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Abstract
Purpose Magnetic measurements provide quantitative data on urban pollution (including heavy metal content) which correlate
significantly with geochemical analysis and better constrain the source character of pollutants. The present study is aimed to map
the distribution of heavy metals in road-deposited sediments (RDS) and identify the possible provenance of the sediments during
the pre-monsoon and post-monsoon (mainly fog) periods of Allahabad city, India.
Materials and methods In all, 442 RDS samples from 60 representative locations were collected over 3 years, and the different
magnetic parameters and metal concentrations were determined. The magnetic minerals were identified using X-ray diffraction
(XRD) and backscatter electron-scanning electron microscopy (BSE-SEM) while principal component analysis (PCA) was used
for the provenance tracing of the RDS.
Results and discussion The samples record high magnetic susceptibility (χlf; x : 174.44–604.36 × 10−8 m3 kg−1), saturation
isothermal remnant magnetization (SIRM; x : 1586.30–2421.51 × 10−5A m2 kg−1) and anhysteric remnant magnetization sus-
ceptibility (χARM; x : 461.64–1099.68 × 10−8 m3 kg−1) values independent of seasonal change. The magnetic minerals in the
sediments lie in pseudo-single domain (PSD) and multi-domain (MD) from anthropogenic sources while stable single domain
(SSD) is associated with both natural and anthropogenic sources. PCA of magnetic proxies with heavy metal concentrations
suggests the derivation of the RDS from multiple (crustal, anthropogenic, traffic, and industrial) sources. The XRD analyses
confirm the presence of magnetite and hematite, in addition to quartz, feldspar, gypsum, apatite, calcite, and dolomite in the RDS.
Limited geochemical analysis of the RDS comprising Na, Mg, Al, K, Ca, Ti, Mn, Fe, Sc, V, Cr, Ni, and Rb suggests a
predominance of anthropogenic load in RDS compared to geogenic sources.
Conclusions The magnetic measurements coupled with XRD and BSE-SEM analyses suggest the dominance of magnetic grains
and heavy metals in pre-monsoon samples compared to those collected during the fog period. The geochemical data also support
the seasonal control for the elevated heavy metal concentration in the RDS and their derivation from geogenic as well as
anthropogenic sources.
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1 Introduction

Magnetic measurements are rapid, cost-effective, require less
time for sample preparation, are non-destructive (Dekkers
1997; Evans and Hellers 2003; Maher 2011), and are widely
applied to decode the distribution of heavy metal contami-
nants and trace their sources (Robertson et al. 2003; Lu et al.
2007; Karimi et al. 2011). The analyses of various magnetic
parameters (χlf, χfd%, χARM, SIRM, and S-ratio%) are ex-
tensively employed to estimate anthroprogenic pollution
(Adachi and Tainosho 2005; Qiao et al. 2011; Fedotov et al.
2014; Szuszkiewicz et al. 2015; Zhang et al. 2015; Wang
2016). The cosmopolitan centers of the world, like Delhi,
India (Meena et al. 2011), Beijing, China (Li et al. 2014),
and Manchester, United Kingdom (Jones et al. 2015), are per-
vasively affected with magnetic particulate matter derived
from multiple sources. The application of magnetic proxies
to monitor urban (Qiao et al. 2011; Jordanova et al. 2015),
industrial (Wang and Qin 2005), and agricultural (Bian et al.
2014) pollution is well known. In recent years, the magnetic
measurements of the RDS are coupled with their geochemical
analyses to better relate the source to sink (Jordanova et al.
2015; Bourliva et al. 2016). The dust load from multiple
sources is best concentrated and homogenized in and around
the city road networks making them ideal sites for representa-
tive sampling. In India, some of the densely populated, indus-
trialized, highly polluted urban centers are located in the north
(New Delhi, Pant et al. 2015; Agra, Pipal et al. 2011; Kanpur,
Rai et al. 2016; Allahabad, Chakarvorty et al. 2014; and
Varanasi, Pandey et al. 2017), and these centers experience
severe winter fog every year. According to a recent report,
one of these cities, Allahabad, is the third most polluted in
the world (WHO Global Urban Ambient Air Pollution
Database 2016). In addition to its large permanent population,
the Allahabad city experiences a sudden increase of inhabi-
tants (~ 120 million) for a religious festival (December–
February; BMagh Mela^) leading to a spurt in the anthropo-
genic movement. Hence, the impact of heightened anthropo-
genic activity and seasonal change can be better understood
by a multi-parameter study of the RDS involving magnetic
measurements and geochemical analysis in the present study.

