C = Chowa, N = Natuseko, B = Bwacha, P = Mpima Prison, G = Kang’omba, H = Hamududu.

(N = 46), Prague (Czech Republic), i.e., 0.13 pg/L (N = 8), Wroclaw
(Poland), i.e., 0.15 pg/L (N = 27), Ban (Slovakia), i.e.,, 0.14 ng/L
(N = 57), Landskrona (Sweden), i.e., 0.11 pg/L (N = 41), Camilo
Ponce Enriquez (Ecuador), ie., 0.26 pg/L (N = 69), and Fez
(Morocco), i.e., 0.21 pg/L (N = 39) (Hruba et al., 2012). By contrast,
higher Cd—B values have been reported in Asian countries where
the dietary intake of rice and vegetables could be the major sources
of Cd in the general population. Mean Cd—B levels of 1.57 (N = 955)
and 1.49 (N = 954) pg/L have been reported in South Korean men
and women, respectively (Hwangbo et al., 2011), compared with
1.05 pg/L in 289 pregnant Taiwanese women (Lin et al., 2011).
However, in addition to the well-known fact that Cd is a neph-
rotoxin at high exposure levels (Jarup et al., 1995), Cd-related
nephrotoxicity at relatively low exposure levels has also been
revealed (Akesson et al., 2005; Ferrano et al., 2010; Thomas et al.,
2008). Thus, the potential health effect of Cd should be carefully
observed in Kabwe. In contrast to Pb—B and Cd—B, variation in
Zn—B was small among areas, whereas some significant differences
that cannot be clearly explained were detected. Similarly, no
elevation of Zn—B was previously reported for goats and chickens in
Kabwe (Nakata et al., 2016) or for Zn levels in rat organs (Nakayama
et al., 2013), although soil Zn concentrations increased around the
Kabwe mine area (Nakayama et al.,, 2011).

Analyzed blood biochemical parameters for adult participants
were compared with normal ranges which were presented in
manual supplied by the manufacturer of the instrument. However,
the values for children and adolescents could not compare with the
manual’s normal range because the physiological normal values of
biochemical parameters usually differ by age (Adeli et al., 2015).
Besides, although the reference values for the younger generation
which were derived from developed countries are often used for
the African population, the normal values differ by race especially
for the younger generation (Dosoo et al., 2014; Quinto et al., 2006).
Unfortunately, there is no reference values specifically for Zambian
children. These are common challenge and limitation of this kind of
study. Thus, we compare the results of blood biochemical param-
eters for children and adolescents by Pb—B to evaluate the effect of
Pb exposure. Additionally, Pearson product-moment correlation
analysis was applied to assess the correlation between blood metal
levels and blood biochemical parameters.

Among the hepatic function parameters, most of the adult
participants were within the normal range of T-bil, AST and ALT
despite some significant area differences for T-bil and AST. The
reason for the unexpected high LDH levels in Chowa and Bwacha as

well as GGT in Bwacha is unclear; however, the small sample size of
Chowa and Bwacha may have played a role. Although approxi-
mately 25—60% of the tested adult participants showed the values
of LDH, GGT and ALP above normal ranges, the frequencies of
abnormal values for these parameters were not Pb—B level-
dependent. Analysis of T-pro, Alb, UA, Cre and eGFRyprp for renal
function screening showed significant area differences. Interest-
ingly, most of the observed area differences did not reflect the
ranking of the metal levels. The low Alb value in Makululu, as well
as that of Cre in Makululu and Hamududu, could be attributed to
poverty and malnutrition in these areas (Hiwatari et al., 2019). The
eGFRyprp value was lowest in Kasanda, indicating the inhibition of
glomerular filtration function by Pb and Cd exposure. The activity of
0-ALAD, an enzyme involved in heme biosynthesis that catalyzes
the condensation of two molecules of d-aminolevulinic acid (3-
ALA) to form porphobilinogen (PBG) (Sakai and Morita, 1996), was
also significantly inhibited in Kasanda and Makululu. Inhibition of
0-ALAD leads to hemoglobin oxidation, which directly causes red
blood cell (RBC) hemolysis. The 3-ALAD assay results are indicative
of both Pb-induced hematological disorder and oxidative stress
(Ahamed et al., 2006; Gurer-Orhan et al., 2004), suggesting that d-
ALAD inhibition may imply other health effects in Kasanda and
Makululu in addition to hematotoxicity.

Some significant area differences were detected in the residents’
characteristics, such as age, height, body weight, and BML. Thus, the
statistical relationship among blood metal levels and other factors
was evaluated as one group without distinguishing between areas.
It should be emphasized that this is the first report about clinical
outcomes affected by metal exposure in Africa. Most of the blood
biochemical parameters had a statistically significant relationship
with Cd—B and Zn—B for the category of all age. These significant
association would be understood by the fact that adult participants
generally recorded greater Cd—B, Zn—B and some biochemical pa-
rameters such as T-bil, ALT, GGT, T-pro, Alb, UA, Cre and eGFRyprp
than the age groups of 0—4 years as well as 5—17 years. Conversely,
adult participants had lower parameters including LDH, ALP and
BUN/Cre. These higher or lower biochemical parameters in adults
compared to children and adolescents are well-studied and known
fact as physiologically normal (Adeli et al., 2015). It should be also
noted that some biochemical parameters did not significantly
correlate with Cd—B and Zn—B at comparison within each age
category. Taken together, the change of parameters which signifi-
cantly correlated with Cd—B and Zn—B only for the category of all
age, but not for each age category, should not be considered as the
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effect of Cd or Zn. No statistical correlation with blood metal levels
was observed for LDH, GGT, and ALP, whereas approximately
25—60% of tested subjects had elevated values compared with the
normal range. An increase in LDH, GGT, and ALP normally suggests
disorder of the liver or biliary system. However, the two major
hepatic enzymes, AST and ALT, were within the normal range in
most of the subjects. It should be also remembered that the in-
creases of LDH, GGT and ALP were not Pb—B level-dependent. Taken
together, our results suggested that biliary system disease is a
common health issue in Kabwe due to reasons other than metal
exposure. T-pro and Alb had significant positive correlations with
Zn—B for the adult participants and were below normal levels in
approximately 30% of the studied population. This finding suggests
that people with insufficient Zn have lower amounts of blood
protein. This is reasonable, as malnutrition is usually linked to a
shortage of both blood protein and Zn. Another possible reason for
a lower amount of blood protein is an increase in kidney Alb
excretion due to renal dysfunction, which was suspected due to the
elevated UA and Cre levels. In the statistical comparison, UA had a
significant and positive correlation with Pb—B, Cd—B, and Zn—B for
the adult participants. Although it is known that Pb and Cd exhibit
dose-dependent renal toxicity (ATSDR, 2012; 2017; Bernard, 2008),
the reason for the significant relationship between Zn—B and UA is
unclear. The inverse correlation between eGFRyprp and Cd—B for
the adult participants in the current study is in agreement with
earlier reports (Buser et al., 2016; Hwangbo et al., 2011). High r?
value was recorded between Pb—B and the 3-ALAD activity ratio,
which is widely considered a sensitive indicator of early Pb expo-
sure (Fontanellas et al., 2002). While a significant negative associ-
ation was also observed between Cd—B and the 3-ALAD activity
ratio, the PCA and Pearson product-moment correlation analysis
results indicated that the reduction in the 3-ALAD activity ratio was
caused mainly by increased Pb—B rather than increased Cd—B. In
addition, the confounding relationship between Pb—B and Cd—B
affected the association between Cd—B and the 3-ALAD activity
ratio. In fact, an inverse effect of Pb exposure on 3-ALAD has been
widely reported (Fontanellas et al., 2002; Mani et al., 2018), con-
trary to that observed for Cd. The relationship between BMI and age
based on PCA agrees with a finding reported in Lusaka, the capital
city of Zambia (Rudatsikira et al., 2012). The association of Zn—B
with BMI can also be explained by the nutrition status, similar to
that mentioned above for blood protein.

5. Conclusion

The current study provides new insights into the accumulation
status of Pb, Cd, and Zn in Kabwe. It is noteworthy that Cd—B and
Zn—B are reported for the first time, as it is important to consider
interactions between metals. In addition to the elevated Pb—B
levels in a wide area of Kabwe, an increase in Cd—B was also
recorded in Kasanda and Makululu where high Pb—B levels were
measured, whereas Zn—B had lower variation among areas. This is
also the first clinical evaluation for hemato-, hepato-, and renal
toxicity screening related to the exposure to multiple metals on the
African continent. Significant correlations were found between
blood metal levels and clinical parameters especially for adult
participants, indicating potential adverse health effects due to
metal exposure in Kabwe. Based on the observed scientific evi-
dences in our study, immediate treatment of affected people and
remediation of polluted environments are strongly recommended
in addition to further studies to reveal exposure pathways and
other toxic effects, such as neurodevelopmental disorders.
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ABSTRACT

The ubiquitous contamination of environmental lead (Pb) remains a worldwide threat. Improper Pb mine waste
disposal from an abandoned lead-zinc mine has recently unearthed widespread Pb poisoning in children in
Kabwe Zambia. Although the adverse effects of Pb on human health have begun to receive attention, the eco-
toxicological effects on aquatic vertebrates still need further investigation. In addition, there is paucity in the
knowledge on the behavioural and molecular subcellular responses in larval zebrafish exposed to Pb within the
range of environmental relevant concentration (average 3 pg/L with maximum of 94 pg/L) on aquatic organisms
such as zebrafish. The adverse effects of environmentally relevant levels of Pb on larval zebrafish was evaluated
by measuring swimming behaviour under alternating dark and light conditions. Larval zebrafish acutely exposed
to environmentally relevant Pb exhibited neuro-behavioural alteration including enhanced hyperactivity under
light conditions evidenced by increased distanced covered and speed compared to the control. The alteration of
entire behavioral profiles was further associated with the disturbed expression patterns of mRNA level of key
genes associated with antioxidant (HO-1, Ucp-2 and Coxl), proapoptotic gene (TP53), and antiapoptotic gene
(Bcl-2). To our knowledge, this is the first report on the effects of environmentally relevant Pb levels from Kabwe,
Zambia and their adverse neurobehavioural effects and subcellular molecular oxidative responses in larval
zebrafish acutely exposed within a 30 min period. The current results would be beneficial in our understanding of
the effects of low Pb levels acutely discharged into an aquatic environment and the life of aquatic organisms.

1. Introduction

2010; Nakayama et al., 2011). Dispersion of the contaminated soils in
the form of dust particles, by strong winds and occasional flooding, has

Lead (Pb) has been reported as the most abundant toxic metal
element in the environment and is generally found in trace amounts in
soils, plants, and water (Cheng and Hu, 2010; Wani et al., 2015).
Although Pb is ubiquitous in aquatic environments, high levels of Pb
could be attributed to anthropogenic activities including the manufac-
ture of batteries, paint, cement, as well as mining and smelting (Kim and
Kang, 2017). Because of its valuable use historically, lead was exten-
sively mined, and very large piles of leaded soil waste tailings are still
found in some parts of the world. One of the most well-known cases is a
now closed lead-zinc mine that operated for over 90 years in Kabwe
(Zambia) without any Pb waste management system (Ikenaka et al.,
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led to the pollution of the city and eventual contamination of children;
leaving the majority of them with blood Pb levels above the 5 pg/dL
level of concern as set by by the Centers for Disease Control and Pre-
vention (Bose-O’Reilly et al., 2017; Yabe et al., 2020, 2015). Samples
from domestic animals like cattle, goats, free range chickens and wild
rodents within the vicinity of the closed mine had substantial Pb accu-
mulation in their tissues (Nakata et al., 2016; Nakayama et al., 2011;
Yabe et al., 2013, 2011). On the other hand, Pb levels in natural water
bodies and ground water drawn from boreholes in the area were found
to have the highest concentration of 94 pg/L from a given site with the
average concentration of 3 pg/L. The average concentration was below
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the Pb permissible values of 50 pg/L by the Zambia Bureau of Standards
(Nachiyunde et al., 2013).

Lead is known to be deleterious to almost all living organisms even in
smaller amounts (Pokras and Kneeland, 2008). In humans, especially
children, deficits in cognitive and academic skills have been reported in
blood Pb concentrations lower than 5 pg /dL (Lanphear et al., 2000). In
both young animals and humans, the nervous system, especially the
brain, has been widely reported as the most vulnerable to Pb toxicosis
due to its rapid growth that may incorporate Pb and the immature blood
brain barrier (Flora et al., 2012). Furthermore, associations between
subclinical Pb toxicosis and altered behaviour such as delinquent,
antisocial and aggressive behaviours in humans have been reported in
several studies (Nevin, 2000; Olympio et al., 2010; Sciarillo et al., 1992).
Zebrafish are increasingly being used as a model organism due to their
close homology (71 %) with the human genome (Howe et al., 2014). In
zebrafish, Pb exposure to various levels and at different stages of the
zebrafish development has been known to induce an array of neuro-
behavioral derangements such as memory deficit, altered colour pref-
erences, altered responses to environmental stimuli such as locomotor
activity patterns under light and dark illumination and sensorimotor
responses among others (Chen et al., 2012; Dou and Zhang, 2011;
Fraysse et al., 2006; Lefauve and Connaughton, 2017; Xu et al., 2016;
Zhao et al., 2019). This neurotoxicity is suggested to arise due to direct
damage to the nervous tissue through oxidative stress or alteration on
the neurotransmitters and or their receptors (Lee and Freeman, 2014a;
Tu et al., 2018; Weber et al., 1997). For example, Pb>* arouses Ca®* and
calmodulin to stimulate and modulate the release of neurotransmitters
in neurons (Zhong et al., 2017). In addition, Pb exposure disturbs the
balance of pro-oxidants and antioxidants, causing oxidative stress and
Pb poisoning (Kim and Kang, 2017). In vivo studies have suggested that
Pb exposure might induce increases in antioxidant responses in fish
through the production of reactive oxygen species (ROS) (Kim and Kang,
2017; Maiti et al., 2010). Lead exposure in fish also has toxic effects on
membrane structure and function owing to its high affinity to red blood
cells, which increases susceptibility to oxidative stresses (Gurer and
Ercal, 2000).

