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Among the several methods to determine anthropo-
genic pollutants in the soil, magnetic susceptibility 
measurements have proven to be useful for rapid and 
effective diagnosis of magnetic particles and overall 
screening of pollution. Magnetic particles and other 
heavy metals accumulated in the topsoil as a result of 
roadside pollution, contribute to the bulk magnetic 
susceptibility (χ). Thus, χ values of the soil can be uti-
lized as a proxy to delineate the zones of high and low 
roadside pollution in an area. In this study, magnetic 
susceptibility measurements of the topsoil have been 
carried out and a quantitative assessment of roadside 
pollution in the Banaras Hindu University (BHU) 
campus, Varanasi, India is presented. Based on the χ 
values of 212 soil samples covering 1300 acres of the 
campus, zones of high and low roadside pollution are 
demarcated. The present study has not only deci-
phered the spatial variation of pollutants in the BHU 
campus, but has also characterized the magnetic 
phases responsible for the susceptibility signal on the 
roadsides inside the campus. The obtained results are 
crucial for environmental monitoring and prioritiza-
tion of land use and other anthropogenic activities  
inside the BHU campus. The modus operandi adopted 
here would be beneficial for mapping areas exposed to 
different levels of pollution intensity, for tracing the 
pollution transport and can be effectively applied to 
various ecosystems. 
 
Keywords: Anthropogenic pollutants, environmental 
magnetism, magnetic susceptibility, roadside pollution, 
topsoil. 
 
THE fresh topsoil in an area might get contaminated due 
to the settling and mixing of air pollutants by anthropo-
genic activities, and act as a natural storage for the pollu-
tants largely responsible for air pollution. The major 
contributing factors for increase in the concentration of 
air pollutants include combustion of fossil fuel resulting 
in the emission of heavy metals, abrasion/corrosion of 
asphalt road, construction works and aerosol particles 

from dust related to urbanization activities1–4. Due to the 
recurrence of such processes, the concentration of toxic 
pollutants in the topsoil gets enhanced as a result of the 
settlement and/or accumulation of pollutants alongside 
roads in urban areas. Apart from the direct and damaging 
effects of air pollution leading to respiratory problems, 
these pollutants can also enter the food chain may lead to 
various health hazards. Therefore, assessment of roadside 
pollution might help in the prioritization and environmen-
tal management of an area to limit/mitigate the effects of 
accumulating air pollutants in the topsoil. To assess the 
soil pollutants, various methods have been adopted pri-
marily based on chemical and biochemical analysis5–10. 
However, these methods are often prolonged, arduous 
and expensive. Alternatively, magnetic methods can be 
effective in determining heavy metals and other organic 
pollutants such as polycyclic aromatic hydrocarbons 
(PAHs) in the soil, efficiently and rapidly11–13. Studies 
have shown that the accumulation of anthropogenic fer-
rimagnetic and ferromagnetic particles results in a signif-
icant enhancement of magnetic susceptibility of soils and 
dusts, and could be used for the assessment of emission 
input14. It is also suggested that the magnetic susceptibili-
ty of the soil is proportional to the concentration of ferri-
magnetic minerals such as iron oxides, e.g. magnetite15. 
Nevertheless, the contribution of paramagnetic minerals 
such as iron-bearing silicates in magnetic susceptibility 
cannot be neglected15. It should also be taken into consid-
eration that the magnetic susceptibility of the soil might 
be reduced due to the diamagnetic effect of water, car-
bon, calcium carbonate and silica content16. The correla-
tion between concentration of metallic pollutants (mainly 
Zn, Cd and Cr) and magnetic parameters has also been 
demonstrated earlier15,17. Previous workers have established 
that measuring the magnetic susceptibility of the soil 
could be used as a proxy to identify regions with high 
concentration of magnetic particles, fly ash and other anth-
ropogenic dusts in soils or sediments11,13,17–23 and thus, 
can be essentially employed for mapping the roadside 
pollution of an area. Additionally, it has been argued by 
several authors that the morphology of magnetic mate-
rials provides critical insight into the processes, e.g.
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Figure 1. a, Map of India showing the location of Varanasi in Uttar Pradesh. b, Google Earth image of Banaras 
Hindu University (BHU) main campus in Varanasi. c, Road map of BHU main campus with location of soil samples 
collected from the main roads (SCR) and connecting roads (RR) inside the campus of 1300 acres (5.3 sq. km) area. 

