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Summary

In this work magnetic methods were used for systematic and high-resolution investigation of
industrially polluted soils, where soil pollution is caused by heavy metal bearing air-borne
particulate matter. The focus of the study is on the characteristic magnetic signals determined
from ultra-shallow (~0.5 m) vertical profiles acquired in areas of <10 m? (“site scale”). The
development of measuring techniques for efficient (fast and high-quality) acquisition of the
magnetic susceptibility (MS) is based on the specific properties of these vertical profiles.
Optimization of the MS proxy potential for semi-quantitative assessment of heavy metal
(HM) loads from anthropogenic and geogenic origin in soils is a central part of this work.

For evaluation of the potential of different sampling and measuring techniques plus the impact
of soil types on anthropogenic MS distribution in soils, investigations were conducted at three
different industrial sites with different soil types.

An experiment with artificially applied magnetic tracer (fly ash) for investigation of the time-
dependent spatial behavior (migration/accumulation) of magnetic particles was performed in
forest soil. Comparison of the results from the “artificial” tracer test (surface MS and vertical
profile MS) and data from soils contaminated by atmospheric deposition contributes for better
assessment of the influence of soils on the development of the MS signal.

Within this framework new sampling and measuring strategies for best possible high-
resolution and efficient (time-saving) MS data acquisition in soil profiles collected from “site
scale” sized areas are presented. Sampling and measuring techniques in areas of a few m? are
systematically compared and innovative analysis and assessment methods are developed.

The potential of an integrative measuring strategy for an individual investigation site (“site
scale”) comprising MS surface measurements, vertical MS profiles plus important soil
parameters is systematically investigated in four soil types. It is demonstrated that only the
combination of different measuring techniques, taking into account specific soil properties
and individual soil development, enhances data quality for reliable assessment of HM loads
when conducting applied MS screening. In this context the proof for correlation of MS and
HM was performed independently from the modern and fast measuring methods. Differently
contaminated soil profiles are exemplarily and representatively (bigger sample volumes of
~200 cm?) investigated for their MS and HM concentration at high-resolution (0.5 cm vertical
spacing). The methodologically independent, precise results are utilized for assessment of the
potential of rapidly measured vertical MS profiles.

It is shown that a larger number of vertical MS profiles enables numerical determination of a

“boundary depth”. This magnetically defined depth separates the upper, polluted soil zone
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with anthropogenically enhanced MS (pollution MS) from the lower, unpolluted zone, which
represents the geogenic signal. Only this important, systematic MS acquisition strategy, which
directly includes soil type specific properties into the MS data, provides the opportunity for
reliable, numerical determination of the “boundary depth”. This forms the boundary
conditions for standardized quantification of pollution MS by signal integration.

Possible sources for errors, which might occur from rapid data acquisition and the impact on
the results are investigated from comprising data sets. Results show the high importance of
systematic and accurate data acquisition, assessment, processing and interpretation, while
already small systematic discrepancies in the data sets might lead to considerable false
estimation. In this context a universal processing strategy is presented [1]. This is a milestone
concerning information generation and quality, which is not provided yet by simple vertical
MS profile assessment.

Soils are only one type of pollution sinks, respectively pollution accumulators in the
environment. Therefore, besides the central part of this work [1] publications about magnetic
screening are contained. The framework of the entire discipline is outlined, especially by
including atmospheric deposition collected on tree leaves [4, 6]. This work is not only unique
to industrial pollution sources, but it also includes traffic-generated and common urban
immissions. The impact of such sources on urban soils is investigated [7, 8], and important
magnetic, chemical and physical parameters are tested for their typical distribution patterns.
These systematic analyses provide the basis for further optimization of magnetic proxy
methods.

Furthermore, fly ash samples from coal-fired power plants were investigated for their
magnetic and chemical properties [2]. Fly ashes are one of the most important industrially
generated pollutants world-wide, and investigations about their behavior in soils are important

for magnetic soil pollution screening.
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Zusammenfassung

In dieser Arbeit werden mit magnetischen Methoden durch atmosphérische Deposition von
schwermetallhaltigen Industriestduben unterschiedlich stark verschmutzte Oberbdden
systematisch und hochauflésend untersucht. Der Schwerpunkt der Untersuchung liegt dabei
auf der charakteristischen Ausbildung des magnetischen Signals in ultraflachen (~0,5 m)
Vertikalprofilen auf kleinen Flidchen (<10 m?) sowie der methodischen Entwicklung von
Messtechniken fiir eine Okonomisch-effiziente (schnelle und qualitativ hochwertige)
Erfassung der magnetischen Suszeptibilitit (MS). Das optimierte Proxy- (Stellvertreter)
Potential der MS zur semi-quantitativen Abschitzung der anthropogen und geogen bedingten
Schwermetallbelastung (HM) in Béden ist zentraler Bestandteil der Arbeit.

Zur Bewertung des Potentials verschiedener Beprobungs- und Messtechniken sowie des
Einflusses der Bodenart auf das Verteilungsmuster anthropogen erzeugter MS im Bodenprofil
werden drei verschiedene Industriestandorte mit unterschiedlichen Bodden présentiert.
Zusitzlich wird in einem Experiment mit kiinstlich ausgebrachtem magnetischen Tracer
(Flugasche) das rdumlich-zeitliche Verhalten (Migration/Akkumulation) von magnetischen
Partikeln in einer weiteren Bodenart untersucht. Der Vergleich von “synthetischen® Tracer-
Daten (Oberflichen-MS, Vertikalprofil-MS) mit Daten aus “diffus anthropogen
kontaminierten* Boden (atmosphérische Deposition) tridgt dazu bei, den Einfluss des Bodens
auf die Ausbildung des MS-Signals besser bewerten zu konnen.

Im Rahmen dieser Untersuchungen, werden neue Beprobungs- und Messstrategien zur
hochauflosenden/bestmdglichen sowie zur effizienten (zeitsparenden) Erfassung der MS in
Bodenprofilen und auf Fliachen von wenigen Quadratmetern vorgestellt, Beprobungs- und
Messtechniken systematisch verglichen sowie innovative Analyse- und Bewertungsmethoden
entwickelt.

Das Potential einer integrierten Messstrategie flir einzelne Untersuchungsstellen, bestehend
aus MS-Oberfichenmessungen, MS-Vertikalprofilen sowie wichtiger Bodenparameter wird
systematisch an allen vier Bodentypen untersucht. Es wird gezeigt, dass nur die Kombination
verschiedener Messtechniken unter Beriicksichtigung des spezifischen Bodentyps und dessen
individueller Ausbildung die Datenqualitit fiir eine zuverldssige Abschitzung der
Schwermetallbelastung im angewandten Screening (schnelle Messmethoden) steigert. In
diesem Zusammenhang wird der Nachweis der Korrelation von MS und Schwermetallen
unabhédngig von den modernen und schnellen Messmethoden gefiihrt. Unterschiedlich stark
verschmutzte Bodenarten werden exemplarisch hochauflosend und repédsentativ (groBere

Volumina — 200 cm?®) auf ihre MS und Schwermetallkonzentrationen hin untersucht, und die
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methodisch unabhidngigen, genauen Resultate zur Bewertung des Potentials schnell
gemessener MS-Vertikalprofile eingesetzt.

Es wird gezeigt, dass eine grofere Anzahl an MS-Vertikalprofilen die Abgrenzung
(“Grenztiefe) der oberen Bodenschichten mit anthropogen erhdhter MS (Verschmutzungs-
MS) vom darunterliegenden Bereich mit geogener MS signifikant erleichtert und numerisch
fassbar macht. Erst diese entscheidende systematische, den Bodentyp bzw. die
Bodeneigenschaften direkt einschlieende Signalerfassungsstrategie liefert MS-Daten fiir eine
eindeutige rechnerische Bestimmung der *Grenztiefe’ zwischen anthropogener und geogener
MS an einer Untersuchungsstelle. Damit sind die Randbedingungen fiir eine standardisierte
Quantifizierung der Verschmutzungs-MS iiber den Weg der Signalintegration (MS-
Tiefenfunktion) gegeben.

Mogliche Fehlerquellen bei der schnellen MS-Erfassung, ihre Auswirkungen auf die
Messergebnisse sowie deren Interpretation im Zusammenhang mit der Schwermetalldetektion
werden anhand umfangreicher Datensdtze untersucht. Die FErgebnisse zeigen die
herausragende Bedeutung systematischer und sorgféltiger Datenerfassung, Bewertung,
Autbereitung und Interpretation, wobei schon geringe systematische Diskrepanzen im
Datensatz zu erheblichen Fehleinschétzungen fithren konnen. In diesem Zusammenhang wird
eine universelle Processing-Strategie vorgestellt, die verglichen mit bisherigen, einfachen
MS-Vertikalprofil-Bewertungen einen Meilenstein an Informationsgewinn und Qualitét
darstellt [1].

Da Bdden nur einen Teil von Schadstoffsenken bzw. Schadstoffakkumulatoren in der Umwelt
darstellen, sind neben dem zentralen Teil dieser Arbeit [1] Publikationen liber magnetisches
Screening enthalten, die den Gesamtrahmen der Disziplin umreilen, v.a. durch Einbeziehung
atmosphérischer Deposition auf Bléttern [4, 6]. Diese Arbeiten bleiben nicht nur auf
industrielle Schadstoffquellen beschrinkt, sondern schlieBen auch straenverkehrsbedingte
und allgemeine urbane Immissionen [3, 7, 8] mit ein. Auch wird der Einfluss dieser
Schadstoffquellen auf urbane Bodden untersucht [7, 8], wobei wichtige magnetische,
chemische und physikalische Parameter untersucht und typische Verteilungsmuster
herausgearbeitet werden. Diese systematischen Analysen bilden eine solide Basis fiir die
weitere Optimierung magnetischer Proxy-Methoden.