2 Materials and methods

2.1 Study area

The city of Allahabad (25°27′33.40″-25°26′33.40″N and
81°52′45.47″-81°52′33.40″E) is over 70 km2 in area and lo-
cated in the northern Indian state of Uttar Pradesh. It is one of
the oldest cities of India and is a famous pilgrimage center
with a population of 5,954,391 inhabitants (2011 Census)
and having a population density of 1086 people per km2.

The annual mean temperature is 26.1 °C and average precip-
itation of ~ 1027 mm. The wind direction is mostly north-
westerly. The city has a humid subtropical climate with three
major seasons: hot dry summer (April–July), warm humid
monsoon (August–October) , and cool dry winter
(November–March). The topography of the city is nearly flat
with average elevation of 98 m and is located within the Indo-
Gangetic Basin. The city is situated at the confluence of two
major Himalayan Rivers, the Ganga and Yamuna.

2.2 Sampling zones

The sampling locations were divided into five zones based on
urban characteristics; these were green area, commercial area,
residential area, traffic area, and industrial area. The zone 1
(Cantonment: N 25°27′30.20″ E 81°48′57.41″) is a green area
comprising trees and grasses with a group of residential colo-
nies, where the entries of heavy vehicles are restricted and the
use of polythene is banned. The zone 2 (Civil Lines: N 25°27′
1.16″ E 81°50′3.86″) is known for major commercial activity.
The zone 3 (Chawk: N 25°26′17.63″ E 81°50′1.06″) is a com-
mercial and residential area having moderate to high traffic
density. The zone 4 (Alopibagh: N 25°26′34.42″ E 81°52′
8.65″) is in the vicinity of National Highway (NH-2) having
high traffic density. In addition, the area comprises residential
as well as commercial establishments. The zone 5 contains the
industrial areas Naini (N 25°23′13.70″ E 81°51′59.24″) and
Phulpur (N 25°32′1.80″ E 82° 3′58.38″). The former area has
many industries such as manufacturing units, electrical units,
warehouses etc. located toward south while the latter location
is situated at the north-eastern part of the city and is known for
the coal-fired power plant (Indian Farmers Fertilizers
Cooperative; IFFCO) (Fig. 1).

2.3 Sampling and laboratory procedures

In order to investigate the spatio-temporal distribution pattern
of magnetic particles causing urban pollution, the magnetic
susceptibility of 442 RDS samples collected during the pres-
ent study (Fig. 1) from three sampling periods (pre-monsoon-
2009: 1st April to 31st May, 2009; fog-2010: 1st–31st January
and 1st–31st December, 2010; fog-2011: 1st–31st January and
1st–31st December, 2011) were measured. Thereafter, only 60
representative samples (20 samples from each of the three
sampling periods) were selected from five representative
zones spread over three seasons for detailed magnetic mea-
surements (such as SIRM, χARM, χARM/SIRM, SIRM/χlf,
χARM/χlf, SOFT, S-ratio%), microscopic and chemical stud-
ies. The samples were collected with the help of brush and
dust pan and were transferred to plastic bottles of 200 g ca-
pacity. The samples were air-dried, and then sieved using
brass sieve of 35 ASTM (American Society for Testing and
Materials, USA) mesh (500 μm) to remove coarse debris and
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stones (Niyogi et al. 2011). The XRD was performed on the
powdered samples (− 200 mesh size/74 μm) with accelerating
voltage of 30 kV and beam current of 25 mA using CuKα
target and Ni filter. The analytical conditions for all sample
scans made between 10 and 60° (2θ) at a scan speed of 2° per
minute. The BSE-SEM analyses were performed using
Cameca SX-100 Electron Probe Microanalyzer (EPMA) in-
strument, Physical Research Laboratory, Ahmedabad for the
morphological and micro-chemical analyses. The samples
were mounted on glass slides using synthetic glue
(Araldite®) for the BSE-SEM analysis and coated with
carbon.

The low (χlf) and high (χhf) frequency magnetic suscepti-
bility measurements of RDS were performed on the < 500 μm
fraction using a dual frequency sensor (0.47 and 4.7 kHz)
magnetic susceptibility meter (MS2B; Bartington, UK;
Department of Earth and Planetary Sciences, University of
Allahabad), and the values are reported in SI unit
(10−8 m3 kg−1). The frequency-dependent magnetic suscepti-
bility (χfd% = χlf-χhf/χlf*100%) was also calculated. χARM
(10−8 m3 kg−1) was measured in Molspin spinner magnetom-
eter. Isothermal remanent magnetizat ion (IRM ×
10−5 A m2 kg−1) was measured using Pulse magnetizer
(Model-MMPM 10) in field of 20, 100, 300 mT and 1 T,

and again re-introduced for demagnetization in − 20, − 30, −
40, − 50, − 100, and − 300mT. The other magnetic parameters
measured and calculated include SIRM (10−5 A m2 kg−1) that
was measured at 1 T, χARM/SIRM (103 m A−1), SIRM/χlf
(103 m A−1), χARM/χlf, SIRM/ARM, SOFT ([SIRM-IRM-20

mT)/2)/mass] × 10−5 A m2 kg−1) (Wang et al. 2008), and S-
ratio % (IRM 300mT/SIRM).

