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Abstract The contamination of soil by toxic meta-
I(oid)s has emerged as a major concern worldwide,
particularly in developing countries. A metals behav-
ior in the soil environment is influenced by organic
matter, mineral phases, and oxidation states in which a
particular metal exists. However, the spectroscopic
evidence of metal(oid)s interactions in soil with
organic matter and mineral phases can induce an
extensive understanding. The surface and sub-surface
soils (0-50 cm) from four sites of upper Indus basin,
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Pakistan, were collected and analyzed by using FTIR
(Fourier-transform infrared spectroscopy), XRD (X-
ray diffraction) and XPS (X-ray photoelectron spec-
troscopy) in addition to ICP-MS (inductively coupled
plasma mass spectrometry) and geochemical fraction-
ation. Geochemical fractionation of metal(oid)s indi-
cated that As, Cu, Ni, Pb, and Zn were mostly found in
the potentially bioavailable fractions. However, an
increase in the residual fraction was observed from top
to bottom. The absorption bands of FTIR spectra were
divided into three spectral regions 700—400,
1700-800, and 3700-2800 cm ™', The soil was found
rich in organic matter and capable of retaining metals

M. S. Rashid
e-mail: saqibssr@mail.ustc.edu.cn

S. Irshad - G. Liu

State Key Laboratory of Loess and Quaternary Geology,
Institute of Earth Environment, The Chinese Academy of
Sciences, Xi’an 710075, Shaanxi, People’s Republic of
China

Y. Mahfooz

Sustainable Development Study Centre, Government
College University, Lahore, Pakistan

e-mail: sdsc8888 @gmail.com

@ Springer


https://doi.org/10.1007/s10653-021-00932-z
https://doi.org/10.1007/s10653-021-00932-z
https://doi.org/10.1007/s10653-021-00932-z
https://doi.org/10.1007/s10653-021-00932-z
http://crossmark.crossref.org/dialog/?doi=10.1007/s10653-021-00932-z&amp;domain=pdf
https://doi.org/10.1007/s10653-021-00932-z

4330

Environ Geochem Health (2021) 43:4329-4343

as abundant peaks were observed in the mid-infrared
region. The mineralogical analysis of soil samples
testified silicon oxides and zeolite as major mineral
phases. The XPS spectra showed broad peaks of
As(IIl), As;O3, AssSy4, PbO,, and PbCos. The study
concludes that the source identification of metal(oid)s
in the upper Indus is crucial to find out the particular
source of contamination in the soil.

Keywords Soil - Potentially toxic metal(oid)s -
Vertical distribution - Geochemical fractionation -
Spectroscopic fingerprinting - Mineralogy

Introduction

The human-induced activities are generally consid-
ered as a major source of potentially toxic metal(oid)s
(PTMs) contamination in the soil system, leading to
the gradual accumulation and resulting in the toxicity
of the environment. Consequently, concentrations
beyond the adsorption capacity of the soil or the
interactions of PTMs with soil surfaces result in the
increased toxicity (Zhang et al., 2018). The anthro-
pogenic activities that lead to the outbreak of the
concentration of a metal in the environment differ for
different metals. The major sources of Pb contamina-
tion in the environment are industries and vehicles
(Sun et al., 2018). The As contamination in the surface
soils may arise from the geogenic sources but man-
made activities such as milling, pesticide usage, and
gold mining are considered as the main contributors
(Rahman et al., 2017). The application of organic and
mineral fertilizers to the soil outbreaks in the toxicity
of Cd (Van Poucke et al., 2018).

All the metals investigated for total concentration
and distribution in the soil profile have varied path-
ways in the environment, dependent upon many
factors (Rehman et al., 2020). The total concentration
of a metal in any environment could not give
information regarding the physical and chemical
behavior of metal. The presence of a metal in the soil
environment in mobile or potentially mobile fractions
signifies the severity of contamination. Therefore, it is
essential to investigate the bioavailable fractions of
metal(oid)s in the soil (Gmochowska et al., 2019).