Dariiberhinaus werden Flugaschen aus Kohlekraftwerken, die weltweit eine der wichtigsten
industriellen Verschmutzungskomponenten darstellen auf ihre magnetischen und chemischen

Eigenschaften, sowie auf ihr Verhalten im Boden hin untersucht [2].
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Environmental Magnetism: an overview

Within the last two decades Environmental Magnetism applied to anthropogenic pollution has
become a steadily and fastly growing field of research. This fact has been significantly driven
by the fascination of magnetism and the broad applicability of magnetic methods regarding
environmental pollution issues. Starting with pioneering studies on magnetic properties of
dust particles and using magnetic parameters as a proxy for the detection of anthropogenic
pollutants such as heavy metals (HM) and Polycyclic Aromatic Hydrocarbons (PAH) (e.g.,
Flanders 1994; Hanesch and Scholger, 2002; Hunt et al. 1984; Oldfield et al. 1985; Scholger
1998; Strzyszcz and Magiera, 1998) the potential of magnetic methods has been widely
recognized, leading to numerous studies at various scales and in nearly every environment.
Targets for magnetic investigations were soils, sediments, tree leaves, fly ashes from coal-
fired power plants, industrial dusts, dusts from road-traffic, road dusts, etc.

All these studies on apparently different and wide spread topics contributed significantly to
the fast development of magnetic methods for environmental magnetic pollution studies. They
are key elements for a holistic approach in soil pollution assessment, as anthropogenic
pollution sources and pollution sinks form one unit. Therefore, magnetic investigations of
polluted soils are always the investigation of anthropogenic dust particles derived from high
temperature combustion processes or other magnetic dust emissions from technical processes.
Accounted challenges of environmental magnetic pollution assessment in soils are the natural
magnetic background signal, originating from geological sources and/or pedogenic processes.
These natural magnetic signals can interfere with the anthropogenic signal and make it
difficult for estimation of anthropogenic contributions. Therefore, adequate strategies and
analytical methods are required to solve this problem.

Milestones towards applied, standardized and optimized magnetic susceptibility screening
utilizing vertical susceptibility profiles were reached and are presented in the central paper of

this PhD thesis [1].
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Introduction

Soils are the “Earth skin” and “natural interface” between both the atmosphere and geosphere.
More precise, soils are the pedosphere which has developed from geologic material under
specific weathering and soil forming conditions. The pedosphere is the basis for any kind of
agriculture and forestry, and thus of highest importance for man. Soils provide food, allow

plants and forests to grow, and function as water filters and regulators.

Steel mills and coal-fired power plants as pollution sources plus soils, functioning as sinks

and accumulators for anthropogenic magnetic particulate matter.

Due to exposure to the atmosphere soils are affected by any kind of air pollution. This is
especially the case in the vicinity of industrial centers with heavy industries such as steel mills
and coal-fired power plants. But not only there, also in areas with lower anthropogenic
emissions soils function as sinks or accumulators for airborne particulate matter.
Consequences are the enrichment of soils with e.g., heavy metals (HM) and Polycyclic
Aromatic Hydrocarbons (PAH) derived from anthropogenic sources. Such accumulation
processes are of long-term nature and can lead to significant soil deterioration.

Vertical susceptibility profiles are the central elements for efficient magnetic soil pollution

screening. They enable for depth delineation of anthropogenic particulate matter accumulation
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in soils. The central part of this work was the implementation of an efficient and standardized
methodological approach for applied environmental magnetic pollution screening. This
includes vertical soil profile analysis plus MS data processing for semi-quantification of
heavy metal loads in soils. Magnetic investigation was performed at different industrially
polluted sites and in different soil types. The systematics of pollution particle distribution has
been worked out and implemented into the analytical scheme. Thus, the outcome of this work
mainly results from detailed investigation of industrially polluted soils plus former and case
studies concerning anthropogenic environmental pollution.

Currently, the method of MS pollution screening in soils is at the stage of entering the
standardized application level, making the method uniformly applicable and results
comparable. The presented work is a central part towards such highly efficient and

standardized data acquisition addressing both MS as well as HM.

1. Vertical magnetic susceptibility profiles and its use

1.1 Soils and magnetic susceptibility (MS)

Magnetic investigations conducted in anthropgenically polluted soils revealed typical
enhancement of MS in the upper soil horizons ([1]; Magiera et al. 2006; Petrovsky et al.
2004). Many studies showed that these MS anomalies were associated with HM or PAH.
Good correlations of magnetic parameters with HM were found (e.g., Blaha, unpublished
data; Gautam et al., 2005; Hanesch and Scholger 2002; Spiteri et al. 2005)

Therefore, magnetic susceptibility can be employed as a useful proxy for the detection of HM
in soils. The enormous advantages of MS measurements are the rapidity of data acquisition,
non-destructive measurements and the opportunity to collect large data sets for statistical
analysis within a short time. This results in economically gathered MS data which can be
efficiently processed for sophisticated pollution assessment in soils.

In contrast to MS measurements, the determination of pollutants i.e. HM is time-consuming
and expensive.

Nevertheless, for assessment of soil pollution a certain number of HM analyses is always
required. Therefore, the key aspect for efficient magnetic proxy screening is an optimized
combination of MS measurements with HM analyses. Combination of the strength of both
methods is the integrated analytical approach, which makes MS the first choice for data
acquisition providing rapidity and accuracy, plus HM analyses at an absolutely reduced

number for calibration purposes.
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In this context, our special interest regarding magnetic soil pollution screening is on vertical
magnetic susceptibility profiles. MS profiles enable easily spatial analysis of
anthropogenically polluted soils and provide the basis for sophisticated and efficient pollution

assessment.

1.2 Vertical magnetic susceptibility (MS) profiles

High-quality magnetic soil pollution screening requires comprising vertical MS profile
analysis. Surface MS screening is the fastest way of magnetic data acquisition, but these
comparatively comfortable measurements only provide 2D data. Additionally acquired
vertical MS profiles provide 3D data, significantly increasing the efficiency of MS soil
pollution screening methods.

For magnetic studies on vertical soil profiles normally individual samples are collected.
Sampling volumes are ~10 cm?® (fitting measuring equipment standards — AGICO KLY-
Kappabridge, Bartington MS2B) and commonly only one vertical profile is sampled per
investigated site. Such single profiles allow more for the qualitative detection of magnetic
anomalies caused by anthropogenic particulate matter input. Airborne magnetic particulate
matter usually accumulates in the upper soil horizons in undisturbed soils (forest soils)
forming typical MS peaks. Studying soil profiles in this conventional way using individual
samples provides important, but more qualitative magnetic information. However, for the
implementation of the existing knowledge into efficient soil pollution screening and
assessment methods solitary soil profiles are insufficient as shown in [1].

Correlations between MS and HM originating from anthropogenic sources are well studied
and commonly accepted [1, 3-8]. This is indeed the most central key factor that environmental
magnetic proxy screening for HM detection is possible at all.

In soil profiles the central problem of magnetic analyses is the interaction between the
anthropogenic magnetic contribution caused by particulate matter input and the
geogenic/pedogenic signal. Magnetic studies employing additional parameters such as
isothermal remanent magnetization (IRM) or frequency dependence of MS (yxfd%) strongly
support and extend the information obtained from magnetic susceptibility analysis. Soil zones
with anthropogenically enhanced MS are better defined and e.g., low xfd% values known
from pollution particle analysis are found in the anthropogenically affected upper soil layers

(Blaha et al., in preparation).
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Such information from detailed soil profile analysis is the basis towards further improvement
and efficiency enhancement of practically applicable magnetic proxy screening methods using
vertical MS profiles.

Studies, compiled in this PhD thesis, provide results comprising information about magnetic
properties of airborne environmental pollutants, physical soil properties determining
particulate matter accumulation in soils plus a practically applicable method for vertical MS
soil profile sampling. Moreover, efficient processing strategies of MS data obtained from
vertical soil profiles for systematic and standardized semi-quantification of HM loads in forest

soil are presented.

2. Magnetic measuring and sampling equipment

For many MS measurements the Bartington MS2 system was used. The MS2 susceptibility
meter provides a measuring range of 1-9999 x 107 [SI] (volume specific). The resolution is

2 x 10 ST on the x 0.1 measuring range (www.bartington.com).

2.1 Bartington MS2 susceptibility meter and field sensors

The system comprises a portable MS2 susceptibility meter (Fig. 1 a), which can be connected
to a variety of specific sensors. For surface MS measurements the MS2D-sensor (Fig. 1 b)
was used. It is the most suitable sensor for soil surface screening. For measurements on
vertical sections the MS2F-sensors (Fig. 1 c¢) was employed, providing high-resolution
information. The MS2D and MS2F-sensors are operated in conjunction with the probe handle

(shown with the MS2F-sensor in Fig. 1 d).

e

(@) (b)
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(c) (d)

Fig. 1 Bartington MS2 susceptibility meter (a), MS2D-sensor (b), MS2F-sensor (¢) and probe
handle for MS2D and MS2F sensors.

2.2 Bartington laboratory sensors

MS measurements of soil cores were performed with a MS2C-sensor with 40 mm internal
diameter (Fig. 1 e). For determination of frequency dependence of MS on individual samples
the MS2B-sensor (Fig. 1 f) was employed (specifications of the sensors are provided in

www.bartington.com).

(e) (f)

Figs. 1 e-f MS2C core sensor (e) and MS2B dual frequency sensor (f).

2.3 Soil core sampling and in-situ MS profile data acquisition

Soil cores analyzed in this work were collected with a 30 or 50 cm long stainless-steel coring
device. The outer diameter of 40 mm corresponds with the diameter of the SM400 down-hole

susceptibility meter, ensuring compatibility of both sampling methods.
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Fig. 2 Stainless-steel soil corer (40 mm outer diameter) plus a soil core sample are shown in

(a). In (b) the MS400 down-hole susceptibility meter (ZH instruments) is presented.

2.4 Magnetic laboratory equipment

An AGICO, KLY-3 Kappabridge was used for MS measurements of individual samples. The
instrument is operating at 875 Hz with a sensitivity of 3 x 10 [SI]. High and low temperature
measurements of MS were also performed with this instrument attached to a CS-3 heating
unit and a CS-L cryostat, respectively.

A pulse magnetizer MMPM9 (Magnetic Measurements Ltd) was employed for isothermal
remanent magnetization (IRM). For measurement of the acquired magnetic moment a
Molspin spinner magnetometer was used.