 
 
angular-shaped fragments are derived from vehicular 
emission, dispersion of road construction materials and 
abrasion of tyres, brake linings and road surfaces, whereas 
spherical or rounded magnetic particles are possibly a re-
sult of industrial and domestic heating systems24–27. Ear-
lier it had been considered that the method of magnetic 
mapping of deposited air–borne particulates of anthropo-
genic origin from the topsoil is fast, cheap and enables 
acquisition of large datasets19. In this study, we have suc-
cessfully mapped the roadside pollution in the Banaras 
Hindu University (BHU) main campus in Varanasi, Uttar 
Pradesh, India, a more than 100-year old institution of  
national importance, based on magnetic susceptibility 
measurements. 

Study area 

The BHU, established in 1916 by Bharat Ratna Pandit 
Madan Mohan Malviya, is situated in the southern fringe 
of Varanasi city at the western bank of River Ganga, and 
covers an area of ~1300 acres (Figure 1 a and b). Located 
at an elevation of 76 m amsl, the climate of the area is 
humid subtropical with large variations between summer 
and winter temperatures and annual rainfall of ~982 mm. 
The alluvial-type soil inside the campus is formed by the 

deposition of sediments from River Ganga and is fertile, 
exhibiting sandy loam texture with sand and silt as the 
dominant constituents of the soil along with clay and soil 
moisture28. According to a recent database, about 30,000 
students are enrolled in BHU across 7 institutes and 16 
faculties (streams) and about 140 departments. Apart 
from the 76 hostels occupied by students, a few thousand 
faculty members and staff members across disciplines  
reside with their families in several residential colonies 
and flats, and guest houses in the BHU campus, making it 
a township with a population of more than 50,000 people. 
A wide variety of flora29 and fauna30 also contribute to 
the campus ecosystem. Thus, regular environmental mon-
itoring and assessment is necessary for the campus which 
regulates the livelihood of several thousand people and 
also helps in the growth of the campus ecosystem. 
 While a few earlier workers have demonstrated that the 
BHU campus shows distinctly lower concentration of air 
pollutants in comparison to the surrounding area of Vara-
nasi city31, according to a recent report of the Central  
Pollution Control Board, Ministry of Environment and 
Forests, Government of India, the Varanasi–Mirzapur  
industrial cluster is categorized under critically polluted 
region based on the Comprehensive Environmental Pollu-
tion Index (CEPI) score of 85.35 in 2018. Therefore, it
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Figure 2. a, Detailed map of BHU main campus depicting the land use inside the campus. Indexing of the land use is provided for effective corre-
lation of the contour maps with the land use inside the campus. The grey area marked in the map is not considered in the present study as the Trauma 
Centre and Super Specialities Institute (TCSS) was established recently in 2015 and is outside the main campus area. Bulk magnetic susceptibility
( χ ) contour maps for frequencies at (b and c) 976, (d and e) 3,904 and ( f and g) 15,616 Hz, based on soil samples collected during pre-monsoon 
and post-monsoon months respectively, along the roads at each location shown in Figure 1. The measurement of bulk magnetic susceptibility of 
each sample was carried out using MFK2-FA kappabridge (see inset) location of the instrument is also shown in (a) with a star. (h) Rose diagram 
depicting the dominant wind directions round the year in Varanasi with significant peaks in the wind directions from North and East during winter, 
and West during summer months. 
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has become imperative to employ both interdisciplinary 
and multidisciplinary approaches to monitor and maintain 
the environment of the BHU campus, an Institute of Emi-
nence (IoE), fostering the holistic development of future 
generations in consensus with the vision of Mahamana 
Pandit Madan Mohan Malviya. So the objective of the 
present study is mainly threefold: (i) to map the roadside 
pollution of the BHU campus from the accumulation of 
magnetic pollutants in the soil along the roadside; (ii) to 
delineate and interpret the plausible reasons for the  
dispersion of high and low zones of roadside pollution  
inside the BHU campus and (iii) to identify the heavy 
minerals/metals present in the soil within the campus. 