Soil is a complex environment which contains both
primary and secondary minerals. Primary minerals
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originate from the soil parent material, and the
occurrence of clay minerals is regulated by the process
of weathering (Butler et al., 2018). The mineral phases
present in a soil environment are directly or indirectly
associated with physical, chemical, and biological
properties. In recent years, spectroscopic investiga-
tions have emerged as time saving and effective
techniques to study soil properties. The spectroscopic
techniques are non-destructive, require minimum
sample preparation, and are capable of delivering the
most reliable results (Xing et al., 2016). FTIR is a
prospective technique for qualitative and quantitative
estimation of the organic and inorganic functional
groups present in the soil. The soil functional groups
have a vital function in metal-binding (Dhillon et al.,
2017). The functional groups in the soil such as
polysaccharides, aromatics, and amides are considered
as the most sensitive groups for metal binding (Wen
etal., 2018). XRD (X-ray powder diffraction) is a non-
destructive and rapid technique to quantitatively
analyze the mineral composition of the soil. The
chemical speciation of metals is considered as an
effective tool for the analysis of a metal’s behavior in
the soil system (Wan et al., 2016). The chemical state
of a particular metal is strongly associated with its
transportation and mobility in a soil environment. The
bioavailability of metals is strongly associated with
the state of occurrence in soil. X-ray photoelectron
spectroscopy (XPS) is the most extensively used
technique for chemical speciation analysis of metals
(Lilli et al., 2019).

The rapid urbanization and industrialization
resulted in soil and water contamination in the Indus
valley. However, many studies have been conducted
in the lower Indus region of Pakistan asserting soil and
water contamination (Farooqi et al., 2007, 20009;
Shahid et al., 2018). The developmental activities in
the upper Indus region such as extensive agricultural
practices, urbanization and industrialization may have
significantly altered the soil physicochemical proper-
ties, particularly extensive mining and agricultural
practices in the vicinity of Abbottabad, agricultural
and Industrial activities in Haripur and Attock,
urbanization and industrialization in Islamabad. How-
ever, little knowledge is available regarding the
contamination status of the soil. Therefore, a compre-
hensive analysis of upper Indus region was carried out
by analyzing soils for concentration of As, Cd, Cr, Cu,
Fe, Mn, Ni, Pb, Sr and Zn, geochemical fractionation
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and spectroscopic techniques. The selection of
metal(oid)s was based on their hazardous nature,
perseverance, bioaccumulation and residence time in
soil. The present study aimed to (1) characterize the
soil profile of 0-50 cm depth for the PTMs concen-
tration and investigation of contamination status in the
surface soils, (2) to investigate the interfacial behavior
of metal(oid)s in soil profile through geochemical
fractionation, and (3) to carry out the spectroscopic
fingerprinting of soil profile by FTIR, XRD, and XPS.

Materials and methods
Site description and sample collection

The soil samples were collected from four cities of
upper Indus valley (northern region), Pakistan, i.e.,
Abbottabad (A), Haripur (B), Attock (C), and Islam-
abad (D) (Fig. S1). The soil texture of site A is
classified as sandy loam and silt loam (Jadoon et al.,
2020), site B as silt clay loam (Tariq et al., 2011), site
C as sandy loam and loam (Obaid-ur-Rehman, 2010),
and site D as silty loam (Ali & Malik, 2010). The study
area is about 11,457 km? and the population is about
44.25 million (Husnain, 2016). The climatic condi-
tions of the study area are arid to semi-arid. The annual
flow of the upper Indus River is around 4 million m°.
Pakistan being an agricultural country with an annual
production rate around 90% is solely reliant on
irrigation, and 70% of the irrigation water is provided
by Indus basin irrigation network (IBIN). However,
agricultural activities as well as rapid urbanization and
industrialization in the upper Indus valley have
ultimately affected the water and soil quality (Irshad
et al., 2019). Therefore, this study is designed to study
the metals behavior, pollution status, and mineralogy
in a 0-50 cm soil profile. The samples at site A and B
were collected from agricultural soils, site C from
urban and site D from an industrial area.

A total of 550 samples were collected from 110
sites of the study area at different depths (0—10, 10-20,
20-30, 30-40, 40-50 cm) during January—March
2017. The 50 g of soil were collected at every
sampling point by using a soil sampler and applying
the zigzag sampling technique (Parab et al., 2015). For
one sampling point, 4 samples were collected at a
distance of 1 m and a composite bulk sample was
prepared. Subsequently, 3 subsamples were prepared

for each sampling point. To calculate the background
values, samples were collected from undisturbed sites
of each location with least human interventions
(Table S1) and provided in our previous study (Irshad
et al., 2019). The soil samples were air-dried, homog-
enized, and properly sieved (< 2 mm) before geo-
chemical fractionation. The soil samples (one-fourth
of each sample) were oven-dried at 105 °C for 24 h,
grounded using a ceramic soil-pulverizer mill
machine, and sieved through 200 mesh. The samples
were stored in airtight bags and kept under freezing
temperatures before further analysis.