Environmental Pb exposure at low levels have been linked to wildlife
mortality by hindering the complex mental processes and social be-
haviours required in general (Pokras and Kneeland, 2008). In zebrafish a
subset of low Pb level studies affecting developmental and behaviours in
embryos and adult fish in particular (Chen et al., 2012; Lee and
Freeman, 2014a, 2014b; Lefauve and Connaughton, 2017; Li et al.,
2019a, 2019b; Tu et al., 2018; Weber et al., 1997; Zhao et al., 2019)
have been reported. However, no studies have examined the effects of
very-low acute Pb exposure on the larval zebrafish neurobehavioural
and oxidative stress responses. A paucity of information on the adverse
effects of the reported Pb levels from water samples obtained from
Kabwe, Zambia on aquatic life formed the background of the present
study. To this end, the following questions were asked: Do acute expo-
sure to levels of Pb, as they occur in Kabwe, causes locomotor pattern
activity change under dark/light illumination? If so, are the resulting
neurobehavioural changes accompanied by oxidative stress responses?

2. Materials and methods
2.1. Fish husbandry and larviculture

Adult wild-type zebrafish strain specifically kept as a breeding stock
were used. Fish were maintained at 26 — 28 °Con a 14 -h light and 10 -h
dark cycle in a ZebTec (Tecniplast, Italy) flow-through, reconstituted
water system in the National Aquatic Bioassay Facility (NABF) at North
-West University, South Africa. All experimental procedures were con-
ducted in accordance and adherence to guidelines approved by the
North-West University AnimCare Ethics Committee (Ethics number
NWU-00269-16-A5). Zebrafish were bred in a 60 L iSpawn breeding
tank with a 1/8” nylon mesh false bottom to protect fertilized eggs from
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being consumed by the adults. Eggs were collected < 2 h post fertil-
ization (hpf), counted, and placed into Pb-free, glass culture dishes
containing an embryo development medium (E3 medium: each litre
contains 0.875 g NaCl, 0.038 g KCI, 0.120 g MgSO4, 0.021 g KHoPOy4,
and 0.006 g NagHPO,). The unfertilized embryos were sorted out under
a Zeiss stemi microscope and the viable embryos were kept in an incu-
bator at 28 °C in Pb-free embryo media. After 24 hpf again the embryos
were examined under the stemi microscope to remove any coagulated
embryos. Half of the embryo medium (E3 medium) was replaced daily
with freshly oxygenated medium until the test started at 120 h post
fertilization (hpf). The zebrafish larvae were not fed throughout the test.

2.2. Lead (Pb) stock solution and exposure protocols

Lead acetate trihydrate (PbAc; Purity 99.5 %) was purchased from
Fluka chemika (Sigma-Aldrich), Buchs, Switzerland. A Pb stock solution
of 10 mg/L was prepared from PbAc in ultrapure water and stored at 4
°C. The exposure doses of Pb were prepared from the stock after
appropriately diluting with Pb-free embryo media to 3 pg/L, 91 pg/L
and 250 pg/L Pb concentrations, respectively. The 3 pg/L was based on
the average Pb levels in water and 91 pg/L was estimated based on the
maximum Pb sampled nearest to the point source (Nachiyunde et al.,
2013) and 250 pg/L was the included as highest level of exposure
approximately three times the maximum Pb level in Kabwe water
bodies.

2.3. Acute Pb exposure, recording and analysis of locomotor behaviour in
120 hpf old larval zebrafish

Larval zebrafish, 120 hpf, reared in Pb-free embryo media were
exposed to Pb at three concentrations (3 pg/L, 91 pg/L and 250 pg/L)
and a control group (0 pg/L). The choice of the age of the zebrafish
larvae (120 hpf) was based on standard protocol that recommends that
all behaviour studies are done between day 5-7 days post fertilization
when fish are free swimming but feeding on the yolk sac (Strahle et al.,
2012). The experimental design consisted of a negative control (n = 12)
and exposure concentrations; 3 pg/L (n = 12), 91 pg/L (n = 12) and 250
pg/L (n = 12). One larva per well was transferred to the 12 well testing
plate using a plastic pipette with each well containing 3 mL of the
respective exposure solution. The acute exposure was replicated four
times in order to achieve twelve replicates (n = 3 per group per run). The
12-well plate was placed in a Noldus DanioVision chamber (Wagenin-
gen, Netherlands) and recorded at 25 frames per second. Experiments
were performed at 28 °C in embryo media at a 10-minute light: dark
cycle intervals for a total time of 30 min. We excluded the first 2 min as
habituation, and selected the 5th minute under the first dark phase and
15 min time point in the light phase as the statistical behaviour reference
point as previously described by Li et al. (2019a). In addition, zones
(center and outer) within each well were setup by digitally dissecting
zones per plate using Noldus EthoVision XT15 software. The exposure
and recording were repeated four times while changing the position of
each treatment to minimize the effect of positioning of the larvae in the
DanioVision chamber. Thereafter, the larval zebrafish were sacrificed in
cold ice water as approved by the North West University ethics com-
mittee and immediately preserved in 1.5 mL Eppendorf tubes with cold
RNAlater® (Ambion, South Africa). To obtain adequate pooled samples
(5-10 larvae) for RNA extraction based on our pre-experimental trials,
additional exposures were carried out across the groups (n = 24) using
same conditions and concentrations of test compound. The samples were
stored at —80 °C prior to RNA extraction.

2.4. RNA extraction and real-time PCR analysis
An RNA isolation protocol was used where 5-10 pooled larvae

samples were homogenized in TRI Reagent® with a zirconia bead using
a tissue lyser; chloroform was added, and samples were vortexed and
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then centrifuged at 13,000g for twenty minutes at 4 °C. The supernatant
was then mixed with 350 pL of 70 % ethanol and then placed in the
FastGene® RNA binding column. Afterwards, the standard FastGene®
RNA Basic kits protocol was followed for the rest of the steps. The RNA
was eluted from the membrane using RNase free ultrapure MilliQ water.
The RNA quality was assessed by spectrophotometry (OD 260:280 ratio)
using a NanoDrop 1000A Spectrophotometer (Delaware, USA). The first
strand cDNA synthesis kit ReverTra Ace-a (Toyobo) was used for cDNA
synthesis according to manufacturer instructions.

The real-time quantitative reverse transcription polymerase chain
reaction (RT-qPCR) analysis (StepOnePlus Real-Time PCR System,
Applied Biosystems, USA) was performed using a 10 pL PCR reaction
mixture containing 5 pL of Fast SYBR Green Master Mix (Applied Bio-
systems, USA), 0.4 pL of 5 pM forward and reverse primers (Thermo
Fisher Scientific, Life Technologies Japan Ltd., Japan), 20 ng of cDNA of
each pooled zebrafish larvae samples, and 2.2 pL of distilled water. The
qRT-PCR condition for all target genes was 95 °C for 20 s, followed by 40
cycles of 95 °C for 3 s, and 60 °C, 62 °C or 65 °C for 30 s depending on the
annealing temperature of a given primer set as shown in Table 1. Most of
the primers used were obtained from published works (Jin et al., 2010;
Shi and Zhou, 2010; Stancova et al., 2015) and some were generated
using the NCBI and Primer3 tools. The gene expressions of various
oxidative stress related genes were quantified according to the relative
absolute method using tubulin 1a (Tubal) as a house keeping reference
gene (Table 1). The choice of Tuba I as a housekeeping gene was based
on its stability and constant expressions in both control and Pb exposed
groups after preliminary validation when compared with beta actin,
which is in agreement with (Mccurley and Callard, 2008) in zebrafish at
various developmental stages following chemical treatment. The primer
efficiency range was from 96.5%-100.4%.

2.5. Measurement of Pb in exposure test solutions

The Pb in exposure media were measured for verification purposes.
Freshly constituted Pb exposure dose solutions using 99.5 % lead acetate
trihydrate and the actual Pb exposure solutions that remained in wells
after sacrificing the zebrafish larvae during the study were collected and
analyzed. After acidification, concentration of Pb was measured using
the inductively coupled plasma mass spectrometry (ICP-MS, 7700 series;
Agilent Technologies, Tokyo, Japan). The instrument detection limit for
Pb was 0.001 pg/L.
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2.6. Data analysis

The larval locomotor behaviour data and gene expression data were
analysed using GraphPad Prism software (Prism 7 for Windows; Version
5.02, California USA). The data were reported as mean and SEM (stan-
dard error of the mean). Data were tested for criteria of normality using
the Kolmogorov-Smirnov test and homogeneity of variance using Lev-
ene’s test. If data were normally distributed an analysis of variance (one-
way ANOVA) was performed and the differences among test groups
were assessed with the Tukey’s test. For non-parametric data the Krus-
kal-Wallis test and Dunn’s Multiple Comparison test or Mann-Whitney
U test was used. In our experiment the difference between groups was
assessed to be significant at P < 0.05 (*) and P < 0.01 (**).

3. Results
3.1. Concentration of Pb in exposure test solutions

The nominal Pb dose represents the theoretical doses upon which the
exposure solutions were prepared (0, 3, 91 and 250 pg/L) using pure
grade 99.5 % lead acetate trihydrate. The actual Pb concentrations
detected by ICP-MS (100 — 106.7 % recovery) in the exposure solutions
were within an 8% range (0, 3.2, 93 and 252.6 pg/L, respectively).

3.1.1. Effect of acute Pb exposure on locomotor behaviour and molecular
subcellular responses in larval zebrafish (120 hpf old Danio rerio larvae)

Under locomotor behaviour, we investigated the mean distance
covered, the mean speed, cumulative mobility, cumulative immobility,
mobile frequency, immobile frequency, durations (time) spent in the
center/outer of the plate (Fig. 1), dark/light illumination related loco-
motor behaviour with emphasis on the distance covered and speed as
shown in Figs. 2 and 3.

3.1.2. Pb effects on the mean distance covered and speed of larval zebrafish

The mean total distance travelled across the exposed group was
significantly higher (Tukey test, p < 0.01) than that of the control group.
The mean distance for the control, 3 pg/L, 91 pg/L and 250 pg/L were
51,891 + 3054 mm,77,857 + 5108 mm, 88,623 + 4737 mm and 85,287
+ 3545 mm, respectively as shown in Fig. 1A. However, there was no
significant difference in the mean distance covered among the Pb
exposed groups. Regarding the mean swimming speed, we observed
similar trend with the pattern of the mean distance covered. The

Table 1

Primers used for real-time qPCR with annealing temperatures used and PCR product lengths.
Target gene Primer Sequence (5'-3') Annealing Temperature (°C) Product length (bp) Reference
Tubulin alpha I (Tuba I) f{ E&%&%ﬁ%ﬁgﬁzzﬁggziggT C 60 112 a
Glutathione-S-transferase (GST) f{ ziﬁzggiﬁiiggfg :(F}r"[(';g"rgr 1} 60 161 (Jin et al., 2010)
Superoxidase dismutase (SOD2) II: %i%%g%gg:?fg:ggﬁi‘? G 60 100 (Stancova et al., 2015)
Catalase (CAT) ; ?,giigi(fg GG'?GC C? (;1" C?:(?CC;CGCGAG 65 115 (Jin et al., 2010)
Glutathione Peroxidase (GPX 4b) ; iiéggé;giéﬁggggggggglx 60 148 (Stancova et al., 2015)
Uncoupling protein 2 (Ucp-2) FR Eﬁigiﬁ%%i?igizgizA 62 102 (Jin et al., 2010)
Heme Oxygenase 1 (HO-1) FR zgﬁgﬁigizi?ggﬁ:g?gg 62 107 (Shi and Zhou, 2010)
B-cell lymphoma 2 (Bcl2) FR ?g?ﬁéggﬁfgf:gggggggG A 62 83 (Jin et al., 2010)
poceoeamer e :
Nuclear factor erythroid 2 (Nrf2) FR ﬁiﬁgﬁé};ﬁggﬁgﬁgﬁggﬁ: 65 165 (Shi and Zhou, 2010)
Cytochrome c oxidase subunit I (COXI) F: GGATTTGGAAACTGACTTGTG 60 105 (Jin et al., 2010)

R: AAGAAGAAATGAGGGTGGAAG
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Fig. 1. Locomotor behaviour of larval zebrafish (120 hpf) exposed to 3 pg/L, 91 pg/L and 250 pg/L concentrations of Pb for 30 min during the test. For each exposure

treatment n = 12. Significance was regarded at p < 0.05* and at p < 0.01**.

exposed groups had significantly higher speed implying faster speed
compared with that of the control (Tukey test, p < 0.01). The mean
speed for the control, 3 pg/L, 91 pg/L and 250 pg/L were 28.8 + 1.7
mm/s, 43.3 = 2.8 mm/s, 49.3 + 2.6 mm/s and 47.4 + 2 mm/s,
respectively (Fig. 1B).

3.1.3. Pb effects on the cumulative mobility time

Significant differences in cumulative mobility (Dunn’s multiple
comparison test, p < 0.001) were observed in the control (133.6 &+ 15.4
s) versus 91 pg/L (275.9 + 11.9 s) and 250 pg/L (273.4 + 15.3 s) as
shown in Fig. 1C. Among the exposed groups compared with that of the
control we observed a reduction in the time spent immobile by the larval
zebrafish during the behavioural assessment period. The control spent
statistically significant less time being immobile with mean of 1652 +
17.9 s while the larval zebrafish in the 3 pg/L, 91 pg/L and 250 pg/L

spent 1531 + 21.8 s, 1466 + 17.4 s and 1478 + 16.3 s respectively, as
shown in Fig. 1D.

3.1.4. Pb effects on the mean mobile and immobile frequency

The total number of times the larval zebrafish spent mobile were
significantly higher in the exposed groups compared to the control. The
average mean frequencies were 1348 + 158.1'5; 2115 + 157.3 5; 2638 +
11.9 s and 2580 + 107.8 s for the control, 3 pg/L, 91 pg/L and 250 pg/L,
respectively (Fig. 1E). Regarding the immobility frequency, the control
group recorded a significantly lower frequency of 1247 + 139 s when
compared to the exposed groups namely; 3 pg/L which recorded 1770 +
118.2 s; 91 pg/L with 2184 + 82.8 s and 250 pg/L with 2210 + 90 s.
Among the exposed groups, there was an increased pattern in the
immobility frequency with an increased in Pb exposure dose. A signifi-
cant difference was seen between 3 pg/L and 250 pg/L immobility
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Fig. 2. Locomotor behaviour of larval Zebrafish (120 hpf) distance moved for exposed to 3 ug/L(A), 91 pg/L(B) and 250 pg/L (C) Pb concentrations and control for
30 min under dark/light transition illumination (515 and 25 min) during the test. The dark and white bar represents dark and light phases, respectively. For each
exposure treatment n = 12 Significance was regarded at p < 0.05* and at p < 0.01**.