Materials and method 

In view of the mapping of roadside pollution in the BHU 
campus, 106 locations were selected consisting of 75 
along the semi-circular, crescent-shaped roads which are 
designated as the main traffic roads within the campus, 
and 31 along the radial roads which connect the semi-
circular roads at various places across the campus using a 
GPS device (Garmin 010 64s) for accuracy (Figure 1 c). 
The locations were selected with ~200–250 m distance 
between each of them so as to cover all the roads, except 
the agricultural and farmland present in the southern  
periphery of the campus, where usual traffic is absent 
(Figure 1 c). A total of 212 samples (each of 40 cm3 by 
volume) of the topsoil (0–5 cm) were collected during 
pre-monsoon (106) and post-monsoon (106) seasons from 
the predetermined locations to estimate the variation in 
roadside pollution round the year. Apart from the soil 
samples, a few leaf samples from the trees along the 
roadside in the same locations were also taken. 
 All the soil, dust and leaf samples were collected  
in air-tight containers during sampling, and later kept in 
vacuum desiccators in the laboratory to remove air and 
moisture trapped inside. Subsequently, the dried soil 
samples were analysed to record the bulk magnetic sus-
ceptibility (χ) using MFK2-FA (multifunction kappa-
bridge 2) in the Laboratory for Analysis of Magnetic and 
Petrofabric (LAMP), Centre of Advanced Study in Geol-
ogy, BHU (Figure 2). The AGICO-made MFK2-FA kap-
pabridge is the most sensitive (sensitivity: 2 × 10–8 SI) 
commercially accessible laboratory instrument for mea-
suring the magnetic susceptibility and anisotropy of mag-
netic susceptibility. MFK2-FA kappabridge permits the 
measurement of magnetic susceptibility of soils/rocks/ 
liquids at three different frequencies, i.e. 976, 3,904 and 
15,616 Hz (ref. 32). The magnetic field is set to 200 A/m. 
A detailed description of the steps followed during the 
measurement of χ values using MFK2-FA is provided in 
the LAMP–BHU protocol developed in the same labora-
tory33, and is not discussed here. The soil samples col-
lected during pre-monsoon and post-monsoon seasons 

were analysed separately and bulk magnetic susceptibility 
measurement of each sample was carried out following 
the above methodology. The analysed samples were in-
terpolated by geostatistical method of kriging using Sur-
fer 10 software package. A set of contour maps was 
prepared to represent the variation in χ values across the 
campus both spatially and seasonally at three different 
magnetic frequencies. 
 To identify the heavy minerals/metals present in the 
soil, dust and leaf samples, scanning electron microscopy 
(SEM) was used on selected soil and leaf samples in the 
Subcontinental Lithospheric Mantle Laboratory, Centre of 
Advanced Study in Geology, BHU. For SEM analysis, 
the soil samples were chosen based on the χ values de-
picting high magnetic susceptibility. Subsequently, the 
soil samples were dried in vacuum desiccators before 
SEM analysis. While for the leaf samples, pieces of 2 cm2 
(face and back of the leaves) were prepared and dried be-
fore sputtering34. The soil, dust and leaf samples were 
analysed under SEM using back-scattered electrons 
(BSEs) over carbon-coated sample surface with a work-
ing distance of 8 mm and electron high tension of 20 kV. 
Subsequently, energy-dispersive X-ray spectroscopic 
(EDS) analysis was performed on selected phases for a 
semi-quantitative chemical analysis to confirm the heavy 
mineral phases present in the soil and leaf samples. 