A 2G enterprises cryogenic magnetometer was used for measuring weakly magnetic samples.

3. Methodological requirements for applied vertical MS profile screening

3.1 Boundary conditions for applied vertical MS profile soil pollution screening

Limitations of magnetic soil pollution screening are the naturally given soil conditions plus
the currently available MS screening equipment. Natural soil conditions are and will remain
the same now and in future. In contrast to the soils, the employed sampling and measuring
equipment can undergo technical improvement and provide better output in future (e.g. higher
sensitivity). However, currently both of these crucial considerations have to be regarded as

constants.
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Due to these limiting circumstances only sophisticated soil profile sampling strategies plus
adequate MS data processing schemes provide the opportunity for further methodological

development towards standardized semi-quantification of anthropogenic pollution loads in

Natural soil setting “ Available equipment
(constant) (constant)

SAMPLING AND DATA
PROCESSING STRATEGY
(VARIABLE)

soils.

Standardized semi-quantitative
heavy metal assessment via
magnetic parameters

Fig. 3 Interaction of soil and magnetic measuring equipment as constants with respect of
sampling and data processing strategies is presented. The final result of an optimized
methodological approach is a standardized scheme for semi-quantitative anthropogenic

pollution assessment.

The definition of fundamental groups (Fig. 3) are: (1) natural soil setting, (2) available
equipment and (3) sampling and data processing strategies are the supporting pillars for
standardized magnetic pollution assessment in soils. Separation into constant parameters and
variable parameters is a crucial step for the setup of a sophisticated assessment procedure.

All aspects for efficient methodological approaches, comprising soil core sampling, magnetic
equipment, measuring schemes, MS data analysis and HM analysis have to be adjusted
forming one integrative system. These multiple aspects are forming the boundary conditions

for establishing an efficient and applicable MS soil pollution scheme.
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3.2 Modular approach for applied vertical MS profile acquisition and analysis

The defined goal for applied magnetic pollution screening is high-grade applicability and
reliability of the introduced assessment procedure. At the same time, fast and cost-efficient
semi-quantitative pollution screening in soils is the main aspect. This goal is reached by
combination of suitable elements, being evaluated prior to definition of the final assessment

procedure. Factors essential for such evaluation are arranged in Figure 4.

Soil parameters Fast screening tools
(quality + time intensive) (time saving)

Small scale

magnetic
analysis

(quality)

Small scale
soil analysis
(quality)

Semi-quantitative Magnetic
Pollution Screening

HM analysis (XRF)
(time saving)

STRATEGY AND PROCESSING
TOOLS (quality + time saving)

Fig. 4 Implementation model for the setup of an efficient semi-quantitative magnetic pollution
screening procedure. Blue outlined parts represent analyses done one-time for the acquisition
of fundamentals and calibration purposes. Green parts indicate elements being employed for
applied MS pollution screening. Most cost-efficient and time-saving semi-quantitative HM

content determination in soils (red) is the final goal.

For the setup of an efficient semi-quantitative magnetic pollution screening procedure two test
stages were defined.

The first stage provided high resolution data based on detailed and time-intensive small scale
analysis of magnetic and soil properties. These analyses comprised in-situ MS measurements,

magnetic analysis of small volume soil samples (10 cm®) and samples collected at 0.5 cm
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vertical spacing. Additionally, soil density analysis was performed on small volume soil
samples, providing indispensable information for setup of the final analytical scheme.

The second stage comprised the application level utilizing fast MS screening tools for
measurement of entire soil cores of up to 50 cm length in the laboratory plus soil profiles in-
situ. Additionally, HM data which were rapidly acquired by XRF technique were integrated
into the analytical procedure of MS data, resulting in an efficient strategy for pollution
assessment at applied scale [1].

However, the central part of this multiple approach was the systematic implementation of the

specific results obtained from both stages into an efficient pollution assessment procedure.

4. Soil characteristics, MS distribution and their importance for MS

pollution screening
4.1 Physical characteristics of natural (forest) soil and its impact on MS

Natural soils are typically layered structures consisting of horizons with different porous
structures and properties. These porous structures and properties are determining factors for
anthropogenic magnetic particulate matter transport and accumulation as they form a trap and
filtering system.

In soil science the interest is more on established parameters such as, pH-values, soil
mineralogy, grain-size, clay content or color related to soil horizons and soil types, rather than
on small volume analysis of soil density, controlled by porosity. However, approaches for
magnetic screening of anthropogenic particulate matter input require different strategies, also
considering the properties of pollution particles and their interaction with the soil material.
Airborne dusts consist of solid particles of sub-um to some 100 pm in size, which accumulate
in interaction with soil material properties (Blaha et al., in preparation). Information about
particle sizes of environmentally relevant magnetic particulate matter are also provided by
e.g., Veneva et al. and 2004, Jordanova et al., 2006. The uppermost, loose soil zone allows
particle movement due to their porous structure, whereas more compact layers with less pore
space, less connectivity and adhering surfaces accumulate infiltrating particles. These basic,
but dominating soil characteristics for dust particle input were systematically brought into
conjunction with the magnetic observations made and were used for the setup of an efficient

vertical MS profile screening scheme [1].
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Fig. 5 (a) Density distribution from two brown-earth profiles from the Donawitz steel mill
study area is presented. The continuous increase of density (controlled by porosity) with depth
is the main controlling factor for dust particle accumulation. In (b) the MS peaks directly
represent the anthropogenic magnetic particulate matter accumulation mainly controlled by

soil density [1]. PS stands for the “polluted site”, while LPS indicates the “less polluted site”.

For vertical MS profile screening the dominating factor is soil density, controlled by porosity,
as this is obviously typical for any kind of natural soils. Density profiles as shown in Fig. 5 a

were also observed in other investigated soils (Blaha, unpublished data).

4.2 Spatial magnetic susceptibility distribution in polluted natural soil

High-resolution MS analysis on soil sections revealed significant spatial variability of MS
values in the upper zone of a polluted soil. Figure 6 shows the MS pattern of a 40 cm wide
soil section polluted through airborne magnetic particulate matter. This soil pollution
originated from steel mill and coal-fired power plant emissions of the Shijingshan industrial
area, western Beijing [5].

Observations, revealing highly variable MS values in the upper soil zone were also made in

other high-resolution studies comprising different soil types (Blaha, unpublished data).
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Fig. 6 MS distribution patterns of vertical soil sections from the Shijingshan industrial area,
western Beijing. Anthropogenic MS enhancement in the upper 10 to 15 cm of the vertical

sections and its spatial variability is shown.

In-situ MS data acquisition with the Bartington MS2F-senor at measuring intervals of 1 cm
revealed detailed distribution patterns of the deposited and accumulated magnetic particulate
matter input. Anthropogenic MS is represented by red to gray color (Fig. 6). Areas with green
and white color in the lower part represent the natural background signal.

Such highly heterogeneous MS distribution in the upper soil zone is caused by soil properties,
vegetation (roots), wet and dry cycles or/and bioturbation through soil organisms. All these
processes may contribute to extremely irregular accumulation of airborne magnetic particulate
matter.

Up to now there have been no studies about small-scale MS distribution in polluted soils in
such detail. However, detailed knowledge about MS distribution in soil profiles is the basis

for sophisticated MS soil pollution screening using vertical MS profiles.
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There are quite a lot of magnetic studies on vertical soil sections investigating the pure
vertical MS distribution, revealing anthropogenic magnetic enhancement in the upper soil
horizons (e.g., Gautam et al., 2004; Kapicka et al., 2001; Magiera et al., 2007; Petrovsky et
al., 2004; Spiteri et al., 2005). These studies show the importance of the upper soil horizons
for accumulation of anthropogenic magnetic particulate matter. Furthermore, many of them
reveal correlations between anthropogenic MS and HM elements originating from
anthropogenic sources.

However, up to now no satisfying approach for systematic implementation of the established
knowledge towards efficient employment of MS soil profile analysis has been published.
Thus, in this work requirements for such an applied approach are formulated on the basis of
the main determining factors concerning soil structure, pollution characteristics, measuring
equipment plus data analysis. Furthermore, an applicable model for semi-quantification of
HM pollution in soils is presented being the consequential step towards efficient application

of vertical MS soil profile screening.

4.3 Basic principles for sampling strategies in polluted natural soil

Prospects for a straightforward approach in soil profile analysis are significantly reduced
through MS heterogeneities as shown in Fig. 6. Requirements for efficient and representative
soil profile analysis are therefore methodological approaches finally leveling out such natural

heterogeneities.

% [x10° m¥kg] (KLY-3)

Depth [cm]

"Variable"

Background MS
"Homogeneous"

Fig. 7 Five MS profiles collected from the “polluted sampling site” at Leoben, Austria.
Lateral distance between the profiles was ~10 cm, and vertical spacing was ~2.5 cm. The
sampling volumes are 8.6 cm?®. Curves are highly variable in the upper soil zone, but stable in

the lower part.
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Highly variable MS values in the polluted soil zone directly influence sampling of vertical
MS profiles (Fig. 7). It is obvious that sampling without adequate strategies will not provide
satisfying results when going beyond standard MS soil profile sampling and analysis.
Therefore, the knowledge derived from the soil section case study in western Beijing (Fig. 6)
and other case studies (Blaha, unpublished data) is of high importance for vertical MS
pollution screening. It explicitly shows that spatial variability of anthropogenic MS is a
determining parameter which cannot be neglected. Furthermore, systematic MS differences
between the upper and lower soil zones, showing highly variable, respectively stable values
are one key factor for further methodological development towards applied MS pollution
screening.

However, for holistic approaches in applied vertical MS soil profile screening multiple
factors, ranging from soil properties, magnetic particulate matter properties and measuring
equipment to MS data processing must be integrated into the model.

In Fig. 8 vertical MS and xfd% profiles originating from the “polluted site” in Leoben are

shown [1].