2.4 Geochemical analysis

Geochemical analysis was carried out to determine the rela-
tionship between metal pollution and magnetic properties of
RDS. The geochemical analysis of limited major and trace
elements (including heavy metals) was performed using X-
ray f luorescence (XRF) (Ph i l ips PW1400 XRF
Spectrometer, Physical Research Laboratory, Ahmedabad)
and the calibration was made with GSD-9 and SDO-1 internal
standards. The data is reported with 10% precision for all the
analyses. The samples were first sieved using a 35
mesh/500 μm sieve to remove the larger particles, and for
chemical analysis, the − 200 ASTM mesh/74 μm fraction
was taken. The sample was then powdered using a planetary
ball (agate) mill for homogenization. Approximately 2–3 g of
sample was taken with wax as a binder for making pressed

Fig. 1 The Google Earth® image of the study area showing sampling zones and individual locations and the possible provenance (HS, IGS, and BG) of
sediments are given in the inset map
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pellets. Then, the concentration of major (Na, Mg, Al, K, Ca,
Ti, Mn, and Fe) and trace elements (Sc, V, Cr, Ni, Rb, and Y)
was measured and reported in weight % or ppm.

2.5 Statistical analysis

Statistical analysis was undertaken on large dataset to infer
about the source provenance of the pollutants using SPSS 20
version (SPSS Inc., USA). The most common multivariate
analysis method, PCA, was applied to the dataset for identi-
fying relationships between magnetic and geochemical data
and provenance identification. In the PCA, Varimax with
Kaiser normalization was used as a rotation method in the
analysis.

3 Results and discussion

3.1 Temporal and spatial variations of magnetic
parameters of RDS within the city

The results of magnetic measurements (χlf, χfd%, SIRM,
SIRM/χlf, χARM, and S-ratio %) with reference to sam-
pling time and zones are summarized in Fig. 2a–c and
Table 1. The mean χlf of the RDS from the green area (zone
1) varies from 39.46 to 57.41 × 10−8 m3 kg−1 in pre-mon-
soon-2009. According to Canbay et al. (2010), the suscepti-
bility value of the green area ranged from 10 to 21 ×
10−8 m3 kg−1 while Lu et al. (2007) stated that the values
ranged from 31 to 186 × 10−8 m3 kg−1 depending upon par-
ent material, climate, geomorphology, vegetation, and time.
The commercial area (zone 2, present study) shows wide
variation in magnetic susceptibility (81.5–187.26 ×
10−8 m3 kg−1). The congested old city area falling in zone
3 shows limited variations (166.36 to 180.8 × 10−8 m3 kg−1).
The susceptibility value in zone 4 is observed between
145.78 and 218.76 × 10−8 m3 kg−1. In contrast to the present
study, the χlf of the residential and commercial areas of
Turkey (Canbay et al. 2010) and China (Lu et al. 2007)
ranged from 45 to 91 and 106 to 288 × 10−8 m3 kg−1, respec-
tively, due to traffic emissions. The zone 5 comprising in-
dustrial areas of Naini and Phulpur record elevated values in
the range of 799.78–2302.96 × 10−8 m3 kg−1 and 639.21–
1916.14 × 10−8 m3 kg−1, respectively, whereas in China
(Lu et al. 2007), it ranged from 111 to 1128 × 10−8 m3 kg−1

and 78 to 203 × 10−8 m3 kg−1 in Turkey (Canbay et al. 2010),
respectively. It is interesting to note that these values are
lower than those found in the present study. This could be
due to relatively high industrial activities and traffic emis-
sions in two select domains (Naini and Phulpur) of the study
area. The χfd% value during pre-monsoon-2009 lies be-
tween 0.76 and 6.45 with an average χfd% of 2.02 suggest-
ing the dominance of PSD, MD, and SSD grains compared

to fine superparamagnetic (SP) particles. The SIRM values
of the RDS ranged from 27.4 to 7452.63 × 10−5 A m2 kg−1