Results and discussion 

For mapping the roadside pollution of the BHU campus, a 
map of the study area (scale 1 : 10,000) was prepared  
depicting the land use inside the campus for effective cor-
relation (Figure 2 a). Following the bulk magnetic suscep-
tibility measurements of all the soil samples at varying 
frequencies (Supplementary Table 1), belonging to pre-
monsoon and post-monsoon months, contour maps were 
prepared based on the χ values of the soil samples (Figure 
2 b–g). The contour maps portray the spatial distribution of 
high and low zones of bulk magnetic susceptibility across 
the campus. The influence of wind direction was also 
evaluated based on the variation of χ values in pre-mon-
soon and post-monsoon months (Figure 2 h). For identifi-
cation of the exact locations of low–high content of 
pollutants in the topsoil, Figure 3 a and b presents a com-
parative assessment of all samples from the semi-circular 
roads and radial roads with respect to the χ values. 

Zones of high magnetic susceptibility 

Significant increase in the χ values (zones of high mag-
netic susceptibility) was observed near the area around 
BHU Main Gate, Sir Sundarlal Hospital, Shri Vishwanath 
Temple, areas around Kendriya Vidyalaya BHU near  
the Nariya Gate, approach road to Sear Gate (SCR2), ad-
jacent region to the Hyderabad Gate and the SCR3 road 
connecting the Shri Vishwanath Temple and IIT BHU
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Figure 3. Graph depicting variation in the bulk magnetic susceptibility (χ) values at different frequencies for soil samples (a) semi-circular roads 
(M1–M75) and (b) radial roads (C1–C31) inside the BHU campus, as shown in Figure 1 c. The supercritical, critical and subcritical fields represent 
the low, moderate and high content of pollutants in the topsoil respectively. Locations showing χ values below 200 μSI are categorized as permiss-
ible, those with χ values in the range 200–500 μSI are categorized under ‘alarming situation’ and locations with χ values >500 μSI need immediate 
remedial measures. 
 
 
entrance (Figures 1 c, 2 a and 3 a). Although significant 
peaks in the χ values measured during the pre-monsoon and 
post-monsoon months were comparable (Figure 2 b–g), a 
few regions within the campus showed distinct changes 
during summer compared to the winter months. For in-
stance, a notable upsurge in the bulk magnetic susceptibility 
was observed in the area around Shri Vishwanath Temple 
during the post-monsoon months (Figures 2 b, d, f and 3 a), 
but during the pre-monsoon months the χ values were con-
siderably low in the same region (Figures 2 c, e, g and 3 a). 
The semi-circular road (SCR4 in Figure 1 c) which connects 
almost all the hostels in the BHU campus (Figure 2 a) also 
showed a rise in χ values (Figure 2 b–g), with notable peaks 
near Ruia, Broacha, Dalmia and Iyer hostels on the SCR4 
road (Figures 1 c, 2 a and 3 a). Several high zones of bulk 
magnetic susceptibility were also observed along the 
radial roads, e.g. Faculty of Social Science, Premchand 
Auditorium, Srivastava Canteen, Ashok Park and IIT 
guest house, among others (Figures 1 c, 2 a and 3 b). 
 The plausible reason for the high χ values near the 
BHU main gate is high traffic round the year resulting in 
the emission of products related to combustion of fossil 
fuels from the vehicles. The area ‘Lanka’ outside the 
BHU Main Gate (Figure 2 a) connects it to the rest of  
Varanasi city (Figure 2 a). It is densely populated and a 
hub for varying anthropogenic activities, leading to an  
increase in the amount of air pollutants (Figure 2 b–g). 
Recent construction works and movement of heavy ve-
hicles in excess near the Nariya Gate for infrastructural 
development of a cancer hospital in the campus could be 
responsible for increase in the pollutants in the topsoil,  
resulting in the high χ values near this region (Figure 
2 a–g). Both Hyderabad Gate and Sear Gate (Figure 1 c), 
leading to the Asian or National Highway (AH1/NH19), 