Brown earth, individual samples

Vol.-spec. MS [SI] (KLY-3, median)
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Depth [cm]

%7 Sample volume: 10 cm?®

Lateral distance: 10 cm
No. of profiles: 5

40 . i : ; : |
0 2 4 6
Lid %

Fig. 8 MS and yfd% profiles from a polluted brown-earth profile are presented. The MS peak
depicts magnetic particulate matter accumulation in the O and Ah horizons. The xfd% curve
reveals values between 1 and 2 in the polluted zone, reflecting specific magnetic properties of

anthropogenic magnetic particles originating from the nearby steel mill. Systematically

13



Introduction

increasing values of xfd% in the lower soil zone, depending on pedogenic and geogenic

magnetic mineral contents (magnetically fine grained) are shown.

MS is the most important parameter applied in magnetic screening. This central parameter is
the only one which can be currently measured at minimum time effort, in the laboratory and
in the field. In Fig. 8 MS reveals the accumulation of anthropogenic magnetic particulate
matter in the O and Ah horizons. The MS signal directly depicts accumulated magnetic
particulate matter originating from the steel mill exhaust gases. Complementary to MS,
frequency dependence of MS provides information about magnetic pollution particle
accumulation through low yfd% values. However, xfd% analysis requires more time and a
larger measuring effort. Therefore, such measurements can provide additional information for
research and calibration purposes, rather than being employed for applied magnetic screening
on a big scale. Thus, MS is the only magnetic key parameter for fast measurements, and data

have to be currently acquired only utilizing this parameter.

4.4 Soil horizons, MS and HM in polluted natural soil

For adequate analysis concerning correlation between MS and HM the role of soil horizons,
respectively the layered structure of soils with its different physical properties is a crucial
factor. In Fig. 9 the correlation between MS and Pb determined from distinct soil horizons in

polluted brown-earth is shown.

Brown earth, bulk analysis
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Fig. 9 Correlation between MS and Pb from defined soil horizons is shown. Analysis was

done on bulk soil material, and two samples per selected horizon are plotted.
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Excellent correlation between anthropogenic MS and certain HM in the upper soil horizons
indicate the close relationship between both parameters (see also Blaha et al., 2008a [1]).
Such relationship explicitly confirms the anthropogenic origin of magnetic particulate matter
plus HM, similar way of transport and similar fate of deposition. Moreover, it clearly shows
that possible pedogenic enhancement of MS in polluted soils is low compared to
anthropogenic MS. Therefore, pedogenic MS has hardly any influence on the results and can
be neglected. Confirmation of this fact is another key factor for the development of more
sophisticated pollution screening methods. It is clearly shown that only the upper soil zone,
which is mostly affected by magnetic particulate matter input reveals such correlation. The O
and Ah horizons are identified as the main accumulation zone. In contrast, data from Bv and
Cv horizons plot already quite close to each other with low values of MS and HM content.
Therefore, putting the focus on systematic analysis including soil horizons and depth

enhances the outcome of soil pollution studies significantly.

S. Properties of magnetic particulate matter

Regarding results from vertical soil profile analysis, investigation on magnetic particulate
matter is inseparable from the development of sophisticated methods for magnetic screening
of anthropogenically polluted soils. Soil structure plus mainly physical properties of magnetic
particulate matter interact and determine typical accumulation patterns (see Fig. 6).

Therefore, grain-size distribution, surface structure of particles, internal structures plus
magnetic and chemical properties of fly ash from a coal-fired power plant were exemplarily
studied. There are studies on various types of fly ash particles (e.g., Fisher et al., 1978;
Hansen et al., 1981 and Del Monte and Sabbioni, 1984), investigating preferably physical and
chemical properties. However, these studies do not include magnetic investigations. Magnetic
investigations on fly ash or fly ash particles were conducted by e.g., Kapicka et al. (2003),
Veneva et al. (2004) and Jordanova et al. (2006). These studies showed that magnetic
particulate matter is highly diverse regarding magnetic properties and its physical structures.
For putting more emphasis on quantity of certain particles, their structures and their magnetic
properties, investigation on fly ash was performed [2]. Fly ash is ideal for such studies, as it
can be a main pollutant, and as it is collected in precipitator systems under controlled
conditions. It is shown that only the combination of different parameters leads to better
assessment of potential pollution particles and their interaction with natural collectors such as

soils, sediments or tree leaves.
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In Figure 10 cumulative grain-size distribution of fly ash samples collected from a two-stage

electrostatic precipitator system of a black-coal fired power plant in Bexbach, Saarland is

shown [2].
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Fig. 10 Cumulative grain-size distribution of bulk fly ash samples and magnetic extracts from
Bexbach coal-fired power plant (Blaha et al., 2008b [2]). Curves show results from two flue

gas purification steps (“Vor- und Nachreinigung”, samples termed BexV, respectively BexN).

Differences between grain-size distribution of bulk fly ash samples and extracted magnetic
particles are obvious. Comparatively small bulk grain-sizes of <10 um comprise ~75% of
highly magnetic fly ash spherules. This also means that smaller magnetic fly ash spherules
contain relatively higher amounts of magnetic phases (mostly magnetite) compared to bigger
spherules. Such differentiation might have consequences for magnetic investigation methods
when fly ash material is distributed and fractionized. This could comprise airborne transport
and specific accumulation in certain soil layers or distribution in aquatic systems with
subsequent sedimentation.

However, at the current level of development regarding measuring technology and at the scale
of applied vertical soil profile screening, these effects might be of minor relevance. In contrast
to this, there might be high interest for the investigation of details on the links between MS
and HM contents in individual magnetic particles or grain-size fractions. Such knowledge

might lead for better assessment of potential environmental risks.
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Investigation on the MS contribution of fly ash grain-size fractions including their relative

amount, revealed that the small fraction (<63 pum) significantly contributes to MS of the bulk

sample [2].

B&@/ 2bu_002

Q' ] . 8 3
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Fig. 11 SEM images of bulk fly ash samples from a black coal-fired power plant (Bexbach),
[2].

Fly ash particles show typically spherical shape. This is the case for highly magnetic and non-
magnetic particles, while any intermediate stages might occur. SEM investigation on polished

fly ash particles as shown in Fig. 12 provide insight into the diverse structures of strongly

magnetic spherules originating from Bexbach coal-fired power plant.

Figs. 12 (a-d) Selection of SEM images from polished sections showing highly varied internal
structures of fly ash particles (Blaha, unpublished).
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Under favorable conditions SEM/EDX analysis on polished fly ash particles reveals in
general two, more or less clearly distinguishable internal zones. Separation into magnetic
phases bearing areas indicated by brighter color, and glassy areas indicated by dark grayish
color (Fig. 12 a, b) is possible. Bright areas with clear boundaries towards the matrix consist
of sub- to anhedral magnetic crystals (Fig. 12 a). EDX analysis determined on crystals and
matrix material in Fig. 12 a show high Fe content of ~28 atom-% in the crystals, respectively

~7 atom-% in the matrix. Data for element contents are presented in Table 1.

Table 1 Element contents determined by EDX analysis are presented. In the crystal structures

25, and in the matrix 20 analyses were performed. Mean values and standard deviations are

given.
Fe Ti Si Al Ca Mg Oxygen
Crystals 27.84 - 3.15 2.76 1.02 1.16 65.76
Stddev 3.46 - 1.77 0.53 0.58 0.21 0.75
Matrix 7.1 0.28 12.62 5.28 5.88 0.59 68.95
Stddev 3.17 0.09 1.06 0.31 0.83 - 1.74

SEM/EDX analysis on internal particle structures shows that main element contents can be
reliably determined (Table 1 and [2]). It also shows that best possible data quality is ensured
by conducting EDX analysis on polished structures, as target areas can be clearly identified.
In contrast, EDX analysis on particle surfaces must be regarded to be of lower quality, as
contributions from internal heterogeneous microstructures cannot be sufficiently controlled.
However, EDX analysis is mostly suitable for confirmation of SEM observations on
individual particle structures (e.g., determination of Fe contents). Therefore, it is an essential
tool for supporting interpretation of magnetic data obtained from fly ash analysis [2]. For bulk
fly ash analysis it is certainly not an appropriate method, since heterogeneities are manifold

and obtained data scatter widely.
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6. Magnetic particulate matter behavior in forest soil

Magnetic particulate matter migration and accumulation in forest soil was tested with
artificially distributed fly ash (Blaha et al., in preparation). A test site in an unpolluted forest
soil (coniferous forest) was prepared and the migration behavior of magnetic particles was
monitored. This experiment provided extended knowledge about the role of the uppermost
soil horizons for particle accumulation, revealing retardation of particles by sticking to
undecayed organic matter (litter layer) plus fast vertical translocation of particles into the O
horizon at the same time. Accumulation of particles on leaves or pine needles is shown by
e.g., Hanesch et al., 2003 and Urbat et al., 2004. This process still seems to take place in the
litter horizon. In the beginning of the experiment particle migration occurred at an
unexpectedly high rate, caused by the porous structure of the uppermost soil zone. Median

values of the MS surface signal declined rapidly by 40 % between day 1 and 17 (Fig. 13 a).
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Fig. 13 In (a) surface MS data (MS2D) from test site monitoring are shown. Each set consists
of 160 individual readings. Box-plots show median (Q2) and quartile (Q1, Q3) values.
Outliers are marked with crosses and are defined as Q1 (Q3) + 1.5* IQR. In (b) MS curves

before tracer application and on the 17 day after application are shown.

Box-plots are suitable tools for assessing data sets obtained from MS measurements.
Variations of the data sets in Fig. 13 a show clearly that statistical assessment is required, and
that a sufficient number of data has to be acquired for representative analysis (Blaha et al., in
preparation). In Fig. 13 b two vertical MS profiles are presented, reflecting MS in unpolluted

stage and after 17 days of tracer application. Magnetic particle migration down to ~5 c¢cm is
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observed. At the same time MS values near the soil surface are still comparatively high,
which means that retardation by sticking of particulate matter to litter occurs. Therefore, two
processes, migration plus retardation determine the vertical MS distribution pattern. As such
accumulation processes cannot be studied with normal particulate matter input from industrial
sources, migration experiments can provide answers how particle accumulation works.