(average, x ̄: 1677.73; standard deviation, σ: 2143.34)
depicting significant variation. In samples belonging to
pre-monsoon-2009, the χARM/SIRM and χARM/χlf values
range between 0.05–7.16 × 10−3 m A−1 (x:̄ 1.73; σ: 1.99) and
0.04–6.35 (x:̄ 2.68; σ: 1.7) suggesting a relatively high con-
centration of SSD magnetic minerals. The S-ratio % indi-
cates the presence of low and high-coercivity magnetic min-
erals (magnetite and hematite) in the RDS with the variation
of 53.28 to 96.67 (x:̄ 74.16; σ: 16.27) in pre-monsoon-2009.
During the fog-2010, the magnetic susceptibility values vary
from 37.87 to 379.2 × 10−8 m3 kg−1 (x:̄ 174.44; σ: 100.3)
having high χfd% value (0.66–11.26, x:̄ 5.15; σ: 3). The
SIRM ranges from 19.09 to 5648.54 × 10−5 A m2 kg−1 (x:̄
1586.3 × 10−5 A m2 kg−1; σ: 1572.32) while χARM/SIRM
and χARM/χlf vary between 0.01–18.05 × 10−3 m A−1 (x:̄
1.94; σ: 4.31) and 0.21–8.91 (x:̄ 3.38; σ: 2.93), respectively.
The S-ratio % value ranges from 51.88 to 99.16 (x:̄ 74.27; σ:
17.18) during fog-2010. The χlf during fog-2011 varies from
29.42 to 1415.88 × 10−8 m3 kg−1 (x:̄ 297.59; σ: 326.27), the
χfd% ranges between 0.37 and 11.65 (x:̄ 4.66; σ: 3.28), and
SIRM from 208.7 to 5266. 38 × 10−5 A m2 kg−1 (x:̄ 2421.51;
σ: 1448.1). The χARM/SIRM ratio ranges from 0.07 to
6.71 × 10−3 m A−1 (x:̄ 0.77; σ: 1.48) and the χARM/χlf lies
from 1.14 to 27.27 (x:̄ 5.87; σ: 7.7). The S-ratio % value
observed during fog-2011 lies from 65.12 to 94.74 (x ̄:
81.3; σ: 9.14) suggesting the presence of both low and high
coercivity minerals.

The present study dealing with the seasonal effects on the
RDS reveals that unlike the fog period, the χlf values in-
crease during pre-monsoon-2009 indicating a higher con-
centration of magnetic minerals. The χfd% ranges between
0.37 and 11.65 during different seasons indicating the pres-
ence of MD and PSD grains with few SP particles. However,
in zone 5, the χfd% value is < 3% suggesting the possible
contamination of RDS due to industrial activities. Thus, the
increase in χlf decreases χfd% and creates a threshold be-
tween low and high polluted zones. The χARM/SIRM and
χARM/χlf values observed during the fog-2010 and 2011
were comparatively higher than pre-monsoon-2009 suggest-
ing the presence of MD or PSD and coarse SSD grains. The
King plot (King et al. 1982; Fig. 3a) and Dearing plot
(Dearing 1999; Fig. 3b) show the presence of PSD and
MD with coarse SSD but having low concentration of SP
particles (< 50%). The PSD and MD grains are generally
derived from industrial activity, fuel combustion, and traffic
pollution (Goddu et al. 2004; Sagnotti et al. 2006; Yang et al.
2010). The χARM/SIRM-χARM/χlf plot (Fig. 3c) shows
the variation among SD ferrimagnetic grains having varied
particle size similar to previous findings (Maher 1998). The
higher value of χARM/SIRM (1.9) indicates the presence of
finer (< 1 μm) ferrimagnetic grains whereas the lower value
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points to the coarser fraction (> 10 μm) (Jones et al. 2015). In
the present study, the finer ferrimagnetic grains show domi-
nance in pre-monsoon-2009, whereas the coarse grains are

�Fig. 2 a–c Data of various magnetic parameters obtained from the
RDS collected from different zones of the study area between 2009
and 2011

Table 1 Magnetic parameters measurement of RDS, Allahabad city, India

Sampling period χLF
(10−8 m3 kg−1)

χFD% SIRM
(10−5 A m2 kg−1)

χARM
(10−8 m3 kg−1)

χARM/
SIRM
(10−3 m A−1)

SIRM/χLF
(10−3 m A−1)

χARM/
χLF

S-
ratio%

SOFT
(10−5 A
m2 kg−1)