are the two busiest locations after the BHU Main Gate, 
where the movement of a large number of vehicles can be 
observed throughout the year. This could be responsible 
for the rise in χ values in regions adjacent to these gates 
in the campus (Figure 2 a–g). Being a religious centre 
(Shri Vishwanath Temple), the temple premise, its sur-
rounding area with cafeterias and its close proximity to 
the Central Library (Figure 2 a), this area also expe-
riences high frequency of vehicular movement and anth-
ropogenic activities leading to an accumulation of heavy 
mineral/metals in the soil (Figures 2 b–g and 3 a). Espe-
cially, in the winter season the temple premise transforms 
into a tourist spot and attracts several thousands of people 
every day, leading to an upsurge in the χ values during 
post-monsoon months relative to the pre-monsoon months 
(Figures 2 b–g and 3 a). The SCR4 road (Figure 1 c) con-
necting the hostels is also categorized under the zones of 
high magnetic susceptibility as majority of the students in 
BHU access this road for their regular entrance and exit 
from the campus and other activities (Figures 2 a–g and 
3 a). Though the detected χ values for the semi-circular 
roads, largely due to traffic, are considerably higher with 
respect to the connecting roads, significant peaks are also 
observed along the radial roads owing to local traffic, and 
anthropogenic activities concentrated at certain locations 
(Figure 3 a and b). The University campus has a road 
length of ~30 km (Figure 1 c), and so even for local 
transport in the campus different vehicles are being used 
by students and staff members. 

Zones of low magnetic susceptibility 

The zones of low magnetic susceptibility are also obser-
ved at several locations in the campus depicting a decline
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Figure 4. Secondary electron and back-scattered electron microscope images and the respective energy-dispersive X-ray spectroscopic 
(EDS) spectra of soil, dust and leaf samples alongside the semi-circular roads as shown in Figure 1, inside the BHU main campus. a–f, Sub-
angular to sub-rounded fragments of haematite (Hm) and ilmenite (I) occur as bright phases surrounded by quartz and feldspar particles. 
The mineralogy of the phases is determined through SEM-based EDS spectra. g–i, A few fine-grained euhedral zircons (Zr) are also present 
in the soil samples as confirmed from the EDS spectra. The zircon grains occur both as angular-shaped and near-spherical particles. j and k, 
Presence of bright mineral phases represented by magnetite (Mt). Both sub-angular and spheric-shaped fragments of magnetite can be rec-
ognized. l, EDS spectra confirm the occurrence of magnetite in the soil samples. m, Flaky habit of fragments composed of Pb–Cu sulphide 
and (n) sub-rounded grains of monazite (Mz) in the dust samples. o, EDS spectra of monazite in dust samples. p–q, Pyrite (Py) and magne-
tite (Mt) particles present in the leaf sample of Tectona grandis and Syzygium cumini respectively, acquired along the roadside. (r) EDS 
spectra confirm the presence of pyrite in the leaves. The locations of soil, dust and leaf samples are provided in the top right corner of each 
SE or BSE image. 
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in the accumulation of pollutants in the topsoil. Signifi-
cantly low χ values are observed near Chittupur Gate, 
University Club, inside the IIT BHU sector, beside Shri 
Vishwanath Temple (western rear side), near Madhuban 
and Botanical Garden (Figure 2 a). These locations show 
distinct fall in the value of bulk magnetic susceptibility, 
and can be interpreted as the reduced effect of anthropo-
genic activities and a greater number of trees in this re-
gion (Figures 2 b–g and 3 a). Another area showing low χ 
values is the agricultural land adjacent to the BHU Cen-
tral Office (Figure 2 a); however, its surrounding regions 
show a rise in the χ values, possibly due to the presence 
of the Central Library and Academic Staff College on one 
side and Shri Vishwanath Temple on the other, as dis-
cussed above. The southwestern–southern fringe of the 
University campus, which includes Agricultural Farm, 
Dairy Farm and Airstrip, shows minimum χ values both 
during pre-monsoon and post-monsoon months. This 
zone experiences less frequent movement of vehicles and 
is mostly restricted, resulting in lower magnetic suscepti-
bility in the vicinity of this whole area. Along the radial 
roads, significantly low χ values are also observed in 
front of Bhabha Hostel, Jammu and Kashmir Badminton 
Hall and IIT Cafeteria (Figure 2 a–g). 
 It is interesting to note that the χ values of the col-
lected topsoil during the pre-monsoon months are higher 
compared to those of collected topsoil measured during 
the post-monsoon months (Figure 3 a and b). The in-
crease in the amount of heavy minerals/metals during 
pre-monsoon season is possibly responsible for this varia-
tion. It is also observed that the zones of high magnetic 
susceptibility during pre-monsoon are more concentrated 
to the eastern half of the campus (Figures 2 b, d and f ). 
This variation in the magnetic susceptibility could be 
linked with strong westerly winds during pre-monsoon 
months in the region (Figure 2 h), which might have been 
responsible in transporting the pollutants and/or heavy 
minerals more to the eastern part of the campus. How-
ever, similar signatures of low and high magnetic suscep-
tibilities across the campus are also recorded in all the 
three frequencies of measurement, and during both pre- 
monsoon and post-monsoon seasons. Additionally, it is 
observed that the χ values measured at F2 frequency 
(3,904 Hz) give better results compared to F1 (976 Hz) 
and F3 (15,616 Hz) frequencies. In F2 frequency, the χ 
values show distinct seasonal variation for samples  
belonging to pre-monsoon and post-monsoon seasons, 
whereas in case of F1 and F3 the seasonal variation is  
often indistinguishable and cannot be relied upon com-
pletely (Figure 3 a and b). 