Sample preparation and characterization

The EC and pH of soil samples were measured by
preparing soil saturated extract through digital EC and
pH meter (EC 300, pH 100, YSI Company). For the
estimation of the total concentration of PTMs at four
sites, 0.2 g of sample was taken in the digestion flask
and digested by adding aqua regia (Rehman et al.,
2018). After preparation, the samples were tested
using high-precision Agilent 7500cx ICP-Mass Spec-
trometer for the total concentration of PTMs. The
targeted PTMs As, Cd, Cr, Cu, Fe, Mn, Ni, Pb, Sr, and
Zn were tested using ICP-MS (Agilent 7500cx). To
calibrate the instrument, a stock solution for multiple
elements, 1, 2,4, 6, and 10 mg/L was prepared. To find
out the elemental input by reagents used in the sample
preparation process, initially two blank samples with
no contamination were analyzed. To estimate the
accuracy of the instrument, multiple-element working
solutions were analyzed.

Geochemical fractionation of PTMs

The soil samples collected from four different loca-
tions were sequentially extracted by employing a
modified eight-step procedure to determine the geo-
chemical fractions of PTMs (El-naggar et al., 2018).
The edition of sulfide fraction was based on sugges-
tions by (Ma & Rao, 1997). To obtain the soluble and
exchangeable fractions and taking into consideration
the alkalinity of the soil, 1 M NH4NO3 (pH 4.8) was
substituted by 1 M NH4-acetate (pH 7.0). Firstly,
50 ml of extractant was added to 2 g of soil, and the
mixture was placed on an end-over-end rotator at
20 rpm. After each successive extraction, samples
were centrifuged for 10 min at 5000 U/min and were
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filtered with 0.45-um membrane filters. The specific
procedure adopted for modified eight-step sequential
extraction is described in Table S3.

Enrichment factor (EF)

EF (Eq. 1) is calculated for the investigation of
pollution status and to distinguish the pollution source
if it is geogenic or anthropogenic (Thiombane et al.,
2019). EF was calculated for 0—10 cm soil samples.

[X /Fe|Sample

EF =
[X /Fe|Background

(1)

Commonly used PTMs for geochemical normal-
ization include manganese, titanium, aluminum, and
iron. However, Fe was used as geochemical normal-
ization factor in the present study due to having similar
geochemistry with most of the PTM’s, naturally
uniform occurrence and also for the reason that it is
found in combination with other trace elements
(Rehman et al., 2018; Wang et al., 2015).

Geo-accumulation index (Igeo)

The Iy, index can be applied to investigate the
accumulation of a particular element at a specific site
(Miiller, 1979; Shaheen et al., 2019). The /4., model
categorizes PTMs pollution into seven enrichment
classes. Based on this model, metal(oid)s are
described as un-contaminated to extremely contami-
nated (Sun & Chen, 2018). I, of targeted metals in 0—
10 cm soil was assessed by using Eq. 2:

Cy
Lo = log2|—" 2
geo = 108 {1.5 X BJ 2)

In the above equation, C, shows the elemental
contents in the presented sample, and B, refers to the
background value of that specific element.

FTIR spectroscopy

The MIR spectra of sieved soil samples from 4 sites at
5 different depths were collected over a range of
400-4000 cm™" at a resolution of 4 cm™' by using a
Nicolet 8700 Fourier transform infrared spectrometer.
Around 2 mg of soil sample was weighed and ground
with 100 mg of KBr into powder form and mixed.
After that, the prepared mixture was pressed and a
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pellet of diameter 1 cm was made by a hydraulic tablet
machine. A total of 16 scans for a sample were taken to
reduce the chance of error in the spectra. Data obtained
from FTIR spectra were processed by using OMNIC
software Nicolet (6.1a), and spectral deconvolution for
the estimation of peak positions in the full spectra and
desired wavelength (1700-700 cm™') was done by
using the professional version of Peakfit v4.12.

Soil mineralogy

The mineralogical analysis of soil from four sites was
executed by powder X-ray diffraction (XRD). Sam-
ples from all three sites were scanned by Philips X Pert
Pro (Cu K — ) XRD on a fraction of size <2 um
with a targeted voltage of 40 kV. The emission current
produced was about 30 mA along the scanning angle
of 10°-70° over 20 intervals at arate of 0.1°. The XRD
analysis was done by using Xpert HighScore plus by
putting the limitation as mineralogy to study the
mineral phases of soil.

XPS

The surface chemistry and bonding states of PTMs in
soil samples at five different depths have been
calculated using ESCLAB 250xi, Thermo Fisher
Scientific. The chemical composition and state of soil
at an area of 0.5 x 0.5 mmz, the monochromated Al
K o X-ray (1486.68 eV) source were used at 150 kV
and 20 mA. The spectra produced was observed
around 1100 eV at a resolution of 1 eV, whereas the
narrow-high resolution scans of Fe 2P, As 3d and Pb 4f
were recorded at pass energy of 30 eV. The spectra
obtained by XPS were fitted using the windows
version of XPSPeak41.