Pre-monsoo-
n-2009

Max. 2302.96 6.45 7452.63 3116.14 7.16 16.71 6.35 96.67

3-
3-
8-
1-
.-
51

Min. 39.46 0.76 27.4 64.06 0.05 0.25 0.04 53.28 4.27

Avg. 604.36 2.02 1677.73 920.73 1.73 3.42 2.86 74.16 541.21

σ

6-
9-
4-
.-
68

1.35 2143.34 921.74 1.99 3.95 1.7 16.27 867.34

Fog-2010 Max. 379.2 11.26 5648.54 1523.77 18.05 36.31 8.91 99.16

1-
4-
0-
4-
.-
49

Min. 37.87 0.66 19.09 15.38 0.01 0.49 0.21 51.88 1.29

Avg. 174.44 5.15 1586.3 461.64 1.94 8.96 3.38 74.27 439.32

σ

1-
0-
0-
.3

3 1572.32 420.12 4.31 8.73 2.93 17.18 505.62

Fog-2011 Max. 1415.88 11.65 5266.38 5400.28 6.71 113.88 27.27 94.74

1-
2-
43

Min. 29.42 0.37 208.7 80.45 0.07 0.98 1.14 65.12 41.27

Avg. 298.9 4.66 2421.51 1099.68 0.77 17.54 5.87 81.3 576.36

σ

3-
2-
6-
.-
27

3.28 1448.1 1363.53 1.48 24.03 7.7 9.14 416.44
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more abundant during the fog period. In general, the samples
of pre-monsoon period is enriched in finer grain sizes as the
dust storms lead to grain size reduction triggered by
weathering, abrasion, and attrition of particles, and this pro-
motes transportation and deposition of the particulate matter.

The finer particles are known to be enriched in magnetic
minerals which ultimately enhance the magnetism. The
coarser particles are more abundant during the fog period
because of the effect of humidity and precipitation that pre-
vent dust re-suspension leading to the accumulation of the

Fig. 3 a–f Relation between different magnetic properties with respect to the observed RDS, where a and b have been modified after King et al. (1982)
and Dearing (1999), respectively
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coarser fraction. The negative correlation between χlf and
χfd% (Fig. 3d) indicates the susceptibility variation resulting
from anthropogenic pollution (Canbay et al. 2010). The in-
verse relationship between susceptibility and χfd% in dust
load has been attributed to the contribution of pedogenic SP
grains (Sheng-Gao and Shi-Qing 2008). The low χfd% value
indicates the presence of coarser magnetic grains (Hay et al.
1997). The susceptibility values of the RDS, observed dur-
ing the present study, hence, confirm the presence of ferri-
magnetic minerals similar to the findings of Wang et al.
(2012). The linear correlation between SOFT and SIRM
(R2 = 0.7) (Fig. 3e) suggests that the magnetic properties of
the RDS are dominated by ferromagnetic minerals (magne-
tite). Similar observations are reported for the street dust of

China (Peng et al. 2010). In addition, a significant correla-
tion (R2 = 0.6) between χlf and IRM (measured at 20 mT;
Fig. 3f) suggests the predominance of ferrimagnetic minerals
in the RDS.

3.2 Morphological and micro-chemical analysis

The morphology of different RDS particles was determined
using BSE-SEM aided with energy dispersive spectra (EDS)
which provide valuable information about the presence mag-
netic grains within a sample. About 94–95% of all the parti-
cles observed occur as isolated grains and the remaining 3–4%
form aggregates. The grains are varied in shape (angular, sub-
angular, rounded, well rounded, subrounded, acicular

Fig. 4 BSE photomicrographs of RDS showing varied shaped particles (1-subangular, 2-subrounded, 3-acicular, 4-angular, 5-spherule, 6-rounded, and
7-well rounded) with corresponding EDX spectra reflecting elemental abundance and more importantly enrichment of siderophile elements
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Fig. 6 aAverage concentration of
major elements, b trace elements
(including heavy metals) in the
RDS with varying seasons where
the gray area represents the range
of data from present study

Fig. 5 X-ray diffraction patterns
of two representative RDS from
Allahabad city showing the
presence of Qtz-Quartz, Or-
Orthoclase, Cal-Calcite, Ap-
Apatite, Dol-Dolomite, Hem-
Hematite, Mag-Magnetite, and
Gy-Gypsum
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particles; Fig. 4). The spherules observed in the majority of
RDS constitute about 1–2% of its bulk volume. The irregular-
shaped and brighter particles are anthropogenic in origin de-
rived from vehicular emission or during mechanical wear and
tear processes (Goddu et al. 2004). The angular grains range in
size from 1 to 180 μmwhereas the spherules measure between
10 and 100 μm. The EDS shows the RDS mainly composed
of Si, Ti, Fe with Al, Ca, Mn, and other trace elements (Fig. 4).
The acicular grains are magnetite, sub-angular grains are
quartz, and the platy grains are mainly gypsum. The spherical
particles are either Fe-rich or composed of Ca, Al, and Si
predominantly (Niyogi et al. 2011).

