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Abstract Lead is a toxic metal, and its characteriza-
tion in contaminated soils is crucial to the success of
a remediation, especially for the soil washing, one of
most commonly used technologies. In this study, we
propose a convenient approach that combines sedi-
mentary hydro-classification with semi-quantitative
powder X-ray diffraction analysis for characterizing
the Pb-bearing minerals in soils. The approach was
applied to two samples (YYm and YYu-1) collected
from a closed Cu–Pb–Zn mine in the Tohoku region
of Japan. The samples were taken from adjacent
areas but had different appearances (YYm was a
gray soil and YYu-1 was a creamy colored soil).
The coarser YYm fractions had higher Pb contents
than the finer YYm fractions, but the finer YYu-1
fractions (diameters < 32 μm) had higher Pb con-
tents than the coarser YYu-1 fractions. The semi-
quantitative powder X-ray diffraction analysis
showed that the main Pb-containing minerals in the
YYm and YYu-1 samples were galena and
plumbojarosite, respectively. Tessier sequential ex-
tractions were also performed, and 1 M sodium

acetate leached 21% and 65% of the Pb from the
YYm and YYu-1 samples, respectively. This sug-
gested that most of the Pb in the YYu-1 sample
was ion-exchangeable and was more easily leached
compared with that in the YYm sample. The find-
ings indicate that it is important to accurately char-
acterize the Pb-bearing minerals (especially natural-
ly occurring Pb) present in contaminated soils before
selecting appropriate remediation techniques and
conditions.

Keywords Soil contamination . Lead .Mineralogical
characterization . Polluted soils . Sedimentary hydro-
classification . X-ray diffraction analysis

1 Introduction

Lead (Pb) is a naturally occurring toxic metal that is
found in the Earth’s crust. Pb has been widely used
around the world in batteries, ceramic products, fuel,
paint, and various consumer products. Pb pollution
problems can be anthropogenic or natural. More
than 400,000 contaminated sites and more than
60% of them are polluted with heavy metals in
Japan, among which Pb is the most important heavy
metal pollutant. Japanese law on countermeasures to
soil contamination (No. 53 enacted in 2003) was
amended in 2010 to cover naturally occurring heavy
metals. The amended law also constrains the “dig
and haul” approach and encourages the use of in situ
and on-site remediation techniques. However, the
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development of low cost and environmentally
friendly in situ and on-site remediation techniques
remains challenging.

Soil contaminated with heavy metals can, in prin-
ciple, be treated using three types of remediation
technique, containment, extraction/removal, and
solidification/stabilization (US EPA 1991; Liu et al.
2018). Containment can involve surface capping,
encapsulation, or transfer to landfill and is used for
soil removed from a contaminated site. Removal can
involve soil washing (Isoyama and Wada 2007; Yoo
et al. 2017), soil flushing (Manca et al. 2018), elec-
trokinetic (EK) extraction (Acar et al. 1995), and
phytoremediation (Alaboudi et al. 2018), but only
soil washing has been used in practice, with the
other techniques still being developed or having
been used only at pilot scales. Solidification and
stabilization can involve vitrification and chemical
stabilization, but there are limited uses for treated
soil (US EPA 1991). Soil washing is the only rela-
tively well-established on-site technique for remov-
ing heavy metals from contaminated soils (Liu et al.
2018). EK extraction may be able to be further
developed for in situ remediation (López-Vizcaíno
et al. 2016; Ji et al. 2019). Soil washing decreases
the volume of contaminated soil by separating par-
ticles of different sizes but depends on the contam-
inants being predominantly adsorbed to fine parti-
cles (Anderson et al. 1999; Isoyama and Wada 2007;
Alaboudi et al. 2020). EK extraction has some ad-
vantages over other techniques, including the ability
to remove contaminants from soil being less restrict-
ed by depth and contaminant concentration (Reddy
and Cameselle 2009). EK extraction has been used
at many contaminated sites in Europe but has not yet
been used at contaminated sites in Japan. It is nec-
essary to understand the bearing minerals of the
target contaminant present in naturally polluted soil
when designing a remediation process whatever re-
mediation technique is used. The objective of this
study is not to compare the advantages and disad-
vantages among different technologies and/or devel-
op an improved remediation technology but to pro-
pose a convenient and practically applicable ap-
proach for characterizing metal-bearing minerals in
contaminated soils, because such an approach can be
a common fundamental basis for effectively
selecting and designing a remediation technology.
Here, we will take Pb (the most important naturally

occurring heavy metal in Japan and other countries
having similar geological conditions) as an example
and propose an easily implemented approach that
combines sedimentary hydro-classification with
semi-quantitative powder X-ray diffraction (PXRD)
analysis to determine the Pb-bearing minerals and
the Pb concentrations in samples of naturally pollut-
ed soil.