Fig. 3. Locomotor behaviour of larval Zebrafish (120 hpf) speed for exposed to 3 ug/L(A), 91 pg/L (B) and 250 pg/L (C) Pb concentrations and control for 30 min
under dark/light transition illumination (515 and 25 min) during the test. The dark and white bar represents dark and light phases, respectively. For each exposure
treatment n = 12. Significance was regarded at p < 0.05* and at p < 0.01**.
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frequencies (Fig. 1F).

3.1.5. Pb effects on the time spent by larval zebrafish in the centre/outer
zones

At the lowest level of exposure (3 pg/L - mean time was 164.6 + 22.5
s) no difference in the centre zone preferences to that of the control
group (155.7 + 29 s) were recorded. However, a significant reduction in
the time spent in the center zones was observed at 91 pg/L (86.4 + 19.3
s) compared to the control group (Fig. 1G). The exposure groups spent
more time in the outer zones of the well although not statistically sig-
nificant when compared to the control group. Among the exposed
groups a significant (p < 0.05) outer zones preference between 3 pg/L
(90.9 £+ 1.6 s) and 91 pg/L (95.2 £ 1.1 s) was recorded with the of the
larval zebrafish spending more time in the outer zone at 91 pg/L
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(Fig. 1H).

3.2. Pb effects on the distance covered and speed of larval zebrafish in the
dark/light phases

In general, the exposed groups covered longer distances in both the
dark and light phase compared to that of the control group (Fig. 2).
Mean distance recorded at 5 min during the first dark phase was
significantly higher in 91 pg/L (2642 + 193.1 mm) than that of the
control (1655 + 163.7 mm). Under the light phase, the control group
(1199 + 126.2 mm) had covered significantly lower (p < 0.01) distance
at 15 min time bin compared to the 3 pg/L (2773 + 177.6 mm), 91 pg/L
(3156 + 305.4 mm) and 250 pg/L (3289 + 177.6 mm) as shown in Fig. 2
(A-Q), respectively. During the second dark phase, the distance covered

Fig. 4. Expression of SOD2, GST, GPX,
HO-1, Ucp-2, TP53, COX1 and Bcl-2 (A,
B, C, D,EFF,H and G) in the pooled
samples from the larval zebrafish after
the acute Pb 30 min dark/light illumi-
nations (120 hpf old larval zebrafish)
groups at 3 pg/L Pb, 91 pg/L Pb and 250
pg/L Pb concentrations and control.
Values normalized against Tubulin
alpha-1A (used as house-keeping gene)
and represent the mean mRNA expres-
sion value + SEM (n = 3 pooled sam-
ples) relative to those of the controls.
The asterisk represents a statistically
significant difference when compared
with the controls *at p < 0.05 and **at p
< 0.01 levels.
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by the control group (2182 + 318.5 mm) was lower than the exposed
groups and the difference was significant in the 91 pg/L group (3585 +
242.7 mm) and 250 pg/L group (3396 + 328.6 mm) at 25 min time bin
(Fig. 2B and C), respectively.

For swimming speed, the trend was similar as observed with the
distance covered. At 5 min time bin, the speed of the 91 pg/L group (44
+ 3.2 mm/s) was significantly faster (p < 0.05) than that of the control
group (27.8 + 2.7 mm/s) as shown in Fig. 3B. At the 15 min time bin of
the light phase, the larval zebrafish exposed to Pb were significantly
faster than the control group (p < 0.01). The mean speeds at 15 min time
bin were 20 + 2.1 mm/s, 46.2 + 5.8 mm/s, 52.6 + 5.1 mm/s and 54.8 +
3 mm/s for the control, 3 pg/L, 91 pg/L and 250 pg/L, respectively
(Fig. 3B and C).

3.3. Pb effects on the subcellular oxidative stress responses in larval
zebrafish

The messenger ribonucleic acid (mRNA) level of SOD2 in the larval
zebrafish samples showed a slight increased level of expression in the
exposed groups with 1.6-fold change at 3 pg/L, 1.3-fold change at 91 pg/
L and 1.7-fold change at 250 pg/L levels of exposure though not statis-
tically significant (Fig. 4A). On the other hand, acute effect of Pb was not
accompanied by statistically significant GST mRNA across the exposed
groups though a slight increase in the mRNA levels was seen at 250 pg/L
with 1.5-fold change (Fig. 4B). Similarly, the mRNA for GPX expression
levels showed a slight increase at 3 pg/L of 1.2-fold change and at 250
pg/L of 1.5-fold change though not statistically significant. At 91 pg/L,
we observed a slight decrease in the mRNA levels of GPX of 0.8-fold
change which was not statistically significant (Fig. 4C). Additionally,
we observed that the mRNA levels of HO-1 were upregulated in exposed
groups when compared to the control with 2.8-fold change, 2.1-fold
change and 1.8-fold change for the 3 pg/L Pb, 91 pg/L Pb and 250 pg/
L Pb, respectively. The upregulation was statistically significant in the 3
pg/L exposed group compared to the control (Fig. 3D).

The mRNA levels of Ucp-2 were significantly upregulated (p < 0.05)
in exposed groups when compared to the control with 3.9-fold change,
3.5-fold change and 3.4-fold change for the 3 pg/L, 91 pg/L and 250 pg/
L, respectively (Fig. 4E). The expression of the mRNA levels for the Bcl-2
gene were significantly upregulated following the Pb exposure across
the exposed groups. The fold changes were 4.6-fold change, 6.3-fold
change and 5.5-fold change at 3 pg/L Pb, 91 pg/L Pb and 250 pg/L
Pb, respectively (Fig. 4F). In addition, the expression of CoxI which is
involved in the mitochondrial respiratory chain and ATP synthesis was
significantly upregulated in 3 pg/L Pb and 91 pg/L Pb groups when
compared to the control with 3.9-fold change and 3.2-fold change,
respectively (Fig. 4G). The expression of the mRNA levels for the TP53
gene were slightly upregulated following the Pb exposure across the
exposed groups. However, only the mRNA levels in 250 pg/L Pb group
with a 2.5-fold (Fig. 4H) change were statistically significant when
compared to the control (p < 0.05).

4. Discussion

In this study, we investigated the effects of environmentally relevant
levels of Pb (as reported in Kabwe town and Zambia (Nachiyunde et al.,
2013) on ensuing subcellular oxidative stress responses of the primary
antioxidant, pro-apoptotic and anti-apoptotic genes and locomotor
behaviour of larval zebrafish. Acute Pb exposure to larval zebrafish for
30 min induced hyperactivity characterised by significant increases in
distance covered, swimming speed and mobile frequency as well as
increased distance covered and speed under light illumination. We
observed that the hyperactivity was significantly increased in exposed
groups under light conditions when the zebrafish are reported to assume
relaxed state (Lee and Freeman, 2014b) indicating Pb’s potentiating
neurobehavioural effects. Our results were similar to the activity of
zebrafish larval that were exposed as embryos to low Pb of 25 pg/L
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(Chen et al., 2012) and contrary to findings reported in other studies
where they observed hypoactivity (Dou and Zhang, 2011; Lefauve and
Connaughton, 2017; Li et al., 2019a). The difference between some of
the foregoing studies and the present study could have been related to
the dose of Pb, the duration of exposure and the developmental stages of
the zebrafish. For instance Li et al. (2019a) reported a concentration
dependent reduction in locomotion of adult zebrafish exposed Pb over a
14 day period to 1 pg/L, 10 pg/L and 100 pg/L Pb, respectively. Dose
and duration effects in Pb exposure in fish have been reported in the
Mirror carp exposed to 50 pg/L of Pb over a 30 day period with hy-
peractivity reported in the first week and last week of exposure (Shafi-
g-ur-Rehman, 2003). Other neuroactive chemicals such an
cholinesterase inhibitor, paraoxon showed hyperactivity in a lower
exposure range and hypoactive with a 100-fold increase in exposure
concentration (Yozzo et al., 2013). This study confirms the responses
that were obtained using the mammalian models, humans and rodents,
exposed to chronic low Pb concentrations where hyperactivity was been
reported as the neurobehavioural end point (Ma et al., 1999); thereby
showing the application value of the zebrafish model to assess Pb
exposure responses. While our experimental design was not aimed at
elucidating the mechanism behind this behaviour, our results demon-
strated alterations in free locomotor activity manifested by hyperactiv-
ity, a recognized effect of Pb neurotoxicity (Atchison et al., 1987). In
Mirror carp that exhibited Pb induced hyperactivity, a positive corre-
lation between enhanced lipid peroxidation, a marker of oxidative
damage in the brain and increased behavioural activity was reported
(Shafig-ur-Rehman, 2003). The abnormal behaviour of increased loco-
motor activity in larval zebrafish during daylight phases has potential
ecological implications in the form of increased predation vulnerability.
South et al. (2019) linked increased locomotion to reduced anti-predator
behaviour in mosquito larvae following exposure to low levels of the
insecticide.

In case of the mRNA responses to acute exposure of environmentally
relevant Pb in larval zebrafish, we observed a non-significant induction
of the primary antioxidant enzymes apart from HO-1 that was signifi-
cantly upregulated at 3 pg/L. Functionally, HO-1 catabolize free heme,
that is, iron (Fe) protoporphyrin (IX), into equimolar amounts of Fe?*,
carbon monoxide (CO), and biliverdin (Gozzelino et al., 2010). In our
study, the upregulation of HO-1 at 3 pg/L Pb and its accompanying lack
of significant upregulation at high levels (91 and 250 pg/L Pb) may have
been a protective response against acute Pb exposure or a hormetic
response (Calabrese et al., 2012). Heme oxygenase (HO-1) gene has been
classified among the vitagene family exhibiting hormetic responses
(Calabrese et al., 2004). According to the hormetic principles, low doses
of drugs, toxicants, and natural substances may elicit a positive response
in terms of adaptation to or protection from the stressor, whereas at
higher concentration the toxic effect prevails (Calabrese et al., 2008).
The hormetic dose - response can occur through different mechanisms:
as a direct stimulatory response; after an initial disruption in homeo-
stasis followed by the modest overcompensation response; or as a
response to an “adapting” or “preconditioning” dose that is followed by
a more challenging dose (Piantadosi, 2008). Furthermore, we observed
significant upregulation of the Ucp-2 gene and Bcl-2 across the exposed
group. The upregulation of CoxI and the proapoptotic TP53 genes seem
to suggest an acute upregulation of ROS that led to an enhanced mobi-
lization of the Ucp-2 and Bcl2 genes to quail the ROS production as an
initial protective mechanism (Craig et al., 2007). Ucp-2 functions by an
incompletely defined mechanism to reduce the production of reactive
oxygen species during mitochondrial electron transport (Giardina et al.,
2008), while Bcl-2 works to counter the effect of the TP53 elevated gene
expression and has been said to be an indicator of a conspicuous increase
in ROS (Kowaltowski and Fiskum, 2005). Similarly, the significant
upregulation of CoxI expression in the acutely Pb exposed larval
zebrafish points to the acute requirement for cellular responses to the
generated ROS following exposure (Bourens et al., 2013).

While Pb has been reported as a neurotoxic element that causes
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behavioural dysfunction in fishes within days of exposure to sublethal
concentrations (Weber et al., 1997), our study has demonstrated that
effects in zebrafish larvae manifest within a very short period following
exposure to environmentally relevant Pb levels. Taken together, our
results showed that the lowest average Pb level of 3 pg/L Pb as found in
Kabwe, Zambia may have deleterious effects to the same degree as
higher exposure concentrations (91 pg/L and 250 pg/L) on aquatic life
triggering a surge in ROS generation and hyperactive swimming
behaviour as observed in the larval zebrafish.

The following limitations of using toxicogenomics in this study were
identified. There is a long-standing debate as to what fold change in gene
expression can be considered to be biologically significant (Mccarthy
and Smyth, 2009). In this study we regarded a significant difference
from the control to reflect those genes that are differentially expressed. It
is however acknowledged that there is a threshold for minimum fold
gene change below which differential expression is unlikely to be of any
biological interest for a particular gene. Therefore, this ad hoc approach
probably provides an over estimation of the effects likely to occur
following exposure to low levels of Pb. It is further acknowledged that
the use of gene expression profiling as an indicator of sub-cellular
changes needs to be verified through assessment of molecular and
biochemical to reveal and confirm precise mechanisms of action (Fiel-
den and Zacharewski, 2001). Due to the small sample volume we were
not able to verify increased antioxidant responses through analyses of
enzymatic (e.g. SOD and catalase) and non-enzymatic (lipid peroxidase
and protein carbonyl) compounds. However, based on the studies
(Ahmadifar et al., 2019; Parolini et al., 2017; and Safari et al., 2017)
where similar fold changes were accompanied by significant biochem-
ical changes, seem to support that the gene expression (i.e. upregulation
of the anti-oxidant genes) results in increase of the enzymes thereby
combatting ROS formation. It is then this premise that we use to
postulate that the gene expression maybe a good indicator (biomarker)
of antioxidant responses against ROS formation.

5. Conclusion

Environmentally relevant concentrations of Pb as they occur in
Kabwe could be detrimental to aquatic life especially in larval fish.
Acute exposure to the environmentally relevant Pb levels attenuated
larval zebrafish behaviour by inducing hyperactivity under dark/light
illumination. This locomotor activity pattern alteration could be linked
to altered neurobehavior via neurotoxicity mediated by oxidative stress
or direct Pb neuro-intoxication due to lack of fully formed brain blood
barrier. This has potential ecological ramifications through alterations
in predator-prey interactions. However, the degree to which these
observed effects following an acute exposure period to low Pb levels will
persist during prolonged exposure needs to be investigated further.
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Assessing the population-wide
exposure to lead pollution

iIn Kabwe, Zambia: an econometric
estimation based on survey data

Daichi Yamada'™’, Masato Hiwatari?, Peter Hangoma?, Daiju Narita?, Chrispin Mphuka*,
Bona Chitah*, JohnYabe®, Shouta M. M. Nakayama®, Hokuto Nakata®, Kennedy Choongo® &
Mayumi Ishizuka®

This study quantitatively assessed the population-wide lead poisoning conditions in Kabwe, Zambia,
a town with severe lead pollution. While existing data have reported concerning blood lead levels
(BLLs) of residents in pollution hotspots, the data representing the entire population are lacking.
Further, selection bias is a concern. Given the lack of compulsory testing schemes, BLLs have been
observed from voluntary participants in blood sampling surveys, but such data can represent higher
or lower BLLs than the population average because of factors simultaneously affecting participation
and BLLs. To illustrate the lead poisoning conditions of the population, we expanded the focus of our
surveys and then econometrically estimated the BLLs of individuals representing the population,
including those not participating in blood sampling, using background geographic, demographic, and
socioeconomic information. The estimated population mean BLL was 11.9 pg/dL (11.6-12.1, 95%
Cl), lower than existing data because of our wide focus and correction of selection bias. However, the
scale of lead poisoning remained immense and 74.9% of residents had BLLs greater than 5 pg/dL,
the standard reference level for lead poisoning. Our estimates provide a deeper understanding of the
problem and a foundation for policy intervention designs.