SEM and EDS analysis 

For the identification of heavy minerals present as pollu-
tants in the soil, a few soil samples were studied under 

SEM. BSE images showed the presence of sub-angular to 
sub-rounded fragments of haematite, with size ranging 
from ~100 to 300 μm, occurring as bright phases sur-
rounded by quartz and feldspar particles (Figure 4 a and 
b). The mineralogy was also confirmed from EDS analy-
sis (Figure 4 c). The presence of sub-angular fragments of 
ilmenite in the soil was also recognized with grain size 
ranging from ~40 to 100 μm (Figure 4 d–f ). Apart from 
iron and titanium oxides, very fine-grained zircon  
(~5–10 μm) was also observed in the soil, and confirmed  
using EDS analysis (Figure 4 g–i). SEM images con-
firmed the presence of both fine-grained (<100 μm) and 
angular to sub-angular-shaped grains of magnetite in the 
soil samples along with a few coarse-grained (>100 μm) 
spherical magnetite fragments (Figure 4 j–l). Although 
magnetite is the principal ferromagnetic mineral on 
earth35 and occurs as primary or secondary mineral in the 
continental and oceanic crusts in a range of igneous,  
sedimentary and metamorphic rocks, the primary source 
of these magnetic minerals in the urban soils is high-
temperature fossil-fuel combustion and related anthropo-
genic activities36. It is to be noted that both angular to 
sub-angular and rounded to spherical magnetite, haema-
tite, ilmenite and zircon grains are present in the soil 
samples, which signifies that the anthropogenically pro-
duced magnetic particles (APMs) are derived either from 
traffic emission and natural background input or fossil-
fuel combustion. The angular-shaped APMs are usually 
considered to have originated from vehicular emission, 
dispersion of road construction materials and abrasion of 
tyres, brake linings and road surface, whereas the spheri-
cal or rounded APMs are a consequence of industrial and 
domestic heating systems27. On the contrary, the cubic 
shape of magnetic grains is usually retained in case it is 
derived naturally from the source rock and thus, easily 
distinguishable from the magnetite grains of anthropo-
genic origin27. Although the soil samples were mainly 
analysed under SEM to understand the contribution  
of any heavy/magnetic mineral in the enhancement of χ 
values of soil at places, a few dust and leaf samples from 
trees (Syzygium cumini, Tectona grandis) along the road-
side were also analysed. Similar to the soil samples, the 
dust samples revealed the presence of APMs along with 
potentially toxic elements (PTEs). The SEM images 
coupled with EDS spectra confirmed the occurrence of 
Pb–Cu sulphides and monazite grains (Figure 4 m–o). The 
PTEs (e.g. Pb, Cd and Zn) can enter the crystal lattice 
space of APMs during high-temperature fossil-fuel com-
bustion and might get transported in the down-wind  
direction37. Additionally, the presence of radioactive 
minerals like monazite contributes significantly to the 
toxicity levels. 
 The leaf samples also revealed the presence of heavy 
minerals, exhibited by brighter phases under BSE mode 
of SEM, like magnetite, ilmenite and pyrite (Figure 4 p–r). 
Apart from AFMs, the ultrafine nature of the magnetite 
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and pyrite grains (<5 μm) poses a greater threat to human 
lives as these ultrafine particles can enter the human body 
through various ways and may lead to respiratory, cardi-
ovascular and neurodegenerative diseases11,38–43. 
 Substantial evidences are also available testifying that 
there is a prominent relation between the magnetic sus-
ceptibility of sediment, soil and dust samples, and APMs 
and PTEs26,44–48. The occurrence of magnetic phases in 
soil and leaf is further corroborated with the high magnet-
ic susceptibility of the topsoil inside the campus, which 
depicts that the χ values for soil samples are significantly 
higher in case of the topsoil having traces of AFMs as  
determined from the SEM analysis. It has also been envi-
saged by earlier workers that the presence of magnetite 
and haematite in the soil will enhance the χ values in the 
order of 500–1000 μSI (ref. 17). Thus a combination of 
environmental magnetism and SEM-based analysis has 
proved to be useful in the preparation of roadside pollu-
tion map of the BHU campus. 