2 Materials and Methods

2.1 Soil Samples

Two soil samples, labeled YYm and YYu-1, with high
Pb contents were collected from a slope surface at a
closed Cu–Pb–Zn mine in the Tohoku region of Japan.
The sampling locations were adjacent to each other with
a distance less than 3 m, but the soil samples had
different appearances to the naked eye, YYm was gray,
and YYu-1 was creamy-colored (Fig. 1). The soil sam-
ples were dried, and coarse particles (diameters > 2 mm)
were removed. The samples were then fractionated by
dispersing them in water and separating fractions with
different settling velocities (Dietrich 1982; Tan et al.
2012; Zhang et al. 2017). The YYm sample was sepa-
rated into fractions with particle diameters 4–8, 8–16,
16–32, 32–64, 64–100, 100–250, 250–500, and >
500 μm. The YYu-1 sample was separated into fractions
with the same particle diameters less than 500 μm and
also 500–1000 and 1000–2000 μm. The pellets of soil
samples pressed in plastic rings for different fractions
are shown in Fig. 1.

2.2 Analytical Methods

The chemical compositions of the sample fractions
were determined using a Niton XL 3 t-900S-M
portable X-ray fluorescence spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA). The frac-
tions were also subjected to PXRD analysis using
Cu Kα1 radiation (40 kV, 200 mA) using a Rigaku
SmartLab X-ray diffractometer with a D/tex Ultra
detector (Rigaku, Tokyo, Japan) at the Geological
Survey of Japan (Tsukuba, Japan). Each sample
fraction was ground with an agate pestle and mortar
to give a powder fine enough to avoid problems
associated with micro-absorption. Silicon powder
was used as an internal standard. A mixture of
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0.5 g of a sample fraction and 0.5 g of silicon
powder was mounted on a nonreflecting silicon
plate. Whole patterns of 2θ values from 3 to 70°
were acquired at 10°/min to allow the major constit-
uent minerals being semi-quantitatively analyzed.
Narrow patterns from 2θ values between 20 and
40° were acquired at 0.6°/min to allow chlorite,
vermiculite, illite, quartz, plumbojarosite, galena,
pyri te, sphaleri te, and anatase being semi-
quantitatively analyzed. The integrated intensities
of chlorite (at ~ 6.2°), vermiculite (~ 6.2°), illite (~
8.5°), quartz (~ 26.7°), plumbojarosite (~ 29.1°), ga-
lena (~ 30.7°), pyrite (~ 33.1°), sphalerite (~ 47.5°),
and anatase (~ 53.9°) were used to perform the semi-
quantitative analyses. The semi-quantitative results
for the minerals in the YYm and YYu-1 samples
were calculated assuming that the integrated inten-
sity of the silicon standard (at ~ 32.0°) was 50.

The morphologies and chemical compositions of
the minerals in the YYm and YYu-1 samples were
investigated by SEM-EDX: Scanning electron mi-
croscopy (JSM-6610LV) with energy dispersive x-
ray spectroscopy (Inca Energy 250X-Max50). It was
difficult to polish the YYm and YYu-1 samples, so
the samples were attached to double-sided sticky
tape and coated with carbon before being analyzed
by scanning electron microscopy with energy dis-
persive x-ray spectroscopy.

The YYm and YYu-1 samples were subjected to the
Tessier sequential extraction procedure (Tessier et al.
1979; Filgueiras et al. 2002; Zimmerman and
Weindorf 2010), and differences between the Pb extrac-
tion rates for different samples were calculated.