Lead poisoning is one of the most serious and harmful consequences of environmental pollution. High levels of
lead intake adversely affect the functioning of the circulatory and nervous systems, which can be fatal in extreme
cases, whereas low-level exposure can also reduce cognitive ability and cause developmental disorders'™. The
adverse health effects can further result in poor school performance, lowered educational attainment and lifetime
earning, and behavioural disorders®®. While the use of lead in certain products, such as gasoline and paints, has
been globally banned or reduced, lead poisoning remains imposing considerable costs to society, particularly in
low- and middle-income countries, owing to the continued use of lead in various products, mining and smelting
activities, and the lack of remediation for contaminated environments*®1°.

Kabwe, Zambia, provides a devastating example of lead pollution. The fourth largest town with a population
of approximately 200,000 as of 2010 was once the site of prominent lead and zinc mining activities, and the pol-
lution problem has received attention since the 1970s!. Although the mine was formally closed in 1994, mining
residues were abandoned in a dumping site adjacent to residential areas, locally known as Black Mountain, and
continued to contaminate surrounding areas through the flow of wind and water'>-'°. Presently, Kabwe is listed
as one of the ten most polluted sites in the world and the health conditions of the residents are concerning!®!”.
Lead poisoning is often measured by blood lead levels (BLLs). Recent standards, such as the one adopted by the
Centers for Disease Control and Prevention (CDC) of the United States'®, often regard 5 pg/dL as a reference
level for lead poisoning, and chelation therapy is recommended for those with BLLs above 45 ug/dL. We also
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adopt these levels for reference—although health damages have been reported for BLLs below 5 pg/dL"*, and we
do not imply that BLLs below 5 pg/dL are safe. Previous studies on Kabwe have reported BLLs exceeding 45 g/
dL, including the levels normally considered fatal'>'*-*, The scale of the problem is also large. According to the
Toxic Sites Identification Program (TSIP)?, Kabwe’s lead contamination affects the largest number of people,
with 120,000, among all the confirmed cases of lead contamination around the world.

Despite these alarming reports, representative data of the extent of lead poisoning among the entire popula-
tion of Kabwe are lacking. This can be attributed to two issues related to data collection. First, most previous
surveys have primarily focused on a small sample of data collected from children residing in areas around the
mining sites. Although the pollution problem is the most acute in these areas, and children are generally at the
highest risk of lead poisoning*'®, the data coverage has been far from representative. Second, while BLL data
were obtained from those who voluntarily participated in studies, given the lack of public mechanisms for formal
and compulsory blood lead testing, there could be selection bias in the data, a problem widely recognised in
the medical, statistical, public health, and economics literature?*-?%. Data from voluntary (or self-selected) par-
ticipants in studies generally can fail to reflect the conditions of the population if certain factors simultaneously
affect participation decisions and the outcomes of interest. In the context of our study, the residents voluntarily
participating in the blood sampling can be those particularly concerned about or suspected to have lead poison-
ing, and their BLLs can be lower or higher than the population average. Various background characteristics,
including both observable (e.g. education, age, employment and living standards) and unobservable ones (e.g.
health preferences), can also form their willingness and constraints to participate and directly affect BLLs. As the
demographic composition, socioeconomic conditions and pollution levels are diverse in Kabwe, data reflecting
these diversities and correcting for potential selection bias are essential.

The purpose of this study is to quantitatively assess the prevalence of lead poisoning among the entire popula-
tion of Kabwe (administratively, the district of Kabwe). Our methodology to accomplish this purpose is twofold.
First, we chose our sample individuals based on random sampling covering the entire Kabwe district. Although
we could obtain BLL data from the subset of the chosen individuals who voluntarily participated in blood sam-
pling, this expanded our focus beyond that of previous studies and helped define the target samples representing
the population. Quick results of the blood sampling survey are available elsewhere?>. Second, we employed econo-
metric models to estimate BLLs for the representative sample individuals. Concurrently with the blood sampling
survey, we conducted a household survey to obtain background socioeconomic, demographic, and geographic
information for the sample individuals, including those who did not participate in the blood sampling survey.
We then used these data to econometrically estimate the equation to determine BLLs and, finally, calculated
the BLLs of the entire sample individuals. We paid attention to the potential differences in both observable and
unobservable characteristics between the participants and non-participants under two econometric methods:
ordinary least squares (OLS) and Heckman’s sample selection model*.

The contributions of our study are twofold. First, this study illustrates the severity and diversity of the lead
pollution problem in Kabwe and help policymakers design remedial measures. This study is the first attempt to
systematically obtain representative estimates of the lead poisoning conditions of residents in the entire Kabwe
district. The estimated mean BLL was 11.9 pg/dL and 74.9% of residents had BLLs above the standard reference
level of 5 ug/dL. Data representing the population are important to fully understand the pollution problem in
Kabwe. Representative data can also serve as a foundation for a policy intervention design and cost-benefit analy-
sis. Further, our estimates shed light on the extent of risks facing low- and middle-income countries, contributing
to studies quantifying the global burden of general and pollution-related diseases*-*2. Despite the substantial
impact of lead poisoning on the global disease burden, there remain gaps in the literature, and existing data do
not precisely depict the burden of diseases at contaminated sites®".

The second contribution is methodological and refers to the management of selection bias. Health surveys are
often subject to selection bias analogous to our data, which can lead to biased conclusions*”?%. The methodology
adopted not only is consequential for bias mitigation in the current study. Although the details of our specifica-
tions would need modifications, our approach is applicable to many other cases where formal and compulsory
testing for a disease is lacking.

Methods

Data collection and potential selection bias. We conducted two joint surveys from July to September
2017 in Kabwe: the Kabwe Household Socioeconomic Survey (KHSS) 2017 conducted by the Central Statistical
Office of Zambia and University of Zambia under the supervision of the authors, and a BLL survey performed by
the authors. The surveys were approved by the University of Zambia Research Ethics Committee (UNZAREC;
REE. No. 012-04-16). Further approvals were granted by the Ministry of Health through the Zambia National
Health Research Ethics Board and the Kabwe District Medical Office. The data were collected in accordance to
the Declaration of Helsinki, and the informed consent was obtained from all the study participants including the
parents/legal guardian of the minor subjects for participating in the study.

The two surveys were designed consistently and targeted the same sample households selected in the follow-
ing two-step approach. In the first step, utilising the Zambia’s national census frame which divides the Kabwe
district into 384 standard enumeration areas (SEAs), we randomly selected 40 SEAs across the entire district.
In the second step, we randomly selected 25 households (and a few replacements) from each sampled SEA. The
sampling weights were generated to account for population differences across the SEAs.

The KHSS 2017 conducted interviews with 895 households (4,900 individuals) at houses and collected data
on socioeconomic, demographic and geographic information. The response rate was 88.2%, and we could regard
the data adjusted by the sampling weights as representative of the entire Kabwe population (for more details of
the survey, see the report®).
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To obtain BLL data, we conducted a blood sampling survey concurrently with the KHSS 2017. For hygiene and
ethical considerations, we selected 13 local clinics to perform the blood sampling, instead of collecting blood at
houses. We invited up to four members (two children aged 10 years or younger and their parents or guardians)
from each sample household for the blood sampling. We prioritised young children over children older than
10 years old. The invitations were made sequentially. We assigned identical venues and dates for households from
the same SEAs. The typical assigned dates had a 3-day window from the day after the invitation. However, we
allowed for some flexibility and sampled the blood of those who visited the clinic even after the assigned time
window, as long as the clinic was operational for households from other SEAs. Therefore, the window for blood
sampling was effectively the number of days from the day after the invitation until the pre-set blood sampling
period in each clinic was over, which had a substantial variation across households from 3 days to a month. We
revisit this feature of the survey window when setting up our econometric model later. A total of 372 households
(41.6%) participated in the blood sampling and, on average, 2.2 members from the participating households
provided blood samples.

We performed blood digestion and metal extraction as described by our previous study** with minor modi-
fications and measured BLLs using an Inductively Coupled Plasma-Mass Spectrometer (ICP-MS). In addition,
we also measured BLLs with a portable analyser, LeadCare I, to obtain quick results?>. However, we in this study
focus on the ICP-MS data, considering their general accuracy. See the Supplementary Material Section S1 for
details on the methods used to measure BLLs and the difference in the data between the two analysers.

Regardless of the accuracy of the techniques, however, we further need to account for the risk of selection
bias in the BLL data. In the absence of formal and compulsory testing mechanisms, we relied on individuals’
voluntary (self-selected) visits to the clinics. However, the participants in blood sampling could have traits
leading to higher or lower BLLs than the population. Such traits can include education, gender, age and living
standards. The survey design did not prioritise children aged 11 years or older, and this could also contribute to
the deviation of characteristics, although a small number of such children attended clinics. Moreover, certain
unobservable characteristics affecting BLLs can further differ between the participants and non-participants. For
example, those with greater preferences for health possibly had low BLLs but tended to participate in the blood
sampling surveys, whereas those with a high innate physiological capacity for lead excretion possibly tended
not to participate because they had low BLLs and did not perceive symptoms of lead poisoning. These issues can
lead to selection bias, and the raw data observed from the voluntary participants can fail to illustrate the lead
poisoning conditions of the population.

BLL estimation approach. To correct for potential selection bias, we first estimated the equations to
explain BLLs of children aged 0-10 years and adults aged 19 years or above. Then, using the estimated equations,
we calculated BLLs for all individuals, including children aged 11-18 years and those in the other age groups
who did not participate in the blood sampling.

BLLs generally depend on the ambient pollution level, the opportunities of exposure to pollution, the physi-
ological capacity of lead absorption and excretion, and the knowledge and technologies used to prevent lead
poisoning. We controlled for ambient pollution levels by including the distance, direction, and altitude of house-
hold location—the first two variables are with respect to the mine waste dumping site (Black Mountain). The
remaining factors were measured by age and various other individual and household characteristics denoted
by X;. Data for these variables are available regardless of participation in blood sampling. We assumed the fol-
lowing equation for BLL:

log BLL; = Bajs log distance; + Bgir1 direction; + /.‘5,1,-r2direction,2

1
+ Baraltitude; + f (age;) + Xiy' + ¢i. v

The logarithmic form for BLL adjusts its distribution to approximately normal—BLL is bounded from below

and has a skewed distribution—and allows the factors on the right-hand side to have proportional effects rather

than level effects. ¢; is the independent and identically distributed error term that captures noise, such as casual

fluctuations and measurement errors in BLLs, and the effects of unobservable factors. While we presented a single

equation above, we assumed different equations for children aged 0-10 years and adults aged 19 years or above.
Below, we discuss our specification in detail.

Geographic factors. Existing studies have examined the relationship between the geographic location
and ambient pollution level'>"™*. Since lead is transported from the mine waste dumping site through the flow
of wind and water, the distance from the site is negatively correlated with ambient lead levels. The soil lead
contamination spreads to the western side of the site, particularly towards the west-northwest (WNW), which
corresponds to the direction of the prevailing local wind. The contamination also slightly extends to the low-
elevation south-eastern side, reflecting pollution transported by water. The northern and southern sides are the
least contaminated.

We defined distance; as the distance between the mine waste dumping site and the location of i’s house-
hold, with Bgis < 0 expected. Also, we assumed that the WNW is the most contaminated and, accordingly, we
defined direction; as the radian of the acute angle passing through WNW, the mine waste dumping site, and the
location of i’s household. That is, the household location is WNW at direction; = 0, either north-northeast or
south-southwest at 77/2, and east-southeast (ESE) at 7. We employed a quadratic specification in Eq. (1), which
allows BLLs to have two peaks at WNW and ESE if B4i;1 < 0, Bgira > 0and —Bair1 /(2Bair2) < 7. We statistically
assessed the appropriateness of the specification for direction in Supplementary Material Section S2. We also
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used altitude in metres, altitude;, considering that elevated areas can be less exposed to dust and water flows,
although the general tendency of land elevation can be absorbed by the direction variables.

Age and other covariates. For children, we assumed a non-linear relationship between their ages and
BLLs and defined the following functional form:

f(age,») = [¢0 + ¢1mage; + ¢>2mageﬂ X I(agei < 2) + ¢3age; x I(agei > 2). 2)

I(-) is an indicator function that takes the value of 1 if the argument condition is satisfied, and mage; denotes age
in months. The functional form reflects the findings in the literature. Young children are generally at a high risk
of lead poisoning. Playing outside and age-appropriate hand-to-mouth behaviours expose them to lead, and their
gastrointestinal absorption of lead is high*. Foetuses and infants born to exposed mothers absorb lead in utero
and through breastfeeding®. Consequently, BLLs often reach a peak at or before the age of 24 months and then
decrease as children grow older, reflecting their physical and behavioural growth"*®. Thus, we employed a speci-
fication that allows an inverted U-shaped relationship between the logarithmic BLL and age up to 23 months, but
assume a linearly decreasing relationship between the two factors for children aged 2 years or above.

For adults, the physiological foundation of the BLL-age relationship is not clear, but age-related changes in
metabolism and lifestyle can affect BLLs. We simply assumed a log linear relationship between BLL and age for
adults.

In addition, we used the following individual and household characteristics, denoted as Xj, for children: a
dummy variable for female; the mothers’ education level (grades), which reflects their general, health-related
and lead-related knowledge; a dummy variable for children whose mothers were absent (the mothers’ educa-
tion level was set at zero for such children); a dummy variable for female-headed households; household size;
dependency ratio (the proportion of household members aged 0-15 years and 65 years or above); and the log of
per capita household expenditure, which measures living standards. We also used dummy variables for household
location: urban areas, small-scale farming areas, large-scale farming areas, and the Makululu compound—an
area of informal settlement where public services are poorly delivered. We set urban area as the base category.