Summary 

Assessing the contribution of heavy metals/minerals  
in soil and sediment pollution has become imperative 
over the last few decades due to the increasing content of  
industrial pollutants and other atmospheric aerosols.  
Additional contribution from vehicular emissions and  
infrastructural activities is responsible for magnetic pol-
lutants in the soil49. Earlier studies have demonstrated  
the correlation between magnetic susceptibility measure-
ments and mutagenic characteristics of atmospheric pol-
lutants with grain size ≤10 μm (ref. 50). It has also been 
proposed by earlier workers that spherical or rounded 
particles of anthropogenic origin containing iron oxide-
like phases are responsible for the enhancement of mag-
netic signal in the soil12 and that magnetite is the principal 
magnetic mineral for the enhancement of magnetic sus-
ceptibility13. Primarily, fossil-fuel combustion is respon-
sible for the emission of selected heavy metals and 
several magnetic particles to the environment3. Since  
the introduction of lead-free petrol, the Pb output is de-
creasing; however, other heavy metals, including PGE 
group elements are being emitted in the environment dur-
ing combustion with many unknown consequences51,52. 
Nevertheless, earlier and present studies show that  
magnetic methods are inexpensive and effective in the  
diagnosis of magnetic particles and overall pollution 
screening. 
 Determination of heavy metals and magnetic pollutants 
is crucial because potentially harmful heavy metals can 
be absorbed in the human body through inhalation inges-
tion, and dermal contact because of the small size of the 
heavy metal particles (<10 μm)42,53,54. Furthermore, the 
ultrafine particles (<2.5 μm) may pass through the lungs 
and reach the blood circulation, and also into the extra-