In Fig. 14 a, b soil density, controlled by porosity and the according soil profiles from the

tracer test site are shown.
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Fig. 14 Five soil density curves (a) from the monitoring site and the according soil profiles (b)
are presented. L. and O horizons show lowest density and determine particulate matter

distribution.

The soil-fly ash interaction experiment, shown with Figs. 13 a, b and 14 a, b provides
systematic insight into particle migration/accumulation processes for the short-time case.
Long-time tests are on the way and will reveal both MS changes in the vertical profile and on
the soil surface. MS surface data (Fig. 13) revealed that there are significant lateral variations
between the individual measurements. Surface MS structures at different times of the

experiment are shown in Fig. 15.
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Figs. 15 (a-c) MS surface patterns at different times after tracer application (Blaha et al., in

preparation)

Anthropogenic magnetic particulate matter distribution and the resulting MS surface data
variability (Figs. 15) are significantly determined by physical soil properties, respectively the
natural heterogeneities of the upper soil zone. It is shown that loose soil layers, such as the
litter layer in forest soils enable trapping and fast vertical migration of dust particles.

So far, studies investigating the role of physical soil properties and spatial variability of MS
for systematic screening purposes do not exist. Therefore, information from such systematic
tests is of high importance for further improvement of measuring procedures as introduced in
[1].

Furthermore, the experiments revealed close similarities with measurements made in
industrially polluted soils (Fig. 16). The results from both types of investigation strongly point
at the dominating role of the upper soil structure being responsible for the typical,
anthropogenic MS distribution patterns. As the variations are always high, screening methods

have to be adapted to these conditions.
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Fig. 16 MS data from sites which were differently intense affected by airborne magnetic

particulate matter input are shown. The sites are located at different distances to a steel mill.

Statistically evaluated surface MS data from the three different, industrially polluted soils are

presented in Fig. 17.
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Fig. 17 MS surface data from the three investigated, industrially affected locations are
presented. Two “site scale” sized test sites revealing more or less intense pollution were
investigated at each location. Soil types are: (a) brown-earth, (b) Podzol and (c) aeolic

deposition (Blaha et al., in preparation).
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MS values showing higher variability are always observed in the more polluted sites (Fig. 17).
This indicates that higher magnetic particulate matter input leads to wider scattered MS data.
For MS screening purposes this might be a further criterion to be implemented into
methodological improvements.

Variable MS surface data seem to reflect irregular deposition of dust-loaded tree leaves,
unsteady direct magnetic particle input in the soil, and the interaction of particulate matter
with soil heterogeneities in the Ah and Bv horizons. Fresh tree leaves or needles collect in the
litter horizon (L) before they decay and the organic matter plus adhering pollution particles
accumulate in the O horizon. Thus, results from surface MS measurements strongly depend
on the thickness and spatial heterogeneities of these upper soil layers. As 60 % (90 %) of the
recorded MS signal of the Bartington MS2D sensor come from the uppermost 2 cm (6 cm)
(Lecoanet et al., 1999), MS variations observed in this zone are of high importance for the
development of accurate and efficient surface MS measuring strategies.

In this work an applicable method for HM semi-quantification utilizing vertical MS profile
assessment is provided [1]. For surface MS data acquisition and assessment, which is in
applied MS screening closely linked with vertical profiles, the development of an optimized
screening methodology on the basis of the presented data sets (Figs. 13 a and 17) is suggested.
These MS data reflect site specific variability, which is definitely one aspect that can be used
for further development of efficient measuring and assessment schemes. However, as this is
not the topic of this work, only fundamentals for the solution of this problem are provided.
Since different ways of particulate matter input are regarded to influence MS distribution
patterns in soils, dust collectors as tree leaves were included into investigations [4, 6].
Dust-loaded leaves are intermediate collectors, retarding particulate matter input according to
leave fall cycles of the according tree types. Therefore, tree leaves can be efficiently used for
pollution screening and monitoring, as the accumulation rate of magnetic particles per time
interval can be assessed. Finally, leaves and magnetic particulate matter get accumulated in
the soil, enhancing anthropogenic MS and pollution loads. Thereby, irregular accumulation of
dust-loaded leaves in soil, and especially their magnetic particle load might significantly
contribute to scattered surface MS data, as well as to variable MS values in vertical profiles.
Investigations on soils and leaves presented in this work include industrial pollution sources
[1, 3-5], urban sources [7] plus road traffic [3, 6-8] and show the broad range, where magnetic

screening methods can be usefully applied.
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7. Standardized, semi-quantitative in-situ MS profile assessment

Merged results from this multi-aspect study on polluted soils and potential pollutants resulted
in the assessment procedure described in [1]. This assessment procedure for MS profile
acquisition and data analysis was worked out basing on the established fundamentals, the
procedure itself being already designed for fitting demands for further optimization and
extension.

Such extension includes the implementation of the presented assessment procedure into
computerized, software supported on site MS soil profile assessment. MS profile data
acquired in-situ with a SM400 down-hole susceptibility meter, as described by Petrovsky et
al. (2004) can be processed following the principles for soil cores [1]. The crucial advantage
of such vertical MS profile on site analysis is the selection of an optimized number of profiles
adapted to the actual situation at the according test site. This will significantly reduce cost and
time-effort for sampling plus further assessment. Soils can be even directly and efficiently
assessed concerning their general suitability for sampling. Furthermore, boundary depth
determination, separating the upper polluted soil zone from the lower unpolluted one can be
done software supported on site. In addition, the most suitable soil core(s) for laboratory
analysis can be selected fitting the defined requirements of the introduced assessment scheme
[1]. As any magnetic soil pollution survey is actually undertaken in areas which can be termed
as “Terra incognita”, the application of fast data acquisition methodologies is able to provide
immediate results and has far-ranging consequences for applied environmental magnetic
pollution screening.

However, as the final implementation steps for semi-automatized on site MS processing go

far beyond this PhD thesis, only the fundamental structures for this technology are introduced.
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Our method allows standardized semi-quantification of anthropogenic heavy metal loads in soils by magnetic
susceptibility processing plus only two heavy metal analyses

Abstract

This study focuses on magnetic susceptibility processing and analysis towards fast and cost-efficient discrimination and semi-quantification
of anthropogenic heavy metal loads in soil. Spatial variability of magnetic susceptibility was investigated on sets of soil cores from both “pol-
luted”” and “less polluted” forest soil close to a steel mill near Leoben, Austria. Test sites of ~ 10 m? represent “site scale” dimensions.
Statistical analysis of magnetic data provides a boundary depth indicating the transition from the “polluted” to the deeper, ‘“‘unpolluted”
zone in contaminated natural soil. Introduction of a block master curve simplifies the complex variations of individual curves, and represents
magnetic susceptibility at “site scale”. For linking the block master curve to heavy metals we only require magnetic susceptibility data from one
soil core and heavy metal data from two sub-samples from the same core. Our optimized magnetic susceptibility data processing scheme
provides an applicable tool to semi-quantify anthropogenic heavy metal loads in soil.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years many studies (e.g., Strzyszcz and Magiera,
1998; Petrovsky and Ellwood, 1999; Kapicka et al., 2001;
Maier and Scholger, 2004; Gautam et al., 2005; Spiteri
et al., 2005) have shown the suitability and the benefits of
magnetic susceptibility proxy screening towards detecting
and spatially outlining anthropogenic heavy metal (HM)
contamination in soils. Magnetic susceptibility (MS) measure-
ment for applied magnetic pollution screening is commonly
accepted, and is the first choice, as well as the most important
parameter when conducting surveys. Advantages of MS are:
non-destructive measurements, the potential to even measure

* Corresponding author. Fax: +49 7071 29 5842.
E-mail address: ulrich.blaha@uni-tuebingen.de (U. Blaha).

0269-7491/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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traces of highly magnetic anthropogenic phases and rapid
data acquisition. MS screening is a fast and cost-efficient
tool for pre-screening campaigns towards better sampling
site selection for conventional chemical analysis.
Nevertheless, there is almost always the problem of the nat-
ural MS background contribution to the measured signal. MS
background signals depend strongly on the soil type, and can
vary significantly as shown by Hanesch and Scholger (2005).
Fialova et al. (2006) applied magnetic methods in soils to dis-
criminate between anthropogenic and lithogenic contributions
in different geological and environmental settings. Magiera
et al. (2006) measured the vertical MS distribution in soil
profiles to distinguish between lithogenic and anthropogenic
contributions to topsoil MS values. On a regional scale they
could separate seven different types of MS profiles from forest
areas where the maximum MS values were mostly observed at
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depths of 3—4 cm. Their results additionally proved that soils
which were affected by atmospherically deposited anthropo-
genic dusts were characterized by a magnetically enhanced hu-
mus layer, which also contained the highest HM concentrations.

Since environmental MS proxy screening is a scale
dependent method, and can cover size ranges from individual
fly ash spherules of <1 pm in diameter up to potential regional
scale maps, it is important to evaluate different sampling
scales. On the centimeter scale, where soil-forming factors
such as lithology, climate, biota and topography are virtually
constant, correlations between parameters show up more
clearly (Géttlein and Stanjek, 1996). Moreover, as MS maps
basically consist of data from individual sites, the focus of
this study is on spatial variability of MS at “site scale” (a
few m?). Our strategy was the integration of vertical soil
profile (soil core) sampling and MS data processing into an
analysis procedure. The final goal was data quality improve-
ment and method reliability to semi-quantify anthropogenic
HM loads in contaminated natural soil.

The study focuses on the investigation of vertical and
lateral MS distribution patterns in soil caused by natural and
anthropogenic influences in areas of ~10m> As there are
no such studies yet, we systematically analyzed spatial hetero-
geneity and physical properties of soil to reveal their impact
on MS distribution. The entire suite of soil horizons was
included in the analysis scheme. Efficient generation of MS
data sets for spatial analysis was done with the rapid and
standardized soil core sampling technique as used by Spiteri
et al. (2005). Additionally, soil samples of 8.6 cm’® were
collected at high spatial resolution to study the impact of
site-specific soil density distribution on magnetic particle

migration and accumulation. Also, HM analysis was
conducted on soil samples originating from high-resolution
sampling (5 mm vertical spacing), which ensured that HM
values could be clearly related to the distinct soil horizons.