For adults, we continued to use the dummy variables for female and household location, household size and
dependency ratio but dropped the variables related to mothers and household heads. The per capita household
expenditure was not used, either, because it is not exogenous for adults. Instead, we used their own education
level, which reflects living conditions to certain extent as well as knowledge levels. We also used a dummy variable
for marital status, which takes the value of one for either married or co-habiting individuals, and the duration
of residence in Kabwe (in years) to account for the effects of long-term lead exposure.

Econometric methods to estimate BLL equation. We considered two methods to estimate Eq. (1).
The first one is OLS, which directly estimates Eq. (1) from the data of the participants in the blood sampling
survey. If the bias in BLLs are attributable to the difference in observable factors between the participants and
non-participants, then the OLS estimate of Eq. (1) is unbiased and can be used to obtain estimates representing
the population. However, as previously mentioned, unobservable characteristics can also affect both BLLs and
participation decisions. This can disrupt the error term distribution and bias the OLS estimate of Eq. (1).

To account for this risk, we also adopted Heckman’s sample selection model®*. This model corrects for the
bias in unobservable factors by simultaneously estimating the probability of participation (selection equation)
for the entire sample, including non-participants. Specifically, we considered the following selection equation:

Pr (i participates) = W{84; log distance; + 84ir1 direction; + (Sf,l,-rzdirectionl2

+ Saaltitude; + g (age;) + X&' + ¢window;}, 3)
where W is the normal distribution function with the probability density function of ¥/, X; is the same as in
Eq. (1), and g(age; ) has the functional forms identical to f (age;). The bias in Eq. (1) can be fixed by estimating
Eq. (1) with the inverse Mills ratio, v/ .

In the sample selection model, the use of an exclusion restriction variable, which affects the probability of
participation but not BLL, is preferable. We used the number of days of the blood sampling window denoted by
window; as an exclusion restriction. As described above, the blood sampling window was effectively the number
of days that the assigned clinic remained operational for blood sampling after the day following the invitation.
Other factors being equal, households that received early invitations and had longer time windows would more
easily manage to attend clinics and would have higher probabilities of participation. The exogenous nature of
the blood sampling window renders it irrelevant for BLLs.

Estimation of the representative BLLs. After obtaining the BLL equations, we estimated the BLLs of
the representative sample individuals by inputting their characteristics on the right-hand side of the equations.
We applied the survey’s sampling weights when aggregating the estimated BLLs.

To estimate the BLLs of adolescents aged 11-18 years, who were basically not covered in our BLL survey and
thus not used in the BLL equation estimations, we used the equation for children aged 0-10 years, assuming that
age-BLL trend, which we expected to be negative, would hold up to the age of 18 years.

Next, we calculated the number of the residents with BLLs above 5 ug/dL by interacting the estimated pro-
portion of those with such BLLs and the total population. Considering the population growth, we used the
population estimates of our own*® and the Central Statistical Office of Zambia®’, both as of 2017, instead of
200,000 as of 2010.
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‘ All Male Female 0-5 years 6-10years | 11-18 years | 19 years or above
Panel A: BLLs (ug/dL)
Mean 159 17.5 14.7 229 21.0 14.6 11.3
(95% CI) (14.9,17.0) |(15.7,19.2) | (13.4,16.0) | (19.8,26.0) |(18.7,23.3) | (9.2,20.0) (104, 12.3)
25 percentile 4.6 53 3.9 5.9 6.8 53 3.6
50 percentile 11.3 11.9 11.0 18.5 20.7 10.2 9.2
75 percentile 22.4 24.2 20.0 31.6 30.1 23.8 15.2
Panel B: percentage of those with the following BLLs
<5 pg/dL 27.5 24.0 30.2 224 16.8 23.8 33.6
5-45 pg/dL 67.1 70.2 64.8 63.4 78.1 76.2 64.4
>45 ug/dL 5.3 5.7 5.0 14.2 5.2 0.0 2.0
Observations | 806 349 457 183 154 21 447

Table 1. Observed blood lead levels (BLLs) of participants. Based on surveys in Jul-Sep 2017. CI confidence
interval.

Further, we present two graphical results. The first one is an in-depth examination of the mean BLLs across
age groups. In the second one, we simulated the geographic variation of the mean BLLs. We divided the entire
Kabwe district into 1 km x 1 km grids, and estimated the mean BLL in each grid cell. Distance and direction were
measured for each cell and other independent variables were measured by the means in the ward—official inner-
district division—to which the cell corresponds (we provide additional technical notes before showing results).

All estimations were performed using Stata 15 software.

Results

Observed BLL data. The observed mean BLL among the participants in the blood sampling survey was
15.9 pg/dL, in which we did not make econometric adjustments (Table 1). The 50 percentile (median) BLL was
11.3 pg/dL, indicating a skewed distribution. Male BLLs tended to be higher than female ones. BLLs were gen-
erally negatively associated with age. Overall, approximately 5.3% of the participants reported BLLs exceeding
45 pg/dL. This proportion was 14.2% among children aged 0-5 years, but only nine adults (2.0%) reported such
high BLLs. The observation size for those aged 11-18 years were small.

Characteristics of blood sampling participants and non-participants. The characteristics of the
participants and non-participants in blood sampling were not identical. Among children aged 0-10 years, the
two groups significantly differed in terms of household location, size and living standards, with P values below
0.10 (Table 2). Among adults, the characteristics of the two groups were more clearly distinct, with P values
mostly below 0.01 (Table 3). Therefore, the participants in blood sampling were not a random subset of our study
target. Their BLLs (Table 1) can fail to represent the lead poisoning conditions of the population.

Estimated BLL equation for children. In the BLL equation estimation based on OLS (Table 4, column
I), the coefficients of the distance and direction variables had expected signs with P values below 0.01. BLL was
decreasing in the distance, whereas the relationship between BLL and direction was U-shaped, with the high-
est peak at WNW, the lowest peaks at northeast and south (direction; ~ 57/8), and a small peak at ESE. The
explanatory powers of distance and direction were so large that R? remained at 0.67 even after dropping other
independent variables. Considering the strong powers of these factors and given that the values of these vari-
ables were similar among neighbouring households, we clustered standard errors for SEAs (in all the subsequent
estimations as well). Altitude did not have a significant effect.

Age also had a significant effect. BLL peaked at 16.5 months, which is close to the average age of children
to stop breastfeeding in Kabwe, 15.8 months®. This suggests a role of lead transfer through breastfeeding. BLL
decreased by approximately 5% per year from the age of two years.

Among other factors, the dependency ratio raised BLLs, albeit with a marginally significant P value of 0.07.
This suggests the possibility that parents in households with high dependency ratios failed to take sufficient
precautionary measures for lead exposure. Mothers’ education reported a negative coefficient but its effect was
insignificant with a P value of 0.10. Similarly, the per capita household expenditure did not have a significant
coefficient.

Under Heckman’s sample selection model, the probability of participation significantly depended on age
and household size (Table 4, column II). Although household income per capita reported significantly different
means between the participants and non-participants (Table 2), its effect on participation was insignificant after
other factors were controlled for. Conversely, while the mean age was almost identical between the two groups
(Table 2), age had a significant non-linear effect on the probability of participation. The exclusion restriction, the
duration of blood sampling window, had a significant effect with a P value below 0.01. However, the resulting BLL
equation was similar to the OLS estimate (Table 4, column III). The inverse Mills ratio did not have a significant
effect on BLLs with the P value of selection bias greater than 0.10. Therefore, selection bias was limited in terms
of unobservable factors and the OLS estimate of the BLL equation was not significantly biased.
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Participants | Non-participants

Mean + SD Mean +SD Pvalue
Distance 6.25+6.03 6.07£5.31 0.60
Direction 1.12+£0.85 1.32+£0.85 <0.01
Altitude 1,185+9.78 1,185+8.97 0.83
Age 5.16+2.88 521+3.20 0.81
Female 0.46+0.50 0.49+0.50 0.33
Household size 6.45+2.57 6.98+2.72 <0.01
Dependency ratio 0.54+0.14 0.54+0.15 0.86
Mothers’ education 6.37+£4.36 6.39+4.77 0.93
Mother absent 0.17+0.37 0.19+0.40 0.26
Female head 0.23+0.42 0.22+0.41 0.62
Household expenditure per capita® | 414+416 505+777 0.04
Urban area 0.31+0.46 0.36+0.48 0.08
Small-scale farming area 0.27+0.43 0.20+0.40 0.08
Large-scale farming area 0.13+£0.34 0.19+0.39 0.02
Makululu compound 0.31+0.46 0.25+0.43 0.02
Blood sampling window 11.2+9.88 9.26+8.36 <0.01
Observations 338 1,176

Table 2. Summary statistics for the characteristics of children aged 0-10 years. P values of ¢ tests on the null
hypothesis of identical mean. *Monthly values in local currency, Zambian kwacha. Based on surveys in Jul-Sep
2017.

Participants | Non-participants

Mean +SD Mean +SD Pvalue
Distance 6.64+6.36 5.23+4.68 <0.01
Direction 1.13+£0.81 1.38+£0.90 <0.01
Altitude 1,185+10.3 1,187 +8.65 0.01
Age 41.7+14.8 35.6+14.8 <0.01
Female 0.64+0.48 0.51+£0.50 <0.01
Own education 8.02+3.91 9.86+4.06 <0.01
Married 0.77+0.42 0.51+0.11 <0.01
Duration of residence in Kabwe | 26.2+15.3 21.7+13.8 <0.01
Household size 5.68+2.51 6.46+2.94 <0.01
Dependency ratio 0.46+0.21 0.40+0.21 <0.01
Urban areas 0.31+0.46 0.48+0.11 <0.01
Small-scale farming areas 0.27+0.45 0.15+0.35 <0.01
Large-scale farming areas 0.13+0.33 0.16+0.37 0.07
Makululu compound 0.29+0.46 0.22+0.41 <0.01
Blood sampling window 10.8+9.33 9.29+7.72 <0.01
Observations 447 1,923

Table 3. Summary statistics for the characteristics of adults aged 19 years or above. P values of ¢ tests on the
null hypothesis of identical mean. Based on surveys in Jul-Sep 2017.

Estimated BLL equation for adults. Under OLS, the effects of distance and direction were similar to
those for children: BLL decreased with distance and had a U-shape relationship with direction, reaching the
lowest levels in the northeast and south (Table 5, column I). Altitude had a negative coeflicient, but was not sig-
nificant with a P value above 0.10. Age and being female had significantly negative effects, although the marginal
effect of age was moderate compared to that for children, approximately 0.5% per year. Own education also had a
significantly negative effect on BLL, suggesting that knowledge or living conditions indicated by education levels
affected adult BLLs. Duration of residence in Kabwe significantly increased BLLs.

The remaining columns show the results under Heckman’s sample selection model. The participation decisions
of adults depended on various individual and household characteristics. Those with high levels of education and
from large households were less likely to participate, whereas older adults, women, and those either married
or co-habiting, having resided in Kabwe for a prolonged period, and from households with high dependency
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(II) Heckman

(I) OLS BLL selection (III) Heckman BLL
Log distance -0.755 (<0.01) | -0.0397 |(0.78) -0.753 (<0.01)
Direction -1.08 (<0.01) | -0.485 (0.13) -1.07 (<0.01)
Direction squared 0.294 (<0.01) |0.123 (0.21) 0.293 (<0.01)
Altitude 0.0053 (0.44) —0.0038 | (0.55) 0.0053 (0.41)
Being <2 years old -2.23 (0.04) -1.48 (<0.01) |-2.21 (0.03)
Monthly age, <2 years old 0.308 (0.05) 0.122 (0.07) 0.307 (0.03)
Monthly age squared, <2 years old —-0.0093 | (0.07) —-0.0037 | (0.14) -0.0093 | (0.05)
Yearly age, >2 years old -0.0507 | (<0.01) |-0.0511 |(<0.01) |-0.0500 | (<0.01)
Female —-0.0188 | (0.68) -0.0618 | (0.42) —-0.0179 | (0.68)
Mothers’” education -0.0212 | (0.10) —0.0007 | (0.95) —0.0212 | (0.09)
Mother absent 0.0145 (0.92) -0.144 (0.28) 0.0164 (0.90)
Female head -0.0226 | (0.75) 0.0619 (0.54) —-0.0241 |(0.72)
Household size ~0.0202 |(0.11) |-0.0464 |(<0.01) |-0.0194 | (0.08)
Dependency ratio 0.469 (0.07) -0.413 (0.24) 0.474 (0.06)
Log per capita household expenditure 0.0181 (0.75) —0.0438 | (0.55) 0.0188 (0.73)
Large-scale farming area —0.0050 | (0.99) 0.363 (0.14) —-0.0101 |(0.97)
Small-scale farming area 0.116 (0.59) —0.0107 | (0.96) 0.115 (0.57)
Makululu compound 0.149 (0.26) -0.189 (0.37) 0.149 (0.24)
Blood sampling window 0.0202 (<0.01)
Inverse Mills ratio -0.0193 | (0.90)
Constant -1.71 (0.84) 5.07 (0.50) -1.77 (0.82)
Observations 338 1,514
R-squared 0.742

Table 4. Estimation results of the blood lead level (BLL) and selection equations for children aged 0-10 years.
P values are in parentheses and calculated based on standard errors clustered for the standard enumeration
areas (SEAs), the survey’s primary sampling unit. Based on surveys in Jul-Sep 2017. OLS ordinary least

squares.
(II) Heckman
(I) OLS BLL selection (IIT) Heckman BLL
Log distance 0926 | (<0.01) |-0.0214 |(091) |-0910 |(<0.01)
Direction -1.39 (<0.01) |0.0134 (0.97) -1.40 (<0.01)
Direction squared 0.386 (<0.01) |-0.0484 | (0.68) 0.399 (<0.01)
Altitude —-0.0074 |(0.11) |-0.0017 |(0.83) |-0.0072 | (0.09)
Age —0.0047 | (0.02) 0.0085 (<0.01) |[-0.0062 | (0.01)
Female —-0.245 (<0.01) |0.388 (<0.01) |-0.307 (<0.01)
Own education —-0.0200 | (0.01) -0.0296 |(<0.01) | -0.0155 | (0.06)
Married 0.0650 | (0.25) |0.617 (<0.01) | -0.0384 | (0.63)
Duration of residence 0.0042 (0.04) 0.0058 (0.04) 0.0033 (0.11)
Household size 0.0000 (0.99) —-0.0702 |(<0.01) |0.0112 (0.35)
Dependency ratio 0.121 (0.28) 0.401 (0.03) 0.0492 (0.68)
Large-scale farming area 0.516 (0.01) 0.523 (0.13) 0.436 (0.01)
Small-scale farming area 0.470 (<0.01) |0.0157 (0.95) 0.465 (<0.01)
Makululu compound -0.160 (0.07) —-0.0286 | (0.85) -0.184 (0.07)
Blood sampling window 0.0176 (0.01)
Inverse Mills ratio -0.214 (0.15)
Constant 13.2 (0.02) 0.416 (0.97) 13.3 (0.01)
Observations 447 2,370
R-squared 0.697