Quality assurance and data precision

The quality control for extraction of metalloids was
executed by using certified soil reference materials
(CRMO51 and CRMO042) under the recovery rate of
86-95%. To achieve the accuracy of sequential
extraction, sum of eight fractions was compared to
results obtained from total metal concentration.
Recovery = 100

(F1 4+ F2 + F3 + F4 + F5 + F6 + F1 + F8)lto-
tal concentration. To ensure the reliability of results of
blank, triplicate measurements were taken in the
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analysis. For quality assurance of the total concentra-
tion, the National Center for standard material of
China’s reference material (GBW07406) was used in
this study. Standard reference material with a recovery
rate of 96.4-102.3% was found to be in the certified
limits of all the elements studied. To ensure the
accuracy of the method adopted, the recovery range
optimized was around 92.12—-102.7% with a precision
level of & 5 wt% and linear calibration curves in the
range of (R* < 0.99). For graphical presentation of the
data, SigmaPlot 11.0 and origin 2018 were used.

Results and discussions
Vertical distribution of PTMs in soil

The vertical distribution pattern of PTMs at depths
0-50 cm is depicted in Fig. 1. Each element showed a
different distribution trend, although on average the
metals exhibited a downward migration trend. Gener-
ally, the metal concentration increased initially and

decreased with the depth of the soil. However, the
vertical distribution trend of a particular metal varied
from site to site. The fluctuations of PTMs concentra-
tion at different sites may be credited to either the
natural variability or inputs from anthropogenic
sources. The vertical migration trend of PTMs is
significantly affected by the chemical and physical
structure of soil (Li et al., 2019). The pH of the soil
samples ranged from 6.12 to 8.86. (Table S2).

The depth profile of As varies significantly among
four sites. The concentration of As increased initially
in case of site C at 10-20 cm and at 30—40 cm for A
and B, after that concentration of the metal decreased
significantly toward the bottom. The elevated levels of
As in the soil of study area may occur as a result of
industrial wastes and agrochemical usage (Shahid
et al., 2018). The concentration of Cr in four sites also
decreased from top to bottom but at C increased at
20-30 cm significantly and then decreased toward the
bottom. In general, the concentration of most of the
elements increased at a depth of 20-40 cm and
decreased subsequently. Most of the PTMs were
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Fig. 1 Vertical distribution of PTMs in soil from a Abbottabad, b Haripur, ¢ Attock and d Islamabad
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found deeply enriched in the 040 cm layer. However,
maximum values appeared in 10-30 cm depth (Zhou
et al., 2014). In the current study the maximum value
of As at site A was observed at 20-30 cm, B at
30-40 cm, C 10-20 cm, and D at 0-10 cm. It has been
observed that the concentration of various PTMs such
as As, Cd, Hg, Pb, and Zn declined beyond the depth of
25 cm in non-emended soil samples (Bidar et al.,
2016).

PTMs are mostly bounded in clay layers and fine
particles of soil, hence are usually found with higher
concentrations in the upper layer credited to anthro-
pogenic activities (Zhou et al., 2014). Generally, all of
the elements were found accumulated in the 0-40 cm
layer (Zhou et al., 2014). Current study results are
inlined to these results as with different distribution
patterns, all the elements were found accumulated
from 0—40 cm and declined subsequently. The con-
centration of elements in a vertical profile of 0-50 cm
was not stable. This could be attributed to the fact that
a stable concentration of PTMs could be found below
60 cm depth, indicating that the chemical structure of
deeper layers reflects the geochemical background of
drainage sink (Zhou et al., 2014). The capability of
PTMs migration is dependent on proportion; Zn, Cr,
and Pb showed a strong migration capability as
compared to Cu. The migration ability of elements
decreased beyond one meter (Zhang et al., 2018).
PTMs are strongly capable of absorption onto clay
minerals. The sediments and soil having a higher
content of clay minerals, result in low redox potential
environment. Therefore, the ability to exchange oxy-
gen in such an environment decreases markedly as
compared to the coarse sediments and soil particles
(Bonetti et al., 2017).