Module combination of MS data, HM content and physical
soil properties enabled us to semi-quantitatively assess anthro-
pogenic HM content in soil. Investigations were carried out at
two test sites close to a steel mill complex.

The proposed methodology is the principle approach
towards the application of MS for semi-quantitative environ-
mental magnetic soil pollution screening.

2. Sampling and data acquisition
2.1. Site specifications and sampling methodologies

The investigated sites are near the Donawitz steel mill,
situated in Styria, Austria (Fig. 1a). The steel mill facilities
are located west of Leoben (Fig. 1b), which lies on the bottom
(550 m a.s.l.) of a V-shaped, NW—SE striking valley. The
sampling sites of ~10 m? in size, showing different degrees
of airborne particulate matter deposition, are situated on the
valley slope southwest of the pollution source. Both test sites
are located in the same geological unit comprising Carbonifer-
ous shale and sandstone. The soil is undisturbed brown earth.
According to the impact of airborne particulate matter, the site
closer to the steel mill has been termed the “polluted” site
(PS), while the more remote location is the “less polluted”
site (LPS). The PS and LPS are located at a distance of
~1.5km and ~3 km away from the steel mill, at altitudes
of 775 m and 920 m, respectively (Fig. 1b,c). The relative
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Fig. 1. (a) Map of Austria. (b) Leoben map with steel mill and test sites. (c) Valley cross section.
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height differences above the pollution source were 225 m and
370 m. Surface MS test measurements for site selection using
a Bartington MS2D system provide median values of
140 x 107 [SI]oms2py (n=1350) for the PS and 37 x
107° [ST]ms2py (n = 706) for the LPS.

The slope at the sampling sites dips by ~ 5°. Therefore, the
soils were regarded as being little influenced by gravity-driven
processes. Disturbances to the soil by natural processes such as
fallen trees, rotten roots or human impact were not observed.

Sampling was carried out at three scale levels (mm to m)
applying three different sampling techniques, comprising soil
coring, collection of individual samples (8.6 cm?®) and
sampling of soil layers 5 mm in thickness. The same sampling
strategies were applied at both sites.

2.1.1. Soil core sampling

Soil sampling using a plastic casing-fitted corer provided
cores of 3.3 cm in diameter. This fast and economic sampling
method covered the dm to m range of the study.

Soil cores of up to 50 cm length were collected by vertically
inserting the corer into the ground. Sampling depth was either
limited by the length of the corer or hard objects such as stones
or roots. Special care was taken to keep disturbances of the soil
cores as small as possible, e.g., compression of the upper softer
soil parts. According to the individual core lengths, casings
were trimmed and closed to prevent any possible disturbances
of the soil material during transport and storage.

A total of 26 and 30 soil cores were sampled at the LPS and
PS, respectively. A coordinate system was defined (Fig. 2a,b)
and sampling was carried out in the most systematic way

possible. Limiting factors for regular sampling were adjoining
trees and their roots. To avoid interfering effects of trees,
a minimum distance of 1 m from the trunk was systematically
maintained.

On average, the resulting sampling density is ~ 3 cores m > for
the LPS and PS. It should be noted that such sampling patterns
cannot be termed ‘“homogeneously” distributed. Nevertheless,
all samples originate from roughly equal sized areas, and it is
accepted that practical sampling problems at forest sites can
influence the geometric configuration of a set of samples.

2.1.2. Small-volume (8.6 cm’) soil sampling

In situ collection of discrete 8.6 cm® samples was applied to
cover the cm to dm scale range. Fresh samples were collected
from the walls of newly dug pits. Seven and five individual
vertical profiles with a lateral distance of 10 cm between
them, respectively, were collected at the LPS and PS. Cylindri-
cal plastic containers were horizontally inserted into cleaned
soil profiles comprising all soil horizons (including the litter-
layer L). For soil density analysis we ensured that all the
containers were completely filled, and that no disturbance of
the natural density occurred by excessively applied pressure
when inserting containers into the soil section.

High vertical resolution was achieved by sampling of two
adjacent rows of containers with a vertical offset of the second
row measuring half a container in diameter, resulting in a zig-
zag sampling scheme. Using this strategy, a vertical resolution
of 1.27 cm (1/2 inch) was achieved revealing both continuous
MS and soil density changes throughout the vertical soil pro-
files, as well as within the individual soil horizons. Maximum
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Fig. 2. Soil core sampling patterns at the LPS (a) and PS (b) with coordinates (X/Y) in m. Node distance is 1 m. Note: only squares containing two cores or more
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sampling depth was 50 cm, and since the upper soil part was
expected to bear most spatial variations, it was sampled at
the higher resolution of 1.27 cm. The zone below 30 cm was
covered with a single row resulting in a 2.54 cm vertical
resolution.

2.1.3. High-resolution (5 mm) soil layer sampling

Layer sampling covered the vertical resolution of 5 mm in
a lateral range of ~20 x 20 cm, comprising all soil horizons.
At both sites, one soil column of 40 cm vertical extent was
collected. Columns were separated from the adjacent soil by
trenches to avoid contamination with soil material from upper
levels. Stainless steel tools were used for digging and slicing
to prevent magnetic contamination. The 5 mm scale represents
the highest vertical resolution and the samples were used for
magnetic and HM analyses.

2.2. Data acquisition and analytical techniques

2.2.1. Magnetic analysis

All soil cores were systematically labeled and measured for
volume-specific MS at 0.5 cm spacing in the laboratory. A
Bartington MS2 susceptibility meter attached to a MS2C
core sensor (diameter = 40 mm) was used, and measurements
were carried out in the 107> [SI] range. Analysis was done
shortly after sampling (within a few days), when the cores still
had their natural moisture content.

Subsequently, the cores were air-dried until constant weight
was reached; then some of them were re-measured to check
for possible volume-specific MS changes. Comparison with
the initially determined volume-specific MS values revealed
no disparity between both measurements.

Also, the discrete samples collected in situ (8.6 cm’ ) and the
“sliced soil material” (20 x 20 x 0.5 cm volume) were air-
dried until constant weight. The “sliced soil material” was
stored in aluminium trays, and after drying, parts were put in
plastic containers (also 8.6 cm?®) for MS measurement. Nearly
all samples were free of stones and had grain sizes of <2 mm.

Low field MS measurement on both types of samples was
conducted with an AGICO KLY-3 Kappabridge having a sensi-
tivity of 3 x 1073 [SI].

2.2.2. Non-magnetic analysis

For high-resolution soil density analysis, using the samples
collected in situ (8.6 cm?), the mass of moist and air-dried
samples was determined using a laboratory balance with an
accuracy of 10 mg.

HM analysis was performed on selected samples from
“sliced soil material”. The selection was done with respect
to typical MS values from the peak and background areas of
the vertical MS curves. Additionally, it was ensured that the
samples were selected from the center parts of the individual
soil horizons.

X-ray fluorescence (XRF) technique was used to conduct
HM analysis. The air-dried soil material of <2 mm grain-size
was ground with a ball mill in zircon-oxide mortars for
20 min. Eight grams of the powdered material was taken to

prepare glass beads. The measurements were made with an X-
LAB 2000 spectrometer fitted with a 400 W/54 kV palladium
anode X-ray tube controlled by Spectro XLABPro software.

Bulk soil samples were separated into grain-size fractions
by wet sieving. Parts of the fractions were suspended in
acetone and the magnetic components extracted using
a hand magnet. Scanning electron microscopy (SEM) analysis
was done with a LEO 1450VP on carbon-sputtered samples.
For this paper, magnetic particles from the grain-size fraction
<63 um were investigated.

3. Results and discussion
3.1. Small-scale soil density and MS distribution analysis

Small-scale soil density and MS analysis were conducted to
better understand magnetic particle migration and accumula-
tion processes in soil. Among others, soil density, controlled
by porosity, is a determining factor for airborne particulate
matter accumulation and the development of typical MS peaks
in the upper soil zone.

Fig. 3a,b shows soil density and k profiles at both sites.
The data originated from 8.6 cm® samples collected in
situ.

The “main contribution” to MS peaks in the soil sections is
due to accumulation of industrially generated airborne
magnetic particles. Infiltration into the soil either takes place
through fallen tree needles covered with collected airborne
particulate matter or direct settlement of dust particles onto
the ground, with subsequent migration and preferential
accumulation in the O- and Ah-horizons.

To visualize the “source” of anthropogenic MS in industri-
ally polluted soils, we used scanning electron microscopy
(SEM) images of typical magnetic spherules (Fig. 4a,b)
extracted from the central peak area at the PS. Such spherules
are typical for industrial emissions and have been shown in
various publications (e.g., Hanesch et al., 2003; Kapicka
et al., 2003; Spiteri et al., 2005).

Magnetic spherules of grain sizes ranging from <1 pm up
to several 10 um in diameter were observed. Also a small
number of larger spherules were present. The spherules re-
vealed various surface structures ranging from smooth types
to those with rough surfaces. These features are generated
by the conditions of formation, for example, chemical
composition, temperature or cooling time.

3.2. High-resolution soil profile analysis (5 mm)
for MS and HM correlation

Bulk soil samples (grain size <2mm) from layered
samplings were analyzed for their HM contents. Homogenized
soil volumes of 20 x 20 x 0.5 cm were regarded as sufficiently
large to average out lateral small-scale variations of MS and HM.
However, since the focus of this study is on the optimization of
MS processing schemes, rather than conducting extensive HM
analysis, we have only shown data for Pb and Zn. The HM
data presented in this section are intended to better visualize
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Fig. 3. Soil density (a) and volume-specific MS (b) profiles at both the LPS and PS. Median values of seven (LPS) and five (PS) individual profiles at 10 cm lateral
spacing are shown. The soil surface is the top of the litter-layer and marked with zero. (Soil horizon boundaries may vary up to 1 cm; MS axes of diagrams are

specified by the type of measuring equipment used).

the links between mass-specific MS (x) and HM in a systemati-
cally analyzed soil profile (comprising all soil horizons).