pulmonary tissues and organs resulting in severe damage 
from dosimetric effects. It should be noted that the mi-
crometre-sized magnetic iron oxides may induce oxida-
tive stress pathways, which leads to the formation of free 
radicals, and might cause DNA damage11,43,55. It has also 
been reported that ultrafine micrometre to nanometre-
sized airborne magnetic particles can enter the human 
brain and damage the reactive oxygen species leading to 
neurodegenerative diseases such as Alzheimer’s dis-
ease41. The principal source of this micrometre to nano-
metre-sized magnetic particles is the iron impurities in 
the fossil fuel, which convert to magnetic iron oxides 
during combustion, i.e. magnetite, hematite, maghemite 
or a mixture, depending on the combustion conditions56. 
Thus, recognition of the zones with high content of air-
borne magnetic particles is essential for prioritization of 
human activities. This can be accomplished by a combina-
tion of magnetic susceptibility and electron microscopic 
studies of roadside soil and/or dust. 
 The present study has not only deciphered the spatial 
variation of pollutants in the BHU campus, but has also 
characterized the magnetic phases responsible for the 
susceptibility signal on the roadsides inside the campus 
(Figures 2 b–g, 3 and 4). Other factors such as change in 
the wind direction of the Varanasi area annually are per-
haps responsible for the spatial variation in the zones of 
high and low roadside pollution during pre-monsoon and 
post-monsoon months (Figure 2 h). Based on the χ val-
ues, a broad classification depicting the zonation of low 
and high accumulation of air pollutants is also suggested 
(Figure 3). It has been reported earlier that magnetic sus-
ceptibility values are >500 μSI for soils/rocks having 
high content of ferromagnetic minerals57. On the contrary, 
magnetic susceptibility values between 0 and 200 μSI are 
considered to be the result of paramagnetic minerals and 
accordingly, magnetic susceptibility values between 200 
and 500 μSI are possibly due to a mixture of paramag-
netic and ferromagnetic minerals in the soil. Based on 
this categorization, soil samples showing magnetic sus-
ceptibility values >500, 200–500 and <200 μSI are classi-
fied under supercritical, critical and subcritical fields 
respectively (Figure 3). Therefore, the locations with χ 
values of 200–500 μSI are categorized under alarming 
situation, and those with χ values >500 μSI need imme-
diate remedial measures, while locations with χ values 
<200 μSI are not under immediate threat but need intermit-
tent monitoring. 
 It is also observed that bulk magnetic susceptibility 
measurements carried out at F2 frequency provide better 
results in terms of variation among pre-monsoon and 
post-monsoon samples compared to F1 and F3 frequen-
cies. However, the background reason for this variation 
could not be explained in the present study. This requires 
further research based on the relationship between mea-
surement frequencies and magnetic mineralogy of the soil 
samples. 
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Conclusion 

This study presents the first quantitative assessment of 
roadside pollution in the BHU main campus, since its  
establishment in 1916 in Varanasi. The salient outcomes 
of the study are listed below. 
 (a) It is demonstrated that the bulk magnetic suscepti-
bility measurements of the topsoil can be rapidly used as 
a proxy to delineate the zones of high and low roadside 
pollution in an area. 
 (b) The spatial distribution of the zones of high and 
low roadside pollution is controlled by the emission of 
selected heavy metals due to fuel combustion and/or con-
struction works related to infrastructural development in-
side the BHU campus. 
 (c) SEM and EDS analyses confirm the occurrence of 
heavy minerals like magnetite, haematite, ilmenite, zir-
con, pyrite, etc. in the topsoil of the BHU campus. 
 (d) The results of the present study could be applied for 
environmental monitoring and prioritization of land use 
and other anthropogenic activities inside the BHU cam-
pus. 
 (e) It is suggested that roadside plantation of deciduous 
trees and improvement in the drainage system within the 
campus are essential to reduce the accumulation of pollu-
tants in the topsoil near the sites of infrastructural deve-
lopment and busy campus roads, resulting in a smaller 
stay time of the heavy metals in the topsoil, roadside dust 
and tree leaves. 
 (f) The modus operandi adopted here could be repli-
cated to assess the roadside pollution, for mapping areas 
exposed to different levels of pollution intensity, for trac-
ing the pollution transport and can be effectively applied 
to various ecosystems for monitoring and mitigation. 
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