3 Results and Discussion

3.1 Concentration of Heavy Metals in Soil Samples

The Pb as well as As, Cu, and Zn contents in the YYm
and YYu-1 fractions are shown in Table 1. The YYm
sample had higher Pb, As, Cu, and Zn contents com-
pared with the YYu-1 sample. The Pb contents in the
YYm and YYu-1 samples were 1172–32,275 and 1296–
5839mg/kg, respectively. The particles of different sizes
had different Pb, As, Cu, and Zn contents. Strong pos-
itive correlations were found between the Pb, As, Cu,
and Zn contents and particle size for the YYm sample
(Fig. 2), with coarser particles having higher Pb, As, Cu,
and Zn contents. In contrast, the Pb and As contents
were higher in the YYu-1 fractions with particle diam-
eters < 32 μm than in the fractions with larger particle
diameters (Table 1 and Fig. 2). These results implied
that assuming contaminants being predominantly
adsorbed to fine particles is not always the case, and
the YYm and YYu-1 samples contained different min-
erals that host As and Pb.

3.2 Mineralogical Compositions

The PXRD patterns and semi-quantitative analysis result
for each sample fraction are shown in Fig. 3 (YYm, from
25 to 50°; YYu-1, from 25 to 35°) and Table 2. The YYm
samples contained chlorite, galena, illite, pyrite, quartz,
and sphalerite, and the YYu-1 samples contained anatase,
illite, plumbojarosite, pyrite, quartz, and vermiculite. The
YYm samples contained large amounts of sulfide min-
erals (e.g., sphalerite). In contrast, hardly any sulfide was

Fig. 1 Photographs of the YYm and YYu-1 sample fractions
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Table 1 Pb, As, Cu, and Zn contents (ppm) in the YYm and YYu-1 fractions

Specimen No.1 Particle diameters (μm) Pb As Cu Zn

YYm 1 YY-m 4 < d < 8 1263 825 198 306

2 YY-m8 < d < 16 1172 825 178 279

3 YY-m 16 < d < 32 1404 861 240 786

4 YY-m32 < d < 64 1861 874 352 2698

5 YY-m 64 < d < 100 9028 1479 1338 8552

6 YY-m 100 < d < 250 7196 894 1319 13,686

7 YY-m 250 < d < 500 18,000 1157 2721 52,945

8 YY-m 500 < d 32,276 2736 5564 250,898

YYu-1 1 YY-u 8 < d < 16 5839 1859 93 422

2 YY-u 16 < d < 32 3613 1129 52 241

3 YY-u 32 < d < 64 1728 709 42 378

4 YY-u 64 < d < 100 1586 754 78 1460

5 YY-u 100 < d < 250 1297 708 52 1467

6 YY-u 250 < d < 500 1842 754 95 3830

7 YY-u 500 < d < 1000 2873 804 89 4129

8 YY-u 1000 < d 2925 816 83 3842

Fig. 2 Pb, As, Cu, and Zn contents plotted against the particle sizes
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detected in the YYu-1 samples, but the YYu-1 samples
contained sulfate minerals (e.g., plumbojarosite). The Pb
and Zn contents of the YYm fractions strongly correlated
with the galena and sphalerite contents determined by
PXRD (Fig. 4). The Pb and As contents of the YYu-1
fractions positively correlated with the plumbojarosite
contents. These results suggested that the main Pb-
hosting minerals in the YYm and YYu-1 samples were
galena and plumbojarosite, respectively.

The results of scanning electron microscopy with en-
ergy dispersive x-ray spectroscopy observations and
chemical analyses are shown in Fig. 5 and Table 3, re-
spectively. Galena, pyrite, and sphalerite (sulfideminerals)
crystals were found in YYm particles with diameters >

64 μm, and plumbojarosite (a sulfate mineral) was found
in the YYu-1 sample with diameters < 32 μm. Arsenic
was detected in some of the plumbojarosite crystals. These
data agreed with the PXRD data.

3.3 Mechanisms for Different Behaviors between Two
Samples

Pb and As can be leached from primary sulfides during
weathering and recrystallize as secondary hydrous sul-
fates, hydroxides, and carbonates in the oxidized zones
(as gossan) of sulfide deposits (Jeong and Lee 2003). In
particular, jarosite is a common secondary mineral in the
oxidized zones of sulfide deposits (Moon et al. 2013).