Fig. 5a,c shows the vertical distribution of x and HM
contents at the LPS and PS, indicating clear enhancement of
the parameters in the upper soil layers. The samples from
the O- and Ah-horizons reveal the highest values and contin-
uously decrease with increasing depth. The Bv-horizons still
show some small enhancement compared to the lower Cv-
horizons, but the values are significantly lower than the ones
observed in the uppermost soil layers.

The relatively constant MS and HM values in the Cv-
horizon are used as a measure of natural background values.
Background MS originates from magnetic material of the
parent rocks and magnetic minerals formed during pedogene-
sis. HM contents in the Cv-horizon also originate from the
parent rocks. Therefore, background MS depends on site-
specific, i.e., geogenic and partly soil type specific pedogenic
contents; whereas background HM contents only depend on
the geogenic source. MS and HM of anthropogenic origin
we call anthropogenic MS and anthropogenic HM pollution.

Fig. 5b,d shows the correlation of x and HM (Pb and Zn).
At both sites, correlations between x and HM are significant.
At the LPS, the coefficients of determination are R?>=097
(x and Pb) and 0.95 (x and Zn). Similar values obtained for
the PS, are R*> = 0.99 (x and Pb) and 0.98 (x and Zn).

The decrease of MS and HM values with increasing depth
and the coefficients of determination reflect the filtering or
accumulation function of the upper soil parts for magnetic
and HM loaded particulate matter. The close link between x
and HM (Pb and Zn) suggests the same origin, shared path-
ways and similar fate upon deposition of the highly magnetic
phase and the HM. Additionally, the absolute values of both
MS and HM in the upper soil parts reflect the airborne partic-
ulate matter input into the soil at the LPS and PS as a function
of both the distance from and height above the steel mill.

Therefore, this high-resolution study provides important
information about the vertical distribution of MS and HM in
the soil profiles. This knowledge allows approaches to reliably
distinguish between anthropogenic MS and HM and their
geogenic background values.

Fig. 4. a,b. Scanning electron microscopy images of typical anthropogenic magnetic spherules originating from the Ah-horizon at the PS.
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Fig. 5. Vertical distribution of x, Pb- and Zn-concentrations at the LPS (a) and PS (c) (note the different scales for x and HM) and correlation of Pb and Zn with x

on the basis of two samples from each soil horizon (O, Ah, Bv and Cv) (b, d).

3.3. Soil cores and numerical models for
standardized vertical MS profile analysis

In order to streamline sampling and data processing for
efficient semi-quantification of HM loads, standardized and
easily applicable numerical analysis of vertical MS profiles
is required. Typical features in contaminated natural soils are
spatially variable MS values in the upper “polluted” horizons,
whereas the lower zone represents constant background MS
values (Fig. 6a,b). These features are utilized in a standardized
numerical model for the separation of “polluted”” and ‘““unpol-
luted” soil zones by analyzing a sufficiently large number of
vertical MS profiles. The numerical result is the boundary
depth (BD) representative of a “site scale” area, which pro-
vides the lower limit of the “polluted” soil zone. Knowledge
of both the vertical boundary of the ‘““polluted” part and an
established correlation as shown in Section 3.2, enables one

to calculate the anthropogenically enhanced MS and the
determination of the corresponding HM loads.

3.3.1. Soil core end MS data correction

MS2C sensor readings are comparable when the whole
measuring volume of the sensor is filled with core material.
This is not the case at the core ends. There, the system
provides raw data which must be corrected before further
data processing. Following the fact that at the core end the
measuring volume of the sensor is only half-filled with mate-
rial, the MS reading is 50% compared to that of the completely
filled measuring volume. This implies that the first reading at
the core end (I =0 cm) has to be multiplied by two to obtain
the “‘true” MS. For calibration of the end section, a calibration
core has been measured at steps of 5 mm. With the obtained
percentage values, the correction factors have been determined
and are listed in Table 1.
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Fig. 6. Selected MS2C curves (corrected data) at the LPS (a) and PS (b) representing the spatial MS variations in soil at “site scale”.

We are aware that core end correction in a “layered” core
produces systematic errors. Since the layering is most evident
in the upper level of the core, this is consequentially the zone
with the “largest error”’. Nevertheless, for practical applica-
tion we think it is acceptable to correct the ““core end measure-
ment error”’ by applying the correction factors as shown in
Table 1.

3.3.2. Separation of “‘polluted’”’ and ‘‘unpolluted’’
soil layers by MS boundary depth determination

MS curve sets from both the LPS and PS (Fig. 6a,b) show
the variability of MS in soil at “site scale’’. The variability
within a few m? depends on soil type, soil development,
varying soil horizon thickness as well as possible disturbances.
Also the amount of anthropogenically enhanced magnetic dust
input through the air-path has a significant influence on the de-
velopment of the magnetic signal and superposes with the spe-
cific soil properties. The density of soil layers as well as
cracks, root channels, biological activities and direct distur-
bances on the soil surface determine the properties of the
upper layers.

High MS variability among the individual soil cores does
not allow direct or straightforward curve evaluation for

Table 1

Correction factors for core end MS correction based on the MS2C sensor char-
acteristics (diameter = 40 mm) determined on a magnetically homogeneous
core

Length (mm) % MS signal Correction factor

(Core end) 0 0.50 2.00
5 0.67 1.48
10 0.81 1.23
15 091 1.10
20 0.96 1.04
25 0.99 1.01
30 1.00 1.00
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pollution assessment at “‘site scale”, even when it is known
that any individual MS curve represents a specific HM load
as shown by Spiteri et al. (2005). Instead, a statistical approach
with a sufficient number of individual MS curves is required.

Median (Q2) curves of the original MS curve sets of 26 and
30 soil cores, respectively, were determined (Fig. 7a,b). The
MS values of the median curves are calculated from data
gathered from the same depth levels at both the LPS and
PS. The vertical spacing measured 5 mm.

Median curves are considered as ‘‘master curves” (MC) of
the investigated ‘‘site scale” areas, systematically simplifying
the various individual curves. Additional standard parameters
such as inter-quartile range (IQR) or min-max-values can be
used to demonstrate the lateral variability of the MS curve
sets. These standard parameters can therefore, be regarded
as quality assessment factors.

Moreover, such additional parameters have the potential to
differentiate individual curve parts as they reflect specific
properties of layered soils and the impact of magnetic partic-
ulate matter. Typically, this is expressed in lateral soil samples,
by strongly varied MS values in the upper, “polluted” soil
zone, resulting in large IQR-values. In the lower curve part
the IQR-values are small. Analysis of these values can help
to distinguish between the “polluted” and ‘‘unpolluted”
zones, resulting in the introduction of a boundary depth (BD).

Our approach to determining the BD is based on the statistical
parameters, median (Q2), inter-quartile range (IQR) and IQR/
Q2, which have been normalized for easy evaluation (Fig. 8a,b).

The normalized master curve in Fig. 8a,b shows the repre-
sentative vertical MS distribution with continuous transition
from the ‘“‘polluted” to the “unpolluted” zone. Definition of
the BD requires information provided by the IQR-curve. As
an additional parameter for confirmation the IQR/Q2-curve
is employed. The significant gradient changes and the sharp
bend of the IQR and IQR/Q2-curves after the steady decrease
in the upper curve section indicate the BD, which separates the
“polluted”” and “‘unpolluted” soil zones.



[1] Determination of anthropogenic boundary depth in industrially polluted soil and semi-quantification of heavy metal loads using magnetic susceptibility

U. Blaha et al. | Environmental Pollution 156 (2008) 278—289

a b

K x10% [S]] (Ms2C)
0 200 400 0 200

K %10 [SI] (Ms2C)

400 600 800 1000 1200

Depth [cm]
=
]

40 - 40

— Q2
=== Q1,Q3
- == min, max

Fig. 7. MS2C median (Q2), 1st quartile (Q1), 3rd quartile (Q3) and min- and max-value curves of the 26 and 30 soil cores from the LPS (a) and PS (b), respectively,

are shown.

The minimum values represent the lower limit (BD) of
larger IQR and IQR/Q2-values and low gradients both
expressing the heterogeneity of MS in the “polluted” zone
with respect to magnetic particulate matter accumulation. In
principle, the IQR-curve would be sufficient to separate both
zones, but as MS values might also fluctuate more in some
cases than in others it is useful to introduce an additional ratio
that depends on one more parameter.

Moreover, the additional IQR/Q2-curve allows for much
easier graphic determination of the transition point, respec-
tively the BD, by parallelizing both minima.

Gradients and fluctuations in the lower curve section mainly
reflect natural MS background variations, which might be super-
posed by the contribution of single curves with higher variations
closer to the BD. Nevertheless, being able to numerically deter-
mine the BD at “‘site scale’” with a standardized procedure, al-
lows for the neglect of such minor variations. Moreover, depth
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uncertainties of probably <1 cm in soils which are complex,
“heterogeneous” natural structures can be accepted as suffi-
ciently accurate regarding this new methodological approach.
At the LPS (PS) the BD was found to be at 16 cm (18 cm),
which has been used for further MS curve assessment.

3.3.3. Principles of pollution MS peak
integration and MS data processing

Pollution MS analysis using vertical soil profiles is based on
two typical characteristics of the MS curves. Firstly, the natural
background MS measured below the BD, which we termed ver-
tical background (VBG) and secondly, the anthropogenically
enhanced pollution MS represented by the peak area. Princi-
pally, natural background MS is regarded as the site-specific
background MS which depends on the soil type and on the geo-
logic background. This background MS is “‘superposed’ by the
pollution MS signal that has to be appropriately separated.
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Fig. 8. Normalized MS median curve (““master curve”, full line), inter-quartile range (IQR, dashed line) and IQR/Q2 (dot and dash line) of the “less polluted” site
(a) and the “‘polluted” site (b) are shown. All soil cores, in (a) n =26 and (b) n = 30 are included. The horizontal line marks the boundary depth.
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In the following we present a methodology for separating
the natural and anthropogenic MS contribution in soil for prac-
tical application. To achieve this goal, the individual areas of
a MS curve have to be defined and integrated into an appropri-
ate processing scheme. In this context, the already introduced
site-specific BD determined from a sufficiently large number
of individual MS profiles (Fig. 8a,b) plays a major role.