Geochemical fractionation of PTMs in soil

The total metal contents are not considered as reliable
indicators of the severity of metal pollution at a
particular site. Therefore, an eight-step modified
sequential extraction of PTMs for five different depths
was carried out (Fig. 2). The metals in soluble and
carbonate bound fractions can easily migrate and
could be absorbed by plants. Under low pH, the metals
in these fractions can easily discharge into the
environment (Sun et al., 2018). However, in the
current study, F1 was not the dominant fraction for
most of the metal profiles. Nevertheless, Mn showed a
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significant percentage of metal fractions bound to
soluble and exchangeable, i.e., 5-12%, 4-14%, 3-9%,
and 5-8% at sites A, B, C, and D, respectively. Sr also
showed a significant percentage in F1 but only at the
top layer and comprised of 20% at site A, 1.4% at site
B, 9% at site C and 12% at site D. Cu and Zn showed a
significant percentage of metals bound to carbonate
fraction throughout the soil profile at all sites. The
mobile forms of Pb and Ni mostly dominated in Mn
and Fe oxide fractions at all sites. However, the
residual Pb and Ni generally dominated in 30-50 cm
depths. Previously the mobile forms of Pb were found
bound to the reducible fraction. (Gmochowska et al.,
2019). The metals retaining with Fe and Mn oxides
could be a source of long-term contamination when a
change in oxidation states of Fe and Mn occurs. It is
also dependent upon the biological effectiveness of
Fe-Mn oxides (Sun et al.,, 2018). However, the
alkaline nature of the soils in these areas could reduce
the toxicity of metals, Pb could be more toxic when the
soil solution turns to acidic. Distributions of As
fractionation at four different sites revealed that at
site A the dominant As fractionations (47-89%) were
found in residual fractions for all five depths. Mobile
forms of As were mostly found at site B, C and D. As
was mostly found bound to amorphous and crystalline
Fe oxide fractions at site B and D. Many studies have
revealed that the Al, Fe and Mn oxides and hydroxides
are important scavengers of As in the environmental
samples (Wan et al., 2017). The high concentration of
As in these fractions could be due to the high
concentration of Fe. However, at site C significant
percentage of As was found in the organic matter
(12-15%) and sulfide (7-26%) fractions, followed by
the residual fraction (38-58%) in the soil profile. This
shows that As at site C is mostly related to organic
matter and sulfide fractions. Organic matter and
sulfide fractions play a key role in the mobility and
bioavailability of metals (Sun et al., 2018). Cr and Ni
showed the metal contents bound to sulfide fractions
throughout the soil profile but generally sulfide
fraction was not the dominant fraction for most of
the metals. However, organic matter was one of the
dominant fractions for As at site C, Cd at site B, C, D,
and for Cu, Ni and Zn at all sites throughout the soil
profile. Elements retaining in organic matter fraction,
bind itself to different forms of organic matter by
complexation (Sun et al., 2018).



Environ Geochem Health (2021) 43:4329-4343 4335
A
&= Fi
0-10 F2
&= e
1020 = s
[ 75
s =
&z Fe
30-40

40-50

2030

30-40

4050

g

4

g C

0-10

10-20 SIRYY
E ]

20-30 SIS
—

30-40 IR

(%) (%) (%) (%) %)

Fig. 2 Geochemical fractionation of PTMs in soil profile.
a Abbottabad, b Haripur, ¢ Attock and d Islamabad. F1:
soluble + exchangeable; F2: carbonate bound; F3: manganese

Pollution indices
Enrichment factor (EF)

The broader picture of EF calculated of the soil
samples from four sites at 0-10 cm depth is depicted
in Fig S2. EF could serve as a preliminary indicator of
PTMs contamination source (Ruiz-Fernandez et al.,
2019). EF values ranging from 0.5-1.5 predict that
metal pollution is solely due to lithogenic or geogenic
processes, while EF exceeding 1.5 indicates the
human interventions involved in the high concentra-
tion of metal (Thiombane et al., 2019). EF values
ranging from 1-2 also suggest that the enrichment of
metal could be subjected to variations in the pedo-
geochemical characteristics of soil, whereas EF > 2
strongly favors the accumulation of metal by anthro-
pogenic sources (Ruiz-Fernandez et al., 2019). The EF

(%) (%) %) (%) (%)

oxide fraction; F4: sulfide fraction; F5: organic matter; F6:
amorphous Fe oxide fraction; F7: crystalline Fe oxide fraction;
F8: residual fraction