Table 5. Estimation results of the blood lead level (BLL) and selection equation for adults aged 19 years
or above. P values are in parentheses and calculated based on standard errors clustered for the standard
enumeration areas (SEAs), the survey’s primary sampling unit. Based on surveys in Jul-Sep 2017. OLS
ordinary least squares.
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‘ All Male Female 0-5 years 6-10years | 11-18 years | 19 years or above
Panel A: BLLs (ug/dL)
Mean 11.9 12.6 11.2 18.2 154 11.2 8.9
(95% CI) (11.6,12.1) |(12.2,13.0) |(10.8,11.5) |(17.3,19.2) |(14.7,16.1) | (10.7,11.6) (8.6,9.1)
25 percentile 5.0 5.5 4.6 7.9 6.8 4.9 4.2
50 percentile 8.7 9.5 7.9 12.7 11.8 8.2 6.8
75 percentile 16.1 17.4 14.9 28.1 24.2 17.1 12.0
Panel B: percentage of those with the following BLLs
<5 pg/dL 25.1 21.5 28.6 9.6 9.8 26.0 34.9
5-45 pg/dL 74.1 77.7 70.5 85.8 89.9 74.0 65.1
>45 ug/dL 0.8 0.8 0.8 4.6 0.3 0.0 0.0
Observations 4,898 2,380 2,518 768 746 1,014 2,370

Table 6. Estimated blood lead levels (BLLs) representative of Kabwe population. The survey’s population
weights were applied. Based on surveys in Jul-Sep 2017. CI confidence interval.

Figure 1. Estimated blood lead levels (BLLs) and age. Solid line: mean. Dotted lines: 95% confidence interval.
Based on surveys in Jul-Sep 2017.

ratios were more likely to participate. The duration of the blood sampling window significantly increased the
probability of participation. However, similar to the results for children, the inverse Mills ratio did not have a
significant effect with P value above 0.10.

Representative estimates of lead poisoning conditions. We estimated the BLLs of 4,898 individu-
als, all but two sample individuals who had missing information, that represent the lead poisoning conditions
of the entire population (Table 6). Since the selection bias in terms of unobservable factors was not significantly
observed (Tables 4, 5), we used the BLL equations obtained under OLS. All figures hereafter were weighted by
the survey’s population weights.

The representative mean BLL was 11.9 ug/dL, with a 95% confidence interval of 11.6-12.1 pg/dL, which is 2.4
times higher than the standard reference level of 5 ug/dL. 74.9% of the residents had BLLs above 5 pg/dL. This
proportion, as of 2017, corresponds to approximately 202,500 individuals based on our population estimate,
270,389 individuals®®, and to approximately 170,400 individuals based on the relatively moderate population
projection of 227,551 individuals by the Central Statistical Office of Zambia®’. The 50 percentile (median) was
8.7 ug/dL. Men had significantly higher BLLs than women (the P value for zero difference is below 0.01). Notably,
only 9.6% of children aged 0-5 years and 9.8% of children aged 6-10 years had BLLs below 5 pg/dL, although
this study expanded the focus beyond the immediate neighbourhood of the mine waste dumping site. 4.6% of
children aged 0-5 years had BLLs above 45 ug/dL, but our estimates did not predict such high BLLs for adoles-
cents aged 11-18 years and adults.

Figure 1 depicts the in-depth relationship between the estimated BLLs and age. After peaking within the ages
of 12-23 months, BLLs for children demonstrated a declining trend with age, albeit with fluctuations. Note that
the BLLs of those aged 18 years and 19-29 years were continuously connected. This suggests that we successfully
estimated the BLLs of those aged 11-18 years from the equation for children aged 0-10 years.

Figure 2 illustrates the simulated geographic distributions of BLLs, separately for children (a) and adults (b).
To obtain the figure for children, we set age at 16 months, when BLL reaches the maximum. Thus, the figure for
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Figure 2. Geographic distribution of estimated blood lead levels (BLLs). (a) Children (age 16 months). (b)
Adults. Based on surveys in Jul-Sep 2017.

children can be considered the geographic distribution of the maximum BLL that a child with average traits is
expected to report. Age is set at the local mean for adults, approximately 34-38 years.

For both children and adults, BLLs were high in WNW and ESE. BLLs greater than 45 ug/dL were found in
the neighbourhood of the mine waste dumping site. BLLs tended to decrease with distance. However, the BLLs
of children, at the maximum, exceeded 5 pg/dL throughout most areas.

Discussion

This study estimated BLLs representative of the lead poisoning conditions among the entire population of Kabwe,
Zambia, using the combined dataset of the ICP-MS measures of BLLs and a socioeconomic household survey.
As in the previous studies on Kabwe and other health surveys in general, we were faced with the risk of selection
bias in the BLL data in terms of both observable and unobservable factors, owing to non-random participation
in the blood sampling survey. To overcome this problem, we employed econometric methods that controlled
for differences in observable and unobservable factors between participants and non-participants in the blood
sampling survey.

Our estimates showed that the mean BLL for the population was 11.9 pg/dL (Table 6), which is 25.2% lower
than the mean of the observed BLLs of the participants (15.9 ug/dL, Table 1). While unobservable factors reported
aminor bias (Tables 4, 5), the observable factors were not identical between the participants and non-participants
(Tables 2, 3). In particular, the participants (or their parents) tended to have lower education levels and resided
in Kabwe for a prolonged period, which were factors positively associated with BLLs. The age composition and
household location were also different. These differences led to higher BLLs among the participants. Our estimate
of the mean BLL was also lower than the ones in existing studies'>!*-?!, mainly because their focus was placed
mostly on pollution hotspots, but their data could be faced by selection bias similar to our observed data. Further,
both our estimated and observed mean BLLs were lower than our early results based on LeadCare II analyser®.
Although LeadCare II analyser is considered fairly accurate, our samples included higher BLLs than ones to
which LeadCare II is often applied, and this apparently led to overestimation of BLLs (see the Supplementary
Material Section S2).

Nevertheless, our results illustrate the devastating lead poisoning problems in Kabwe. We confirmed critically
high BLLs among children residing in the most contaminated areas. Further, the mean BLL of our estimates
was considerably higher than the standard reference level of 5 ug/dL, and the proportion of those with BLLs
above this level amounted to 74.9%. Based on our population estimate as of 20173, this proportion corresponds
to 202,500 individuals (or 170,400 based on another population estimate®), which is greater than an existing
estimate of 120,000 in the TSIP*.

These estimates provide a foundation for policy intervention designs. Since lead poisoning was widespread
across the entire Kabwe district, interventions that span across the entire population are required. Thus, although
immediate interventions, such as chelation therapy proposed under a World Bank project®, could focus on pol-
lution hotspots, interventions to reduce lead transportation, such as capping the mine waste dumping site with
concrete or clean soil, would be of fundamental importance. Our estimates also provide grounds for proper
cost-benefit evaluations of interventions. For large-scale interventions, the benefits for the entire population,
not only the residents in hotspots, need to be accounted for, and this requires population-level data. Proper
cost-benefit evaluations are important for sustainability of interventions as they require large costs and long-
term commitment (e.g. monitoring and maintenance).
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Our methodology has an implication for other cases of health studies. Medical and clinical data collected
through voluntary participation in testing can be subject to analogous selection bias problems to ours, particu-
larly in cases in which formal and compulsory testing schemes are lacking. The extent of disruptions caused by
selection bias can vary by case, and our econometric specifications would require modifications if applied to
other cases. Nevertheless, the principle of our approach—collection of background data from the representative
sample individuals, including those who did not participate in the medical testing, and correction of deviation
in the characteristics of the participants—is applicable to various cases in which selection bias is a concern.

Finally we address the limitations of our study. First, our methodology was not employed to perfectly predict
the BLL of each individual. Our estimates reflected variations of BLLs by gender, age groups, areas within Kabwe
and various other factors but did not fully reflect idiosyncratic variations. Certain individuals with particular
idiosyncratic factors can have high or low BLLs even if their traits and residential locations are associated with
low or high BLLs. The second limitation, related to the first one, is the general difficulty to econometrically pre-
dict extreme outcomes. Such outcomes are scarce and idiosyncratic factors prevail over systematic ones. In our
case, a small proportion of adults did report such BLLs, but our estimates did not predict such BLLs for adults.
Finally, while we employed BLL as the measure, a comparison with alternative measures would improve the
understandings of the lead poisoning problem in Kabwe. For example, bone and tooth conditions would reflect
the effects of long-term lead exposure better, and clinical conditions would reflect idiosyncratic variations in the
sensitivity to lead intake. Analysing these alternative measures could be the topic for further research.

Data availability
The datasets used in the current study are not publicly available based on the ethical approvals from the University
of Zambia Research Ethics Committee, the Ministry of Health of Zambia and the Kabwe District Medical Office.
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Abstract: Massive amount of highly contaminated mining residual materials (MRM) has been left
unattended and has leached heavy metals, particularly lead (Pb) and zinc (Zn) to the surrounding
environments. Thus, the performance of three immobilizers, raw dolomite (RD), calcined dolomite
(CD), and magnesium oxide (MO), was evaluated using batch experiments to determine their ability
to immobilize Pb and Zn, leached from MRM. The addition of immobilizers increased the leachate
pH and decreased the amounts of dissolved Pb and Zn to different extents. The performance of
immobilizers to immobilize Pb and Zn followed the following trend: MO > CD > RD. pH played an
important role in immobilizing Pb and Zn. Dolomite in RD could slightly raise the pH of the MRM
leachate. Therefore, the addition of RD immobilized Pb and Zn via adsorption and co-precipitation,
and up to 10% of RD addition did not reduce the concentrations of Pb and Zn to be lower than the
effluent standards in Zambia. In contrast, the presence of magnesia in CD and MO significantly
contributed to the rise of leachate pH to the value where it was sufficient to precipitate hydroxides of
Pb and Zn and decrease their leaching concentrations below the regulated values. Even though MO
outperformed CD, by considering the local availability of RD to produce CD, CD could be a potential
immobilizer to be implemented in Zambia.

Keywords: mine waste; contamination; batch experiments; lead; zinc; immobilization; remediation;
Kabwe; Zambia

1. Introduction

Kabwe District was one of the most important mining regions in Zambia for almost a century
(1902-1994). It was regarded as Southern Africa’s principal lead (Pb)-zinc (Zn) producer, producing
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over 1.8 and 0.8 Mt of Zn and Pb, respectively [1]. While in operation, no pollution laws were enforced
to regulate the discharge from wastes of the mine; therefore, operations of the mine have left Kabwe
with a massive amount of unattended mining residual materials (MRM), which still contain elevated
amounts of heavy metals, particularly Zn, Pb, and iron (Fe). Weathering of MRM causes heavy metals
to transport from the contaminated sites to the surrounding environments (groundwater, surface water,
and soil) [2]. In particular, the redistribution of heavy metals through solute transport processes
has been reported to be one of the most dangerous pathways, which invokes harmful effects on
water sources of nearby ecosystems and health-threatening to the nearby residents [3-9]. Therefore,
the remediation of heavy metals in and around the mine is necessary.

In our recent studies, several potential remediation techniques have been investigated to remediate
the contaminated site in Kabwe. Silwamba et al. (2020) [10,11] have proposed the concurrent dissolution
and cementation method. The method shows promising results in terms of Pb removal and recovery.
However, Zn could not be effectively recovered from the extraction solution, and further investigation is
needed. Biocementation by locally available bacteria has been studied by Mwandira et al. (2019) [12,13].
The results indicate that the biocemented material can be effectively used as a covering layer to prevent
airborne contamination of metallic dust and infiltration of water into the waste. In the present study;,
chemical immobilization is introduced as an alternative and practical method to remediate the site.

Remedjiation techniques for heavy metals polluted sites can be classified into two main categories,
in-situ and ex-situ. In general, ex-situ treatment has high efficiency; however, it is less cost-effective
than in-situ remediation due significantly to the costs for excavation and transport of large quantities
of contaminated materials. In-situ remediation avoids the excavation and transportation costs because
of on-site treatments of contaminants. Various kinds of in-situ remediation techniques have been
developed to immobilize or extract the heavy metals in the contaminated sites. Among them, chemical
immobilization is cheap, easy to implement, and quick in execution [14,15]. Thus, this is the most
promising technique, especially to be applied in one of the developing countries.

In in-situ chemical immobilization, the leaching potential of heavy metals from contaminated soils
is reduced via sorption and/or precipitation processes by adding chemical agent (immobilizer) into the
contaminated area. The performance of a variety of immobilizers, including carbonates, phosphates,
alkaline agents, clay, iron-containing minerals, and organic matters, has been evaluated [14-23].
However, most of the studies have been conducted to remediate contaminated soil samples in which
they generally contain much lesser metals contents than those in MRM. Moreover, because of the
complex interactions between solutes and immobilizers, the definite efficiency of the immobilizer
remains site-specific. In other words, there is no guarantee on the effectiveness of a particular
immobilizer implemented on different contaminated sites. Therefore, the objective of this study was
to evaluate and compare the performance of selected potential immobilizers (e.g., locally available,
low-cost) to reduce the mobility of Pb and Zn leached from the highly contaminated sample (MRM).