3.3 X-ray diffraction of RDS

The XRD analysis was used to determine the bulk mineralogy
of RDS and to identify the presence of magnetic minerals.
The XRD patterns of the RDS are summarized in Fig. 5.
About 70–80 vol% of the RDS comprises mineral matter
and the remaining constitutes amorphous constituents. The
minerals identified include quartz (d: 3.34 Å) with a subor-
dinate amount of orthoclase feldspar (d: 3.29 Å), calcite (d:
3.02 Å), dolomite (d: 2.19 Å), apatite (d: 1.9 Å) possibly
derived from both lithogenic and anthropogenic sources
while magnetite (d: 1.8 Å) and hematite (d: 3.6 Å) are

Table 3 Principal component analysis carried out for source identification of heavy metals and magnetic properties of three seasons collected from
RDS of Allahabad

Pre-monsoon-2009 Fog-2010 Fog-2011

PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4

Cr 0.73 0.61 0.29 0.1 0.2 0.07 0.19 0.95 − 0.36 − 0.12 0.53 − 0.52
Ni 0.94 − 0.21 − 0.13 0.15 0.38 0.64 0.44 0.5 − 0.17 0.58 0.22 0.75

Sc 0.92 0.18 0.35 0.06 0.47 0.75 − 0.1 0.41 0.03 0.08 0.99 0.03

V 0.62 0.22 0.74 0.08 0.06 0.48 − 0.16 0.85 − 0.36 0.01 0.93 − 0.003
Y 0.1 − 0.85 − 0.29 0.44 − 0.63 − 0.34 − 0.51 − 0.3 − 0.82 − 0.03 − 0.05 0.08

Rb − 0.9 0.07 0.34 − 0.22 0.95 0.3 0.09 − 0.02 − 0.18 0.83 − 0.07 0.52

χLF 0.99 0.12 0.06 0.08 0.54 0.34 0.71 0.26 0.13 0.02 0.95 − 0.26
FD% − 0.29 − 0.05 0.93 − 0.1 − 0.95 − 0.07 − 0.01 − 0.24 − 0.2 0.05 − 0.25 0.86

SIRM 0.9 0.29 0.26 0.17 0.37 0.85 0.34 0.19 0.49 − 0.73 0.37 0.27

χARM 0.5 0.39 0.74 0.09 − 0.01 − 0.25 0.97 − 0.001 0.97 − 0.1 0.03 − 0.21
χARM/SIRM − 0.51 − 0.82 0.05 − 0.21 − 0.97 − 0.19 − 0.1 − 0.11 0.52 0.83 − 0.11 0.18

SIRM/ χLF − 0.06 0.81 0.04 0.45 0.42 0.84 0.15 0.22 0.04 − 0.81 − 0.54 0.19

χARM/ χLF − 0.89 − 0.33 0.18 − 0.17 − 0.73 − 0.32 0.59 − 0.12 0.84 − 0.1 − 0.47 − 0.24
SOFT 0.94 0.15 0.28 0.1 0.04 0.92 − 0.29 0.11 0.84 − 0.5 − 0.14 0.17

S-ratio% − 0.29 − 0.12 − 0.04 − 0.93 0.01 − 0.59 − 0.79 − 0.03 − 0.36 0.82 0.11 0.34

Eigen Values 8.81 2.93 1.75 1.10 8.35 2.85 2.10 1.28 5.62 3.96 2.86 1.60

% of variance 58.74 19.54 11.7 7.37 55.69 19.01 14 8.57 37.48 26.41 19.11 10.7

Cumulative % 58.74 78.28 89.98 97.35 55.69 74.7 88.7 97.27 37.48 63.89 83 93.7

Italic numbers indicate the significant association (> 0.5 and <− 0.5) of the analyzed principal component

Fig. 7 Enrichment ratio of trace elements (including heavy metals) in RDS of different sampling periods suggesting their derivation mainly from
anthropogenic source during pre-monsoon compared to dominant contribution from the crustal source during the fog period
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derived from anthropogenic sources. The gypsum (d:
4.27 Å) within the RDS originated in the coal-fired power
plant, as the burning of coal generally leads to its formation
(Goodarzi 2006). Quartz is the most dominant phase follow-
ed by feldspars, oxides (magnetite and hematite), sulfate
(gypsum), carbonates (calcite and dolomite), and phosphate
(apatite).