values for most of the elements at site A were in the
range of 1.03—-1.42 suggesting geogenic procedures
involved except Ni (2.45), Cd (1.94), and Pb (10.55)
indicating anthropogenic activities involved in the
metal enrichment. The Cd and Ni intoxication at site A
could be attributed to weathering/erosion/leaching of
phosphate ore and mining and agricultural activities,
respectively. The phosphate ore in the vicinity of site
C is reportedly having higher concentrations of Cd in
the form of gangue (Jadoon et al., 2020). At site B, EF
values for other elements ranged from 0.2 to 1.4 except
As (2.18) and Pb (3.56). EF values for C site were in
the range of 0.6—1.2 except Cr (3.52), Sr (4.37), Pb
(4.13), and As (6.64) being highly enriched due to
anthropogenic sources. At site D, EF values ranged
from 1.02-1.4 except Mn (1.81), Cd (1.94), Sr (6.65),
As (6.67), and Pb (8.33) as highly enriched. The
contamination source of As in B, C and D could be
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unidentified anthropogenic activities, presenting
alarmingly high enrichment of metal in the soil.
Moreover, Pb is a highly enriched metal in all study
areas. Similarly, in Karachi, Pakistan, the soils were
found enriched with Pb (Karim et al., 2015). Previ-
ously, Zn, Mn, Li, Ca, Co, Cd, and Pb have been found
significantly enriched in the soils of site D due to
anthropogenic sources (Igbal & Shah, 2011).

Geo-accumulation index (I,e,)

The contamination status of targeted metals has also
been assessed by applying the geo-accumulation
index, depicted in Fig. 3. The Iy, of site A was less
than 1 stating un-contamination excluding Ni (1.23)
and Pb (3.14), which indicate moderate contamination

and heavy contamination, respectively. At B, Ig,
values for PTMs ranged from — 2.7 to 0.2 asserting
the un-contamination of these elements except Pb
(1.47) depicting moderate contamination. In C, all
other elements were below 0 except for Cr (1.6), Sr
(1.8), Pb (1.8) and As (2.5). The /., model results of C
revealed that there is moderate contamination of Cr,
Sr, and Pb, whereas As is classified as moderate to
heavily contaminated. The /., values for all other
PTMs ranged from 0.09-0.94 categorizing un-con-
tamination to moderate contamination, whereas the
I4e, values for As, Sr, and Pb were 2.65, 2.63, and 2.94,
respectively. As and Sr contamination testified in D is
moderate, while Pb is considered as moderately to
heavily contaminated. Previously Sr was categorized
as uncontaminated and Pb as moderately
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Fig. 3 Geo-accumulation index of PTMs in four cities
a Abbottabad, b Haripur, ¢ Attock, d Islamabad (Iye, < 0 (no
contamination), 0 < I, < 1 (uncontaminated to moderately
contaminated), 1 < I,., <2 (moderately contaminated), 2 < /gc,
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As Cd Cr Cu Fe Mn Ni Pb Sr Zn
PTMs
< 3 (moderately to heavily contaminated), 3 < Iy, <4 (heavily

contaminated), 4 < Iy, < 5 (heavily to extremely contami-
nated), 5 < Iy, (extremely contaminated))
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contaminated in soils of site D (Igbal & Shah, 2011),
but in the current study, the contamination status of
both metals has significantly changed and it is also
noteworthy that the soil at all sites is contaminated
with Pb. Karachi is the most urbanized city of Pakistan
and has been categorized as moderately contaminated
with Pb (Karim et al., 2015).

FTIR analysis

The FTIR spectra of soil samples at five different
depths were calculated for a spectral range of
4000-400 cm ™" (Fig. 4). The visual observation of
soil spectra for different depths in all areas is almost
the same irrespective of depth, showing overlapping
peaks of heterogeneous components such as soil
organic matter and minerals. Therefore, the absorption
bands of soil spectra were divided into three main
spectral regions based on visual observation, i.e.,
700-400, 1700-800, and 3700-2800 cm_l, and bands
were assigned according to the previous literature
(Table 1). The absorption bands between
28003700 cm ™' were assigned to O-H and N-H
stretching vibrations of water and organic materials
such as alcohols, phenols, and amides. The main peaks
in this region for four sites at different depths were

observed around 3423-3435 cm™'. The region with
abundant peaks was around 800-1700 cm ™' generally
attributed to the chemical structure of soil organic
matter. The peaks observed in this region between
1632 and 1631 cm ™' were assigned to N-H bending
vibrations of amine and aromatic C=C stretching and
C=0 stretching from carboxylic acids (Xing et al.,
2016). The peaks produced around 1429-1420 cm ™"
appeared due to the existence of carbonates (Chauhan
etal., 2018). The C—O stretching vibration of alcohols,
ethers, phenols, and carboxylic acids, and C-O
stretching of polysaccharides was observed in the
region 1300-1000 cm™'. The distinct peaks in this
region were observed at 1081-1018 cm™" at 0-50 cm
depth in four areas. The organic functional groups
such as amides, hydroxyl, carboxyl, and phenols have
the highest active sites for complexation of metals
(Dhillon et al., 2017). The wavenumbers below
900 cm ™! are generally credited to the absorption of
minerals such as quartz and iron oxides along with the
C-H vibrations in aromatics (Xing et al., 2016). The
peaks at 875-876 cm ™' were assigned to vibrations of
CO5%™ in calcite and minerals of the calcite and
dolomite groups. The absorption bands that appeared
around 797-712 cm™' are credited to symmetric
stretching of Si—O in inorganic materials (quartz and