It is necessary to apply immobilizers that is low cost and abundant in nature for remediating
contaminated areas. Hence, in this study, raw dolomite (RD) was selected as one of the potential
candidates because it is naturally available in a large quantity in Zambia [24]. It is a carbonate mineral;
therefore, it can increase and buffer pH of MRM, leading to more adsorption and precipitation of
cationic heavy metal ions [25-27]. In the present study, calcined dolomite (CD) was also used as an
immobilizer. The heat treatment was performed to change the carbonate property of dolomite to be
more alkaline [28]. As a result, the immobilizer was expected to strongly increase the pH of MRM,
favoring the immobilization of heavy metals by hydroxide precipitation in addition to adsorption and
precipitation of other secondary minerals. At the same time, commercially available alkaline-based
agent, magnesium oxide (MO), was also tested to compare the ability of RD and CD on immobilizing
heavy metals in MRM. The current study will provide meaningful information for the development of
chemical immobilization to remediate heavy metals contaminated sites in Zambia.
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2. Materials and Methods

2.1. Solid Sample Collection, Preparation, and Characterization

MRM was collected from the dumping site of Pb-Zn mine wastes in Kabwe, Zambia. The sampling
was done using shovels at random points within the area shown in Figure 1. This leaching residual was
selected as one of the representative wastes because the leaching concentrations of Zn and Pb from the
waste were higher compared with the other wastes. Moreover, the storage size of this waste occupies
more than 50% of the total dumping area. The sample was stored in vacuum bags and transported
to the laboratory in Japan with permission by the Ministry of Agriculture, Forestry, and Fisheries of
Japan. In preparation, it was air-dried under ambient conditions, lightly crushed, sieved using a 2 mm
aperture screen, and kept in a polypropylene bottle before use. Particle sizes of less than 2 mm were
chosen to follow the Japanese standard for the leaching test of contaminated soils [29].

\

Figure 1. Dumping site in Kabwe; (0) sampling area (top left: 14°27"39” South, 28°25’42"" East; down
right: 14°27’55" South, 28°26’16"” East).

Three types of immobilizing agents were selected to immobilize Zn and Pb in the waste: raw
dolomite, calcined dolomite, and magnesium oxide denoted as RD, CD, and MO, respectively. RD was
taken from a dolomite quarry source near the MRM storage site, while CD was prepared by burning
RD with particle sizes of less than 2 mm in a furnace at 700 °C for 2 h. MO was commercially available,
purchased from Ube Industry, Japan. The same preparation procedure as that for MRM was also
applied to these materials.

Chemical and mineralogical properties of all solid samples were characterized on the pressed
powder of finely crushed samples (<50 um) using an X-ray fluorescence spectrometer (XRF) (Spectro
Xepos, Rigaku Corporation, Tokyo, Japan) and X-ray diffractometer (XRD) (MultiFlex, Rigaku
Corporation, Tokyo, Japan), respectively. Sequential extraction was conducted to evaluate solid-phase
heavy metals speciation of MRM. The procedure used in this study was modified from two well-known
procedures, Tessier et al. (1979) [30] and Clevenger (1990) [31]. The modification was done by
Marumo et al. (2003) [32], and it was widely used to extract the tailings sample, mineral processing
wastes, and leaching residues [10,33-36]. The process can divide solid-phase heavy metals bounded
to solid into five different phases, including exchangeable, carbonates, Fe-Mn oxides, sulfide/organic
matter, and residual. The details of the extraction procedure are summarized in Table 1. The extraction
was done on 1 g of the <2 mm MRM sample. Between each step, the extractant solution of the previous
step was retrieved by centrifugation of the suspension at 3000 rpm for 40 min to separate the residue out
of the leachate. The residual was then washed with 20 mL of deionized water. Finally, the washing and
extractant solutions were mixed, diluted to 50 mL, filtrated through 0.45-um Millex® filters, and kept
in polypropylene bottles prior to chemical analysis.
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Table 1. Sequential extraction for heavy metals speciation.

Liquid to

. . Temperature Duration Mixing
Step Extractant pH Solid Ratio o Extracted Phase
(mL/g) Q) (h) Speed (rpm)
1 1M MgCl, 7 20/1 25 1 120 Exchangeable
2 1M CH3;COONa 5 20/1 25 5 120 Carbonates
0.04 M NH,OH-HCl .
3 in 25% acetic acid 20/1 50 5 120 Reducible
0.04 M NH,OH-HC1
in 25% acetic acid; .
4 30% H,0,: 0.02 M 36/1 85 5 120 Oxidizable
HNO;
5 Calculated Residual

2.2. Batch Leaching Experiments

Batch leaching experiments were performed using 250 mL polypropylene Erlenmeyer flasks
with a lateral reciprocating shaker (EYELA Multi Shaker MMS, Tokyo Rikakikai Co., Ltd., Tokyo,
Japan). All batches were conducted under ambient conditions by mixing 15 g of solid sample to
150 mL of deionized water (1:10 solid-to-liquid ratio) at 200 rpm for 6 h. Five replications of the
leaching tests of MRM were conducted, while a single run of every immobilization experiment was
done. The reason is that in immobilization tests, we adjusted the addition of immobilizers and did
not control the pH of the suspension. In other words, pH is determined by the complex chemical
and physical interactions between immobilizer and MRM. Thus, a variation of pH can be easily
observed even though the same mixing ratio between MRM and immobilizer and the conditions is
employed. To avoid the uncertainty of the variation of pH at the same immobilizer:MRM mixing
ratio, we varied the immobilizer:MRM mixing ratios at 1:100, 3:100, 1:20, and 1:10 to evaluate the
performance of immobilizers. After 6 h of shaking, the pH, electrical conductivity (EC), redox potential
(ORP), and temperature were immediately measured. The leachates were collected by first centrifuging
the mixtures at 3000 rpm for 40 min to separate the suspended particles. The supernatants were then
filtered with 0.45-um Millex® filters (Merck Millipore, Burlington, MA, USA) and kept in air-tight
polypropylene bottles prior to chemical analysis.

2.3. Chemical Analysis of Liquid Samples

Inductively coupled plasma atomic emission spectrometer (ICP-AES) (ICPE-9000, Shimadzu
Corporation, Kyoto, Japan) and inductively coupled plasma atomic emission mass spectrometry
(ICP-MS) (ICAP Qc, Thermo Fisher Scientific, Waltham, MA, USA) were used to quantify the
dissolved concentrations of heavy metals and coexisting ions. The analyses were performed on the
pretreated liquid samples in which 1% by volume of 60% nitric acid (HNO3) was added to the liquid
samples. The acidification was done to make sure that all target elements were in a dissolved form.
The non-acidified samples, on the other hand, were used to determine alkalinity or acid resistivity.
This parameter is generally reported as bicarbonate concentration (megq/L), quantified by titration
of a known volume of sample with 0.01 M sulfuric acid (H»SO4) until pH 4.8. All chemicals used
were reagent-grade.

2.4. Geochemical Modeling

An aqueous geochemical modeling program, PHREEQC (Version 3, U.S. Geological Survey,
Sunrise Valley Drive Reston, VA, USA) [37], was used to aid in the interpretation of the experimental
results. The program can determine the parameters that may affect the mobility of heavy metals from
MRM, such as stability of minerals and chemical species. The input data included temperature, pH,
ORP, and concentrations of heavy metals and other coexisting ions. Thermodynamic properties were
taken from the WATEQ4F database.
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3. Results and Discussion

3.1. Properties of Solid Samples

The mineralogical and chemical compositions of MRM and immobilizers, including RD, CD,
and MO, are listed in Tables 2 and 3, respectively. MRM was composed of anglesite (PbSOy) as a
primary mineral; zinkosite (ZnSO,) and quartz (5iO,) as the second-highest; and goethite (FeOOH),
hematite (Fe;O3), and gypsum (CaSO,4-2H,0) as the miner minerals. Anglesite and zinkosite are
commonly found as the weathering products of Pb- and Zn-sulfides under natural oxygenated
environments [38,39]. Therefore, the presence of these two minerals indicates that MRM has already
been exposed to the surface environment for a long time before the sampling was done. It can also be
expected that other than goethite and hematite, MRM also contained amorphous iron-(hydr)oxides
and iron-sulfate salts (e.g., melanterite, coquimbite) since goethite and hematite were found as the
miner minerals but Fe,O3 content was the highest among all compositions detected. The contents of
Pb and Zn in MRM were 10.9% and 8.1%, respectively. The values of both metals were extremely high
and exceeded the permissible limit in soil, 600 mg/kg for Pb and 1500 mg/kg for Zn [40]. However,
this does not guarantee that MRM can release significant amounts of Pb and Zn since their mobility
also depends significantly on the chemical speciation. Sequential extraction was then performed,
and the result showed that around 40% of the total contents of Pb and Zn were in mobile fractions
(exchangeable, carbonates, and oxidizable) under surface environments (Figure 2). This confirms that
MRM could be a potential source contaminating the surrounding environment with Pb and Zn.

Table 2. Mineralogical composition of solid samples.

MRM RD CD MO

Quartz ++ - - -
Gypsum + - - -
Anglesite +++ - - -
Zinkosite ++ - - -
Hematite + - - -
Goethite + - - -
Dolomite - +++ +++ -

Calcite - - + -
Magnesia - - + +++

+++: Strong; ++: Moderate; +: Weak; -: None.

Table 3. Chemical composition of solid samples (the unit is in wt%).

MRM RD CD MO

5i0, 209 0.39 0.37 <0.01
TiO, 0.35 <0.01 <0.01 <0.01
Al,O3 191 0.24 0.11 <0.01
Fe, O3 45.8 0.52 0.68 <0.01
MnO 1.59 0.46 0.43 <0.01
MgO <0.01 36.9 33.3 100
CaO 4.64 60.7 62.4 <0.01
Na,O <0.01 <0.01 <0.01 <0.01
K,O <0.01 0.15 0.16 <0.01
P,05 <0.01 0.14 <0.01 <0.01

503 2.71 0.15 0.2 <0.01
Pb 10.9 <0.01 <0.01 <0.01
Zn 8.1 <0.01 <0.01 <0.01

The most dominant mineral found in RD was dolomite (CaMg(CO3),). Magnesium (Mg) and
calcium (Ca) oxides contents accounted for more than 95% with a molar ratio of Ca to Mg of 1.2.
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This indicates that RD adequately consisted of pure dolomite. Burning RD at 700 °C for 2 h generated
the new type of immobilizer, CD. Calcite (CaCOj3) and magnesia (MgO) were detected in addition to
dolomite. With almost the same molar ratio of Ca to Mg in CD compared with that in RD, it clearly
indicates that the calcination process transformed dolomite into calcite and magnesia. MO composed
only of magnesia with 100% MgO content, which shows pure magnesia.

1

[
co
T

[l
(=)}
L]

Fraction

[
=
T

Pb Zn

Figure 2. Solid-phase Pb and Zn speciation of mining residual materials (MRM); (0) exchangeable,
(O) carbonates, (0O) sulfide/organic matter, (-1) Fe-Mn oxides, and () residual.

3.2. Leaching Characteristic of MRM

Table 4 shows the leaching characteristic of MRM. The experimental values were reproducible with
high precision since the standard deviations of all parameters were quite small. Four heavy metals, Pb,
Zn, cadmium (Cd), and copper (Cu), were leached at the concentrations falling within the instrument
detection limits of ICP-AES and -MS. Among these heavy metals, the leaching concentrations of only
Pb (2.1 mg/L) and Zn (365 mg/L) exceeded the effluent standard in Zambia (0.5 mg/L for Pb and
1 mg/L for Zn) [41]. Therefore, this study focused only on the mobility of these two metals. PHREEQC
simulation on the saturation indices of all possible Pb- and Zn-minerals showed that with the given
conditions and components in MRM leachate, only saturation index of anglesite fell within a common
error interval used to indicate saturation equilibrium (+0.2) (Table 5). The result indicates that the low
solubility of anglesite restricted the dissolved concentration of Pb, while no restriction by means of
precipitation was observed on the leaching of Zn. This can explain why 4.51% of the total Zn content
was leached from MRM, while only 0.02% was observed in the case of Pb leaching.

Table 4. Leaching characteristic of MRM (n = 5).

MRM Reg. Value * (mg/L)
pH 5.26 + 0.04 -
ORP (mv) 300 + 36 -
EC (mS/cm) 2.7 £0.09 -
Pb (mg/L) 2.1 +0.008 0.5
Zn (mg/L) 365 + 18 1
Cd (mg/L) 0.21 + 0.009 0.5
Cu (mg/L) 0.08 +0.01 1.5

Ca®* (mg/L) 547 + 48.2 -
Mg?* (mg/L) 27.7 £3.1 -
SO (mg/L) 1907 +36.8 -

Si (mg/L) 13+ 0.5 -

* Regulated value in mg/L specified by the Environment Management Act (2013) [40].




Minerals 2020, 10, 763 7 of 16

Table 5. Calculated saturation indices of possible Pb- and Zn-minerals in MRM leachate.

Mineral Saturation Index
Anglesite -0.2
Cerussite -2.25
Pb(OH), -34
Smithsonite -2.45
Willemite -3.62
Zn(OH), -3.82
Hydrocerussite -8.41
Hydrozincite -3.08

Calcium ion (Ca?*) and sulfate ion (SO4%~) were the major ions in the leachate, accounting for
more than 85% of the total dissolved ions. These ions were likely to be enriched by the dissolution
of soluble phase minerals, such as gypsum and zinkosite [42,43]. However, the dissolution of these
two minerals might not only be the sources of SO4>~ since the molar ratio of Ca?* and Zn to SO4*"
was lower than one. The sulfide fractions of both metals in MRM (Figure 2), together with the slightly
acidic pH (5.2) and positive ORP (300 mV) of the leachate, suggest that the oxidation of sulfide minerals
(e.g., pyrite, galena, sphalerite) and dissolution of iron-sulfate salts (e.g., melanterite, coquimbite) also
occurred and attributed to the enrichment of SO42~, even though they were not detected by XRD.
This could also partly contribute to the enrichment of Pb and Zn in the leachate.

3.3. Potential of Immobilizers

3.3.1. Effects of Addition of Immobilizers on pH and Coexisting Ions

Changes in the pH of the leachate as a function of the amounts of addition of RD, CD, and MO
are shown in Figure 3. The pH increased from 5.2 to 6.7, 8.2, and 9.8 with increasing RD, CD, and MO
addition from 0 to 10%. When the same amount of immobilizer was added, the performance of the
immobilizers to increase the leachate pH followed the order: MO > CD > RD. The results clearly
showed the improvement of the alkaline property of CD over RD. The variation in pH could mainly be
attributed to the liming effect(s) of dolomite (Equation (1)) in RD treatments, of dolomite (Equation (1)),
of calcite (Equation (2)), and of magnesia (Equation (3)) in CD treatments, and of magnesia (Equation (3))
in MO treatments [44—47].