Fig. 3 Powder X-ray diffraction
patterns of the YYm and YYu-1
samples. The intensities were
normalized to the silicon refer-
ence peak area for each fraction.
Each vertical axis has a logarith-
mic scale
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Jarosite contains traces of Pb released from the decom-
position of primary sulfides, and other minerals such as
beudan t i t e (PbFe3 (AsO4 ) (SO4) (OH)6 ) and
plumbojarosite (PbFe6(SO4)4)(OH)12) which contain
large amounts of Pb (Boyle 1993). We concluded that
primary sulfides in the area from which the YYm sam-
ple was collected decomposed and were recrystallized to
be plumbojarosite in the area from which the YYu-1
sample was collected.

The Pb results for the Tessier sequential extractions
are shown in Table 4. The 1M sodium acetate extraction
removed 21% and 65% of the Pb from the YYm and
YYu-1 samples, respectively, suggesting that most of
the Pb in the YYu-1 sample was ion-exchangeable but
most of the Pb in the YYm sample was not ion-ex-
changeable. Plumbojarosite is a Pb analog of jarosite,
the K in jarosite being replaced by Pb. The Pb in
plumbojarosite in the YYu-1 sample would therefore
have been able to be removed by 1 M sodium acetate
through ion exchange.

3.4 Applicability of the Approach Proposed in this
Study

Various on-site techniques such as “dig and haul,” sur-
face capping, and wet sieving (or grain-size sorting) have

been used to remediate heavy metal contamination of
soils (Futami 2007). “Dig and haul” and surface capping
lead to problems in terms of the changes in land func-
tions. Grain-size sorting simply separates contaminated
soil into highly contaminated and less-contaminated frac-
tions. Soil particles with diameters < 75 μm are generally
treated as contaminated (Narabe et al. 2007), assuming
that fine particles (e.g., clay minerals) strongly adsorb
heavy metals (Kumpiene et al. 2017). Our results illus-
trated that this is not always the case, especially for
naturally polluted soils such as the YYm sample. The
Tessier sequential extraction procedure allows the speci-
ation of a heavymetal in soil to be divided into exchange-
able, carbonate-bound, iron- and manganese-oxide-
bound, organic-matter-bound, and residual fractions
(Carapeto and Purchase 2000). Only exchangeable heavy
metal ions can be removed by washing soil. In EK
extraction, application of a direct electric current causes
oxidation at the anode, and an acid front is generated
(Acar and Alshawabkeh 1993). The decrease in the pH
can accelerate heavy metal leaching from contaminated
soil and remove most of the heavy metal bound to
carbonates. EK extraction can therefore remove both
exchangeable heavy metals and carbonate-bound heavy
metals. Contaminated soils, especially naturally contam-
inated soils, are generally affected by complex geological

Table 2 Results of the semi-quantitative powder X-ray diffraction analyses of the YYm and YYu-1 sample fractions

Specimen No. 1 Particle diameters (μm) Illite Chlorite Quartz Glena Pyrite Sphalerite