Fig. 4 FTIR spectra of soil
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Table 1 Assignment of absorption bands based on previous literature

References

Si—O-Si bending in kaolinite, illite, smectite
Out-of-plane bending of the aromatic ring C—H bonds
Fundamental vibrations of CO5>~ in calcite

Vibrations of CO327 in calcite and minerals of the calcite

In-plane bending of the aromatic ring C-H bonds; the C—

Chauhan et al. (2018)
Chauhan et al. (2018)
Bernier et al. (2013)
Xing et al. (2019)
Bernier et al. (2013)
Xing et al. (2019)
Bernier et al. (2013)

Bernier et al. (2013)

O stretching vibration in alcohols, ethers, phenols,
carboxylic acids and esters; stretching of C-O in
polysaccharides; C-N stretching vibrations in aliphatic

Aromatic C=C stretching, C=O0 stretching from carboxylic

Chauhan et al. (2018)
Xing et al. (2016)

acids, and N-H bending vibrations of amine

Peaks observed Literature Bands assigned
463-471 460-470
516-521 520 Si—O-Al bending
694 675-900
690 Iron oxides
712-797 715-712
783 Primary amine
875-876 887-866
and dolomite groups
1018-1081 1080 Polysaccharides C-OH
1300-1000
and aromatic amines
1420-1429 1420-1425 Carbonates
1631-1632 1600-1750 cm ™"
3423-3435 3500-3000 cm ™"

O-H and N-H stretching vibrations of water and organic

Xing et al. (2016)

materials (alcohols, phenols, and amides)

clay) calcite and carbonates. (Chauhan et al., 2018).
The peak attributed to metal oxides and carbonates
was observed at 694 cm™', which appeared at the
same wavenumber in all the samples. The Si—O-Al
bending vibrations produced the peaks around
521-516 cm ™" and Si—O-Si bending formed the peaks
at the wavenumber of 471-463 cm™'. The overall
spectral analysis of FTIR bands revealed that the main
components of soil were organic matter, clay minerals,
and water as the abundant peaks were observed in the
mid-infrared region. The soils having a higher amount
of organic matter are more capable of retaining metals
(Miles & Changwen, 2014).

Soil mineralogy

XRD analysis was performed to study the predominant
minerals in a soil profile of 0-50 cm. XRD spectra
revealed that soil was mostly composed of crystalline
phases. Quartz was the major mineral found in all the
soil profiles, but the rest of the mineralogy of soil
varied from one site to another (Fig. 5). This could be
due to the difference in geographical features of these
sites. The main mineral phases present in the surface
soils of site A are zeolite and silicon oxides. The main
peak of quartz was found at 26.8-26.9 at five depths,

@ Springer

but the height of the peak varied. The intensity of an
XRD peak is proportional to the concentration of a
particular mineral in the soil (Jozanikohan et al.,
2016). Previously, it is reported that quartz was a
dominant part of sand and silt fractions (Ferreira et al.,
2018). The 10-20 cm soil was rich in quartz but few
peaks of bowieite and birnessite were found which
were absent in the rest of the soil profile. In the
30-40 cm depth of site A, chalcopyrite, chalcophanite
and montmorillonite were also found. Chalcopyrite is
a common mineral of naturally occurring Cu (Singh &
Agrawal, 2012). The montmorillonite and quartz
peaks were found in the 40-50 cm depth. In the case
of site B, the surface soil showed the maximum peaks
of quartz and it is apparent from Fig. 4 that quartz is
overlapping other peaks and one peak of ferritapiolite
was observed which is absent in rest of the soil profile.
The peak position of the main peak of quartz in this
area was 26.9-27 with varied height at different
depths. The rest of the soil minerals found in this site
were zeolite, calcite, niningerite, magnesium calcite,
and montmorillonite. The main peak of quartz at site C
appeared at 26.9 for all samples. At the site C
(0-10 cm) soils, quartz was a major mineral followed
by zeolite and calcite and peaks of calcite were seemed
to be overlapped by quartz. The rest of the minerals
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Fig. 5 Soil samples from 0-50 cm depth of four cities a Abbottabad, b Haripur, ¢ Attock, d Islamabad

found in this site were perovskite, montmorillonite,
sidwillite, and magnesium calcite. At site D, the soil
mineralogy was found rich in quartz followed by
zeolite, sylvine sodian, karrooite, calcite and mont-
morillonite. The main peak for quartz in this area for
all the samples was found at 26.8-26.9. However, the
overall mineralogy of a particular site was same in
terms of depth. Quartz was found to be the main
mineral at all locations followed by other minerals.