CaMg(CO3), + 2 HY & Ca®t + Mg?* + 2HCO3™, (1)
CaCO; + H" © Ca®" + HCO3, 2)
MgO + H,O & Mg(OH), & Mg?* + 20H". ®3)

Figure 4a—c illustrates the leaching concentrations of major coexisting ions, Ca?*, magnesium
(Mg?*), and SO42~, as a function of the amount of immobilizer added. The dissolved concentrations of
Ca”" and Mg?" in RD treatments were higher than those in MRM and increased with the increasing
addition of RD, indicating the simultaneous leaching of Ca?* and Mg?* from the dissolution of dolomite
(Equation (1)). In CD treatments, Ca?* and Mg?* were also leached at higher concentrations than
those in MRM leachate. At the same amount of CD and RD addition, the leaching concentration
of Mngr in CD treatment was higher than that in RD treatment, while almost the same dissolved
concentration of Ca%* was observed in both treatments. This, together with the result that CD contained
less dolomite and more calcite compared to those in RD, suggest the occurrence of hydration of
magnesia (Equation (3)) in addition to the dissolution of carbonate minerals (Equations (1) and (2)) in
CD treatments. Moreover, the difference in the leaching concentration of MgZJr between CD and RD
treatments became more significant as the addition of immobilizers increased, which indicates that as
pH increased, the hydration of magnesia (Equation (3)) played a more important role in controlling
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pH. In MO treatments, the concentration of Mg?* increased with higher addition of MO, while almost
no change in the concentration of Ca?* from that in MRM was observed. This result suggests the
occurrence of hydration of magnesia (Equation (3)) in MO treatments.

Figure 3. pH of leachate upon addition of immobilizers.
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Figure 4. Leaching concentrations of major ions upon addition of immobilizers: (a) Ca?*, (b) Mg2+,
and (c) SO42~.

At the same amount of immobilizer added, the leaching concentration of SO42~ was the highest
when treating MRM with MO, followed by CD and RD (Figure 4c). In consideration of the trace
amount of SO; content in all immobilizers, the results suggest that MRM should be the source of SO4%~,
and the leaching of SO42~ might be caused by the change in the parameter(s) of the leachate, triggered
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by the addition of immobilizer. Figure 5 illustrates the correlation between the leaching concentration
of SO42~ vs. pH. The SO42~ concentration exhibited a strong positive correlation with pH (correlation
coefficient (r) = 0.92, p < 0.01), suggesting that SO,2~ level could mainly be influenced by pH due
possibly to the following mechanisms: (1) desorption, (2) production by oxidation of sulfide minerals,
(3) common-ion of between calcite, dolomite, and gypsum, and (4) dissolution of anglesite. The pH
increase led to a higher negative surface potential of MRM, thereby decreasing the affinity of SO4>
toward the surface of MRM. However, Tabatabai (1987) [48] reported that since the adsorption of S042-
was only flavored under strongly acidic conditions, the amount of adsorbed SO4%~ became almost
negligible under weakly acidic pH. This means that the desorption might not be a viable explanation in
this study since all leachates’ pH ranged from weakly acidic (5.2) to moderately alkaline (9.8). Therefore,
the fact that the oxidation rate of sulfide minerals, such as pyrite and galena, increases with pH becomes
the potential reason contributing to the higher leaching concentration of SO42~ [49,50]. However,
the enrichment of SO~ could be restricted by the solubility of gypsum because the saturation index of
gypsum was within the equilibrium condition range of +0.2 in all leachates. This could explain why the
leaching concentration of SO42~ slightly increased with pH at lower pH region where the dissolution
of dolomite containing in RD and calcite and dolomite containing in and CD tended to control the pH
(Equations (1) and (2)). In other words, Ca+ produced from the dissolution of calcite and dolomite
precipitated with SO42~ to form gypsum, thereby restricting SO42~ concentration. Meanwhile, as pH
became more alkaline, the concentration of SO4~ increased rapidly. This could be attributed to the less
contribution of calcite and dolomite dissolution (Equations (1) and (2)) to control the leachate pH in the
case of CD addition, conjointly in MO treatments, only hydration of magnesia (no production of Ca?*)
(Equation (3)) was found to control the pH of the leachates. The pH-dependent solubility of anglesite
could also be attributed to the rapid increase of SO42~ concentration under alkaline conditions since
anglesite was originally contained in MRM and is unstable under alkaline pH [51].

r=0.92
p<0.01

Figure 5. Leaching concentration of SO42~ vs. pH.
3.3.2. Effects of the Addition of Immobilizers on Mobility of Heavy Metals

In this study, the performance of immobilizers was evaluated based on the solubility of Pb
and Zn. Figure 6a,b shows the changes in Pb and Zn concentrations as a function of the amount
of addition of immobilizers. In general, the leaching concentrations of Pb and Zn exponentially
decreased with an increase in the dose of immobilizers. Figure 7a,b illustrates the correlation between
leaching concentrations of Pb and Zn vs. pH. The mobility of heavy metals was strongly influenced
by pH, indicated by significant negative correlations of Pb-pH (r = —0.92) and Zn-pH (r = —0.87)
at the 0.01 significance level (2-tailed). Coupled with the results of the leaching concentration of
SO42~ and the characteristic of immobilizers, as well as the leaching condition used in the current
study, the major modes of Pb and Zn attenuation could be either one or more of the following
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mechanisms: precipitations of metal-sulfate, -carbonate, and/or -hydroxide, co-precipitation of metal
with iron-(oxy)hydroxides, and metal ion adsorption to immobilizer. The formation of low soluble
anglesite under acidic conditions was expected since the leaching concentration of SO42~ was high
and increased with pH (Figure 5) [52,53]. The carbonate property of RD and CD might result
in the precipitation of cerussite (PbCO3), hydrocerussite (Pb3(CO3)2(OH);), smithsonite (ZnCO3),
and hydrozincite (Zn3(CO3),(OH),) [35,54-56]. The carbonate precipitations of Pb and Zn are also
expected to occur in MO treatments since the experiments were done under atmospheric conditions in
which carbon dioxide (CO,) in the atmosphere was freely dissolved [57]. However, the simulation results
by PHREEQC showed that except hydrozincite in 3% addition of MO treatment, the precipitations of
anglesite, cerussite, hydrocerussite, smithsonite, and hydrozincite were thermodynamically unfavorable
(saturation index < —0.2) regardless of the type and amount of immobilizer added (Table 6). Therefore,
the possible immobilization mechanisms of Pb and Zn in all types of immobilizers could be narrowed
down to the hydroxide precipitation, adsorption, and co-precipitation.
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Figure 6. Leaching concentrations of heavy metals upon addition of immobilizers: (a) Pb and (b) Zn
(dashed lines represent the effluent standards of Pb and Zn in Zambia).
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Figure 7. Leaching concentrations of heavy metals vs. pH: (a) Pb vs. pH and (b) Zn vs. pH (dash lines
represent the effluent standards of Pb and Zn in Zambia).

To verify the dominant mechanism(s), pH-dependent solubility diagrams of Pb- and Zn-hydroxides
were plotted (Figure 8a,b). Points in the figures represent the relationship between the logarithmic
activity of divalent heavy metal and pH in each batch test. The solid lines demonstrate the solubility of
heavy metal hydroxides. Therefore, any point located on or close to the line implies the hydroxide
precipitation-controlled sequestration process.
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Table 6. Calculated saturation indices of anglesite, cerussite, hydrocerussite, smithsonite, and
hydrozincite in leachates with the addition of RD, CD, and MO.

Saturation Index

Treatment
Anglesite Cerussite = Smithsonite Hydrocerussite Hydrozincite

1% —04 ~1.15 ~1.63 ~5.63 ~1.82
3% ~0.49 ~1.13 121 —4.28 ~1.35

RD treatments g, ~0.55 ~0.98 ~1.13 ~3.68 ~117
10% —041 ~0.48 ~1.01 211 ~1.01

1% ~0.6 ~0.78 —0.87 ~3.19 ~0.98

D treatment 3% ~0.92 —0.27 —0.44 ~1.56 ~0.48
reatments 5o, ~0.99 ~0.23 —0.66 ~1.58 ~0.79
10% ~2.39 ~03 ~1.24 —0.64 —0.64

1% ~1.13 ~0.38 ~1.16 ~157 -1

MO treatiment 3% —436 ~16 ~1.16 331 0.22
reatments 5o, —4.72 -1.86 -2.19 —4.05 -0.78
10% ~5.49 252 ~2.99 ~5.16 -1.02
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Figure 8. pH-dependent solubility diagrams of (a) Pb-hydroxide and (b) Zn-hydroxide ([ ] represents
activity).

In the case of RD addition, a discrepancy from the equilibrium line for Pb and Zn was observed.
This means that at pH from weekly acid to neutral, hydroxide precipitation was not the main mechanism
controlling the mobility of Pb and Zn. Therefore, Pb and Zn were suspected to be immobilized by
sorption and co-precipitation with iron-(oxy)hydroxides. The sorption was likely to occur since
dolomite, major mineral in the immobilizer, can adsorb Pb and Zn [58,59]. Besides, adding more of
this immobilizer induced the leachate pH increase. This could change the surface charge of goethite,
hematite, and iron-(hydr)oxide compounds in MRM to more negative, thereby increasing their
adsorption ability against cationic divalent Pb and Zn [58-63]. During the neutralization process under
ambient conditions, iron-(oxy)hydroxides precipitate from the oxidative dissolution of pyrite and
dissolution of iron-bearing salts [63—-66]. The precipitations of iron-(oxy)hydroxides have been reported
by many studies to induce co-precipitation of divalent metals, including Pb(II) and Zn(II) [50,67,68],
and thus the co-precipitation of Pb and Zn with iron-(oxy)hydroxides was also expected in RD
treatments. From the above explanations, adding more RD should reduce the leaching concentration
of both metals. However, leaching concentration of Pb increased from 0.98 mg/L to 1.4 mg/L. when RD
rose from 5% to 10% (Figure 6a). This could be attributed to the stability of Pb(II) species as a function
of pH. Theoretically, as pH increases under acidic region, more of free Pb(II) ion tends to complex with
OH" and CO3%", generating larger ion with lower charge (Pb(OH)* and PbCO3), which lowers the
affinity of Pb to the surface of the potential adsorbents and inhibits the co-precipitation [69-71].
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On the other hand, adding CD and MO made most of the logarithmic leaching activities of
Pb%* and Zn2* to approach their solubility product lines. This means that hydroxide precipitation
is the dominant mechanism of attenuating Pb and Zn. Regardless of the type of immobilizer, at low
pH, the logarithmic activities of both metals were slightly lower than their equilibrium lines and
then tended to stay on or be slightly higher than the lines afterward. This probably indicates that
at low pH, adsorption and co-precipitation with iron-(oxy)hydroxides also occurred in addition to
the precipitation, but as pH got higher, they diminished. There are two probable explanations for
this phenomenon as follows: (1) competition with strong competing ion (Mg2+) and (2) change in
specification of the dissolved metals. The pH alteration mechanisms of CD and MO appeared to
generate Mg2+ as a by-product (Equations (1) and (3)). Because of this, the concentration of Mg2+
significantly increased with pH with a correlation coefficient of 0.97, p < 0.01(Figure 9). Therefore,
as pH increased, high concentration of Mg?* could compete for Pb and Zn for adsorption sites and for
co-precipitation with iron-(oxy)hydroxides, attributing to the less contribution of the adsorption and
co-precipitation on the immobilization process. Increasing pH could also result in the redistributions
of Pb(Il) and Zn(II) species. The fraction of free Pb(Il) and Zn(II) reduces as pH increases since they
are thermodynamically preferable to be hydrolyzed forming -(OH)*, -(OH),, and -(OH);~ [69-72].
Moreover, since the systems contained high dissolved carbonate, the formation of carbonate complexes
of Pb(II) and Zn(II) was also expected [69,73]. Once these complexes are formed, their abilities to get
adsorbed and co-precipitated are inhibited by the larger size and lower positive potential they become.
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Figure 9. Leaching concentration of Mg?* vs. pH.

3.3.3. Performance of Immobilizers

When the same amount of immobilizer was added, the dissolved concentrations of Pb and Zn
were the highest in RD treatment, second highest in CD treatment, and the lowest in MO treatment
(Figure 6a,b). As previously mentioned, adsorption, co-precipitation, and hydroxide precipitation
were the major sink of Pb and Zn, and their mobilities depended strongly on pH. Because of the
carbonate property of dolomite, RD could not raise the pH of MRM leachate to the value favoring
the precipitations of Pb- and Zn-hydroxides. Therefore, RD treatments remediated Pb and Zn by
adsorption and co-precipitation in which it was insufficient to reduce the leaching concentrations of Pb
and Zn down below their regulated values. On the other hand, magnesia in CD and MO played a
significant role in increasing the leachate pH of MRM into the alkaline region. Lead and Zn were then
mainly immobilized by precipitation as hydroxides. Thus, metal concentrations as high as 368 mg/L
for Zn and 2.1 mg/L for Pb released from MRM were reduced to the values below their regulated
concentrations. Efficiency-wise, MO was the most effective immobilizer in immobilizing Pb and Zn
since it contained the highest MgO content. However, CD could be the immobilizer of choice since
it can be produced from the naturally abundant material in Zambia (RD), and its performance was
almost the same as that of MO.
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4. Conclusions

The leachate of MRM was slightly acidic (pH 5.2) and contained high concentrations of Pb
(2.1 mg/L) and Zn (365 mg/L), exceeding those of Zambian regulation. When immobilizers were
introduced, the leachate pH increased, and the leaching concentrations of Pb and Zn decreased.
Lead and Zn immobilized by RD were interpreted by the adsorption and co-precipitation mechanisms.
On the contrary, chemical immobilization using CD and MO suppressed Pb and Zn leaching mainly
by the hydroxide precipitation. Of the immobilizers investigated, only CD and MO decreased the
dissolved Pb and Zn concentrations to below their regulated values, in which MO had a higher
performance than CD. The results show that heat treatment on RD to produce CD drastically improved
the immobilizing performance of Pb and Zn. Even though MO provided the highest efficiency,
Pb and Zn could also be effectively immobilized by giving an adequate amount of CD. Therefore,
by considering the availability of CD in the local area, CD could be the most promising chemical agent
to be implemented in Zambia.
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