3.4 Geochemical analysis

The chemical analysis of the selected major (Na, Mg, Al,
K, Ca, Ti, Mn, and Fe) and trace elements (Sc, V, Cr, Ni,
Rb, and Y) of the RDS is summarized in Fig. 6a, b and
Table 2. The elemental concentrations of the RDS are com-
pared to their possible provenance compositions (Upper
Continental Crust (UCC), Taylor and McLennan 1985;
Bundelkhand granitioid (BG), Pati et al. 2008; Himalayan
sediment (HS), Bhat and Ghosh 2001; Indo-Gangetic sed-
iment (IGS), Tripathi et al. 2007). The UCC, BG, and HS
are primarily felsic in nature, whereas the IGS has both
argillaceous and marginally carbonaceous constituents.
The Ca concentration in the RDS is enriched (37,717 to
56,870 ppm) as compared to the background value
(25,000 ppm in UCC, Taylor and McLennan 1985) and K
content is also elevated with respect to Na, Mg, Ti, and Mn
but depleted compared to reference values of UCC, BG,
HS, and IGS. Since Ca and K are ubiquitously observed in
all RDS samples worldwide, possibly this observation can
be used to differentiate the provenance types (anthropo-
genic and geogenic) of sediments in a similar setting. The
possible cause of Ca enrichment is the presence of modal
gypsum derived from the coal-fired captive power plant,
Phulpur (zone 5). Misra et al. (2014) earlier suggested that
calcite in IGS contributes Ca to the sediments. In contrast,
the present study shows that IGS is relatively depleted in
Ca and may not be its only source for the Ca enrichment.
The Fe concentration is depleted compared to the reference
values since the fine powdered fraction (< 74 μm) was
analyzed while the coarser fractions were left. However,
the presence of ferri- and ferromagnetic minerals in RDS
has been verified based on magnetic measurements, BSE-
SEM, SEM-EDS, and XRD data. The multicationic pattern
of the RDS is similar to the UCC and IGS suggesting its
possible derivation from these geogenic sources.

On the other hand, the relatively immobile trace elements
(Sc, V, Cr, Ni, Rb, and Y) show variation among the UCC,
HS, IGS, and BG (Table 2). The Cr and Ni show inverse
relationship negating their possible presence in magnetite in
solid solution. The HS and UCC values are showing similar
pattern to the RDS but the stated values are low (except Cr and
Y) suggesting a dominant anthropogenic contribution rather
than crustal load.

3.5 Assessment of metal pollution in RDS

3.5.1 Enrichment ratio

The ER for each element has been calculated on the basis of
concentration of measured trace elements in the sample divid-
ed by its average concentration in the UCC (ER = Cmetal/sample/
Cmetal/UCC). The ER value close to unity suggests the deriva-
tion of the metal from crustal sources, while ER > 1 indicates
its anthropogenic origin (Rajaram et al. 2014; Lin et al. 2016).

The ER for trace elements (Sc, V, Cr, Ni, Rb, and Y) is
shown in Fig. 7 for the pre-monsoon-2009, fog-2010, and fog-
2011 periods. The higher ER of Sc, V, and Cr in pre-monsoon-
2009 samples suggests their possible derivation from metal-
alloy industry, vehicular traffic, and coal-fired thermal power
plant. The presence of Ni, Rb, and Y suggests their possible
derivation from crustal and mixed (traffic and industrial)
sources. The Cmetal/CUCC ratio suggests minimal to moderate
enrichment of Cr, Sc, and V in RDS compared to ER. Cr is
most enriched compared to other metals suggesting its origin
from metal-based industries (iron and steel work, heavy engi-
neering, tool making, and metal plating) in the study area.