Metal speciation by XPS
The XPS spectra of As3d, Fe2ps,,, and Pb4fs,, and 7,

are depicted in Fig. 6. Nevertheless, only the clear
spectra obtained from a site are included in the figure.

The As3d spectra of site A and B did not show any
distinct peaks, due to the low concentrations. These
results are in line with the geochemical fractionation
of sites A and B where the residual As was dominated
at these sites. A broad peak of As(O) was observed at
topsoil of site C around 44.2 eV. The dominant peaks
of As(III) were observed in a soil profile of 040 cm at
43.4-439 eV (Jung et al, 2015). However, at
40-50 cm the spectra showed a weak peak of As(III).
Another dominant specie of As found in this soil was
of As4S4 at 43.0-43.4 eV. It verifies the results of
geochemical fractionation of As at site C which
depicted the As bound to sulfide fractions in this area.
In the 20-30 cm depth, a broad peak of As203 was
observed at 44.1 eV (Ubaid et al., 2019). The As3ds,
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Fig. 6 The XPS spectra of As, Pb and Fe of soil samples from 0-50 cm depth of four cities a Abbottabad, b Haripur, ¢ Attock,
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spectra of site D depicted the same oxidation states of
As at site C. However, the peaks of metallic As
appeared at 41.9, 42.6, 42.6 eV at 20-30, 30-40 and
40-50 cm depth, respectively. The XPS spectra
revealed that As in soils at both sites is present in the
form of As (III) and no dominant peak of As (V) was
observed. Under redox reactions, As(IIl) is oxidized
supported by clay minerals and oxidation of As (III-
V) is favorable for immobilization of As (III) (Wang
etal., 2019). The mobility and toxicity of As(III) in the
soil are much more as compared to As (V) since As
(V) has a higher ability to sorb in minerals (Ferreira
et al., 2019).

@ Springer

Pb4fs,, and Pb4f;), spectra of surface soils of four
sites are depicted in Fig. 6. The dominant peaks at
144.1 and 143.5 eV observed for Pb4fs,, spectra were
attributed to PbCo; and PbO, at site A and a peak
observed at 139.5 attributed to PbSO4, 138.8 as PbBr2
and a small peak of Pb(OH), was assigned at
138.2 eV. The Pb carbonates, sulfate, and oxides were
found at the reclamation sites of automobile batteries
(Cao et al., 2008). At sites B and C, no peaks were
found in Pb4fs,, spectra and two peaks of Pb4f;,, were
observed of Pb(NO); around 139.2 and 139.4, respec-
tively. The Pb4fs,, spectra of site D also showed a
broad peak of PbCO; at 144.0 eV and PbO2 at
143.4 eV. The Pb4f;,, spectra of site D revealed two
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distinct peaks at 139.3 eV as Pb(NO)3 and 138.7 as
PbCl,. The presence of Pb oxide, chloride and
carbonate species in this site is also verified by XRD
results. The broad peaks of Fe*™ and Fe*™ were found
in the soil samples of all sites. The results of EF
revealed anthropogenic activities involved in the
enrichment of Pb and As in the study area. However,
the contribution from a particular source is yet to be
identified through isotopic printing.

Conclusions

This study examined the soils of the upper Indus basin
for PTMs concentration, and factors affecting their
behavior in the soil. The vertical distribution of
targeted metal(oid)s differed among the metal(oid)s
and four sites. The EF results illustrated the contribu-
tion from anthropogenic sources in the metal enrich-
ment. Soils were found enriched with As, Cu, Ni, Pb,
and Zn. Geochemical fractionation of these metals
revealed that a considerable amount of these metals is
present in potentially bioavailable fractions. However,
generally, the percentage of residual fractions
increased from top to bottom layers. The soil in the
study area was found rich in organic matter and
capable of retaining PTMs as FTIR analysis revealed
dominant peaks in the mid-infrared region. The main
mineral phases present in the soil were identified as
zeolite and silicon oxides. The XPS results confirmed
the presence of Pb oxides, carbonates, and chloride.
These species of Pb are known to be present at sites
contaminated with Pb. Furthermore, XPS results
revealed dominant peaks of As (III) at site C and D
for which the sources are yet to be explored. In the
future, the sources of these metals in the region should
be explored through isotopic imprints and remedial
measures should be taken to avoid the further toxicity
of soil.
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