YYm 1 YY-m 4 < d < 8 7.24 2.38 3.86 0.00 0.93 0.00

2 YY-m8 < d < 16 3.69 1.55 3.13 0.00 1.11 0.00

3 YY-m 16 < d < 32 1.47 2.34 2.29 0.00 1.79 0.00

4 YY-m32 < d < 64 2.62 1.87 3.59 0.00 1.97 0.00

5 YY-m 64 < d < 100 2.69 1.02 2.22 0.00 4.57 3.04

6 YY-m 100 < d < 250 8.00 4.11 3.09 0.94 4.78 2.25

7 YY-m 250 < d < 500 4.99 1.76 5.82 2.00 4.42 3.69

8 YY-m 500 < d 0.00 0.00 7.32 4.00 2.53 17.11

Vermiculite Illite Quartz Plumbojarosite Anatase Pyrite

YYu-1 1 YY-u 8 < d < 16 3.79 6.07 1.09 0.75 0.59 0.62

2 YY-u 16 < d < 32 2.82 4.44 0.82 0.46 1.17 0.30

3 YY-u 32 < d < 64 4.91 6.59 1.89 0.16 0.54 1.14

4 YY-u 64 < d < 100 5.91 6.11 2.76 0.03 0.26 0.29

5 YY-u 100 < d < 250 1.45 5.99 9.56 0.12 0.81 0.15

6 YY-u 250 < d < 500 2.04 4.96 15.22 0.10 0.43 0.43

7 YY-u 500 < d < 1000 1.52 2.70 24.22 0.14 0.33 0.00

8 YY-u 1000 < d 0.00 5.46 26.41 0.21 0.00 0.00
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Fig. 4 Relationships between the galena, plumbojarosite, and sphalerite contents determined by powder X-ray diffractometry and the Pb,
As, and Zn contents

Fig. 5 Back-scattered electron images of the YYm > 500 μm particle sample and the YYu-1 8–16 μm particle samples
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process, so it is essential to characterize the forms of
contaminants present in polluted soils.

The YYu-1 fractions with diameters < 32 μm
had high Pb contents (Table 1 and Fig. 2), but
the YYm fractions with diameters > 64 μm had
high Pb contents. Removing particles with diame-
ters < 75 μm by commonly used grain-size sorting
technique cannot therefore be used to remove con-
taminants contained in large diameter particles. If
the grain-size sorting, or wet sieving technology, is
considered for treating a naturally polluted soil
contaminated with heavy metals, it is suggestible
to characterizing the particle size-and-mineral-

dependent concentrations of targeted heavy metals
in advance using the approach proposed in this
s tudy tha t combines sed imen ta ry hydro-
classification with semi-quantitative powder X-ray
diffraction analysis. In addition, the use of sequen-
tial extraction is also helpful for detailed under-
standing of the speciation and leaching properties
of targeted heavy metals from a soil. In other
words, characterization of the bearing minerals of
heavy metal contaminants present in soils is key to
selecting an appropriate remedial technique and/or
designing a remediation process.

4 Conclusions

Accurately characterizing the Pb-bearing minerals
(especially naturally occurring Pb) present in a pol-
luted soil is essential to successful remediation of the
soil. The approach that combines sedimentary hydro-
classification with semi-quantitative PXRD analysis
(using silicon as a standard) proposed in this study
was successfully applied to two samples collected
from a naturally polluted area in Japan. The minerals
that host Pb in the samples were clearly identified in
the fractions with different particle diameters. Con-
taminants, such as toxic Pb, are not necessarily
contained in fine particles as assumed in the grain-
size sorting technique. Cautions should be excised
especially when treating naturally polluted soils. We
are planning further studies to allow the method
described here to be used in practice.

Table 3 Chemical compositions of the galena, sphalerite, and
pyrite in YYm and plumbojarosite in YYu-1, Wt (%)

Specimen YYm YYu-1

Elements Galena Sphalerite Pyrite Plumbojarosite

O – – – 35.78

Na – – – 0.20

Mg 0.23 0.23 0.15 2.08

Al 0.95 0.71 0.63 6.66

Si 1.34 0.85 0.82 7.30

S 14.77 31.7 51.28 8.55

K 0.27 – 0.56 1.26

Fe – 0.34 41.04 20.97

Zn 1.74 60.74 – –

As – – – 0.90

Pb 89.57 – – 9.88

Total 108.87 94.57 94.48 93.58

Table 4 Leaching and total concentrations of Pb, cation exchange capacities, and Tessier sequential extractions of Pb for the YYm and
YYu-1 samples

Specimen Leaching concentration*

(mg/L)
Total concentration#

(mg/kg)
Cation exchange capacity (CEC)
cmol(+)/kg

YYm 3.0 950 20.3

YYu-1 2.7 6700 22.6

Ion-exchangeable (%) Bound to carbonates
(%)

Bound to iron and manganese
oxides (%)

Bound to organic
matter (%)

Residual
(%)

YYm 21.4 3.3 12.8 29.5 32.9

YYu-1 64.7 11.0 3.6 6.5 14.2

* Based on water extraction according to notification No. 18 issued by Ministry of the Environment, Japan
# Based on 0.1 M HCl extraction according to notification No. 19 issued by Ministry of the Environment, Japan

Note that the value does not represent the true total concentration but has been practically used in Japan for regulation
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