3.6 Source identification using statistical analyses

The multi-variate statistical analyses of trace elements com-
bined with magnetic characteristics of RDS are helpful to
ascertain their possible provenance. The results of the PCA
for magnetic parameters and trace element concentration show
four principal components with an eigenvalue > 1 extracted
for each season (Table 3). The four component dataset ex-
plains the cumulative percent total as 97.35% (pre-monsoon-
2009), 97.27% (fog-2010), and 93.7% (fog-2011) for the three
respective sampling periods. The initial component matrix of
the dataset shows that Cr, Ni, Sc, V, and the corresponding
magnetic parameters χlf, SIRM, χARM, and SOFT are asso-
ciated with PC1 for pre-monsoon-2009which confirmsmixed
anthropogenic source as a factor originating from industries
and traffic with a total 58.74% explained variance. The PC2
shows 19.54% explained variance with a significant SIRM/χlf
value. V and magnetic parameters (χfd% and χARM) are
showing higher values with 11.7% explained variance in
PC3 which is related to the crustal origin. During fog-2010,
PC1, Rb, and χlf explain positive loading while Y, χfd%,
χARM/SIRM, χARM/χlf show negative loading suggesting
its crustal input on the RDS (55.69% explained variance). The
PC2 in fog-2010 comprised Ni, Sc, SIRM, SIRM/χlf, and
SOFT as high loading, where Ni and Sc are mainly contribut-
ed by both lithogenic and anthropogenic sources with the
concentration of magnetic grains, as indicated. The high load-
ing of Cr, Ni, and V during fog-2010 in PC4 suggest its der-
ivation from traffic and industrial sources. In fog-2011, Ni,
Rb, χARM/SIRM, and S-ratio show positive loading in PC2
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with the presence of magnetite and hematite in finer grains
while SIRM with negative loading depicts the origin from
both lithogenic and anthropogenic processes. PC3 loading in
fog-2011 includes Cr, Sc, V, and χlf suggesting its anthropo-
genic input from vehicular activities and industries.

4 Conclusions

Magnetic measurements unequivocally demonstrate the vari-
able enrichment of heavy metals (Avg. Σ: 224.11 to
362.66 ppm) in the RDS of Allahabad city belonging to pre-
monsoon-2009, fog-2010 and 2011 periods. The industrial
areas (Naini and Phulpur; zone 5) havemaximum heavymetal
content (Avg. Σ: 206.95 to 544.98 ppm), which is also
reflected in the elevated magnetic susceptibility values for
the three sampling periods. The pollution load diminishes in
the following order: zones 5, 3, 4, 2, and 1, independent of
seasonal variations. The cumulative susceptibility value varies
from 39.46 to 2302.96 × 10−8 m3 kg−1 during the pre-
monsoon-2009 period. In contrast, the lowering of cumulative
susceptibility values is observed in the RDS belonging to fog-
2010 (37.87 to 379.2 × 10−8 m3 kg−1) and fog-2011 (29.42 to
1415.88 × 10−8 m3 kg−1). It is interesting to observe about a
three-fold increase in the cumulative susceptibility values of
RDS of pre-monsoon-2009 period compared to that of fog-
2010 and a two-fold increase with reference to fog-2011 sam-
ples. The study also shows that the magnetic grains are mainly
PSD, MD, and coarse SSD having both ferro- and ferrimag-
netic grains. This suggests that both finer (< 1 μm) as well as
coarser (> 10μm)magnetic grains are present in the RDS. The
particles of varied shapes (mainly angular-subangular) and
sizes (~ 1–180 μm) observed in the BSE-SEM images indi-
cate a very poor sorting of the RDS and confirms their deri-
vation from proximal lithogenic and anthropogenic sources.
The nature of magnetic minerals, their abundance, and the
size-range observed on the basis of magnetic measurements
are also supported by XRD and BSE-SEM data.

The average major elemental concentration patterns of the
RDS show similarity to the proposed proximal and distal
geogenic source domains (UCC and IGS). Ca, one of the
major elements in the RDS, is elevated more than 10 times
compared to its concentration in geogenic sources. The pres-
ence of gypsum (Ca: 23.3 wt.%), calcite (Ca: 40.04 wt.%),
and dolomite (Ca: 21.73 wt.%) in RDS, identified by BSE-
SEM study and XRD patterns, is consistent with the observed
anomalous Ca increase (3.77–5.69 wt.%). This strongly sup-
ports the derivation of Ca from anthropogenic and geogenic
sources. The trace elements (Sc, V, Cr, Ni, Rb, and Y) are
elevated in pre-monsoon samples compared to those belong-
ing to fog-2010 and 2011. The provenance of the sediment
load comprises felsic igneous rocks (BG) and arenaceous-
argillaceous sedimentary rocks (HS and IGS) that are depleted

in siderophile elements, and hence, the elevated Cr and vari-
able Ni and V contents strongly advocate their derivation from
anthropogenic as well as industrial sources.

The ER of heavy metals in RDS further lends credence to
the inferences obtained from magnetic measurements. The
present study suggests that the sediments are derived from
multiple sources with a dominance of anthropogenic load.
This further reaffirms the applicability of magnetic measure-
ments as a simple, rapid, and cost-effective technique to eval-
uate pollution load in local and regional scales and also for
tracing the provenance of the dust load effectively.
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