In Fig. 9 four characteristic areas are introduced; the MS
peak area (1), the VBG area (2), and a mixed part consisting
of areas (3) and (4).

Area (1) exclusively represents anthropogenic MS
(“pollution”), whereas the area below the BD (2) depicts
the site-specific VBG MS. The triangular shaped areas (3)
and (4) represent a simplified model taking into consideration
soil genetic factors, i.e., horizon dependent MS distribution of
the upper soil section. According to its contribution, area (1) is
called pollution peak area (PPA), and area (3) pollution correc-
tion triangle (PCT). Area (4), reflecting the natural back-
ground above the BD, is termed lateral background (LBG).

The double-triangle model is regarded as sufficiently
accurate for an approximation of the origin of MS and is
suitable for further processing. This approach is based on
the assumption of a “linear relationship” between anthropo-
genic and natural MS in the upper soil zone. The mean
background contribution above the determined BD is lower
than that below the BD. In the L- and O-horizons only anthro-
pogenic magnetic particulate matter is accumulated, whereas
in the Ah- and Bv-horizons a mixture of anthropogenic and
natural magnetic particles occurs. Therefore, an increased
contribution of background MS is assumed in the lower
Bv-horizon (approaching the background value at the BD),
“compensating” for the contribution of the pure anthropo-
genic MS in the L- and O-horizons.

K x105[SI] (vs2cC)

Depth [cm]

50 =

Fig. 9. Subdivision of the MS curve into a pollution related part (areas 1 and 3)
and natural background (areas 2 and 4). See text for further explanation.
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For practical use, the simple triangular shape is ideal. The
area of the LBG-triangle can be directly determined from
the mean MS in the VBG area, and easily transformed into
a rectangle with the same area at half the base of the triangle.

Summarizing, areas (2) (VBG) and (4) (LBG), are geneti-
cally of natural origin, while areas (1) (PPA) and (3) (PCT)
are of anthropogenic nature. As anthropogenic MS co-exists
with anthropogenic HM loads, MS curve data have to be
divided into the anthropogenic and natural parts before
establishing linkage of both anthropogenic MS and HM.

Simplifications, considering basic geometric relationships,
result in a model to semi-quantify anthropogenic HM loads. De-
tailed steps of HM analysis and linkage of MS data to HM con-
tents for “‘site scale’” assessment are presented in Section 3.3.4.

Based on the newly introduced parameters, i.e., master
curve (MC), boundary depth (BD), pollution peak area
(PPA), vertical background (VBG), pollution correction trian-
gle (PCT), and lateral background (LBG), the necessary steps
for an optimized and standardized MS data processing scheme
towards anthropogenic HM load determination are made. The
processing scheme tests for Pb using the curve sets and
selected individual curves from the LPS and PS.

The MS master curve (Fig. 9) is the central element for fur-
ther analysis since it quantitatively represents the ‘“polluted”
and the “unpolluted” layers based on the individual MS curve
set at ‘“‘site scale”. In order to minimize analytical problems
due to complex individual and variable vertical MS curves,
the introduction of MS block curves (Fig. 10b), i.e., a two-
layer model, is the consequential step. The BD marks the
lower limit of enhanced anthropogenic MS for successive
data processing, being the depth marker to determine the arith-
metic mean of MS for the “polluted”” and “unpolluted” parts,
respectively above and below the BD. The boundary, in reality
a narrow fuzzy zone, depends on the enrichment of anthropo-
genic magnetic particles and the comparatively porous
structure of the upper soil horizons, i.e., on the heterogeneous
internal structure and varying thickness of the upper soil
layers. Due to the simplicity of the MS block master curve,
each of the individual MS curves can easily be connected to
this condensed, yet central curve, still keeping all crucial
information. This procedure allows, for the first time, both
systematic and numerical MS curve analysis that is practically
independent of the soil type and soil development. Therefore,
vertical MS distribution directly reflects the magnetic particu-
late matter input depending on the soil properties without
placing emphasis on them.

The analytical steps of our approach are shown in
Fig. 10a—c. We utilize the MS master curve (MC), a suitable
individual curve (IC) and the BD to calculate the pure anthro-
pogenic MS in a standardized, time-saving and practically
applicable way.

In order to simplify both the MC and IC (Fig. 10a) we
introduce the block curves (BMC and BIC, Fig. 10b), which
fit the two-layer model. Block curves show the arithmetic
mean of MS above and below the BD. To obtain the best re-
sults from IC processing and subsequent HM analysis, an
IC shape which comes close to that of the MC, as well as
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Fig. 10. (a) Master curves (MC, full line) and selected individual curves (IC, dashed line). (b) Block master curves (BMC) and block individual curves (BIC)
representing a two-layer model; note that shaded areas belong to the BMC; for the BIC, only the curve shape is presented (dashed lines). (c) BMC and BIC
have been corrected for background MS (as described in Fig. 9) representing the anthropogenic MS contribution.

a BIC°*/BMC°-ratio of >1 (Fig. 10c) are most suitable to min-
imize analytical errors. BIC® and BMC° are the curves exclu-
sively representing the anthropogenic MS.

Staying with this concept, the BMC is the statistically rep-
resentative reference curve, containing all spatial information
of the investigated area, respectively from all the individual
MS curves. In contrast, the BIC contains only the information
from a selected individual curve.

In Fig. 10b, both MS block curves show the according size
of the areas (1—4). The principle is the same for both, only
the size of the areas is different. This systematic curve analysis
makes it possible to correct both curve types for the natural
background MS, resulting in block curves BMC® and BIC®

(Fig. 10c). Finally, determination of the BIC°/BMC? ratio links
the statistically representative MS values (BMC®) to the MS
from BIC. In the cases presented, the MS value of the BIC®
is 14% (22%) higher than BMC® (BIC°/BMC° = 1.14 (1.22)).

3.3.4. Principles and results of anthropogenic
HM semi-quantification

Fast and cost-efficient MS measurements provide the basis
for minimizing the number of HM analyses required for ““site
scale” assessment. In this context, it is necessary to efficiently
include HM data of only one soil core into the MS data pro-
cessing scheme. The selected individual soil core is separated
into two sub-samples at the BD, providing mean HM data of
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Fig. 11. (a) The four characteristic areas (1*, 2*, 3* and 4*) representing the according Pb-content. (b) The pollution correction triangle (PCT*, 3*) and the
lateral background triangle (LBG*, 4*) of (a) are transformed into the rectangles (3**) and (4**) of the same size. Areas (3** + 1*) represent the average
anthropogenic Pb-load of the individual core. In (c) the anthropogenic Pb-contents are presented as final result after correction using BIC°/BMC° = 1.14

(LPS) and 1.22 (PS).

both the “polluted” as well as of the “unpolluted” soil parts.
These HM data fit into the introduced MS data processing
scheme and can be efficiently processed similarly to MS.

In Fig. 11a the four characteristic areas introduced for MS
analysis are presented for HM semi-quantification, in this case
determining the levels of Pb present. The important aspect as
defined by the approach is using the BD and consequentially
the ““polluted” and ‘‘unpolluted” soil areas. HM separation
uses in principle the same steps applied to MS. Fig. 11b shows
the transformation of the LBG* triangle (4*) into the LBG*
rectangle (4**) and the resulting anthropogenic HM content
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(3** + 1*) for the individual core. At this point, the results
from both MS curve and HM data processing are merged by
applying the correction factor BIC°/BMC° = 1.14 (1.22)
(Fig. 11c). This step transfers the anthropogenic HM content
of the individual core to the statistically determined median
value (block master curve), which is representative of the
“site scale” area. Results for Zn are 281 ug core-cm™' for
the LPS and 517 ug core-cm ™' for the PS.

Usually, there are also HM elements in the analyzed
vertical soil profiles, which do not show correlation with MS
(Blaha, unpublished data). This will be revealed by our HM



[1] Determination of anthropogenic boundary depth in industrially polluted soil and semi-quantification of heavy metal loads using magnetic susceptibility

U. Blaha et al. | Environmental Pollution 156 (2008) 278—289

data processing when the resulting area (3** 4 1*; Fig. 11b) is
approximately zero. Such HM elements might be of natural
origin.

In Fig. 11c the shaded areas represent the total anthropo-
genic HM content above the BD for the “site scale” areas.
The unit given as pg core-cm ™' can be converted into pg cm >
by dividing this value through the cross section area of the
cylindrical core or, alternatively, into mg kg~ ' by further
dividing by the mean density (g cm ) of the soil layer above
the BD.

4. Conclusions

The influence of soil density, controlled by porosity on the
accumulation of airborne anthropogenic magnetic particulate
matter in the upper soil horizons is revealed by high resolution
analysis of vertical soil sections. Differentiation between the
upper, ‘“‘polluted” zone and the lower natural or background
zone is possible with a sufficiently large set of MS curves,
systematically revealing spatial distribution of MS. Statistical
analysis of the higher, variable MS peak values in the upper
zone and lower, but constant MS values in the background
area is the basis for separation. Implementation of the MS
master curve is a central element, containing condensed site-
specific information that can be easily processed. The statisti-
cally determined boundary depth is a universally applicable
parameter in ‘“‘polluted” natural soil. On the basis of the
two-layer model (““polluted” and background zone) complex
MS curves are reduced to easily processable MS block curves,
still containing all important site-specific information. MS
block master curve processing systematically integrates the
two-layer model into the analysis scheme, providing ‘site
scale” representative MS values of the anthropogenic
magnetic particle input or “pollution” MS. Transformation
of one selected, individual MS curve into an individual block
curve, enables application of the block master curve process-
ing scheme, and the easy linkage of the individual curve to
the “site scale’ representative result from MS block master
curve analysis. The MS processing model provides the frame-
work to reduce HM analysis into only two sub-samples from
the individual core (one from the “polluted” zone, and one
from the natural background). Determination of the anthropo-
genic HM content from the “site scale” area is based on the
same principles as MS processing. Only, instead of handling
MS, HM data are calculated with the block curve model. Pro-
cessed HM values from the individual core (anthropogenic HM
contents) are connected back to the ‘“site scale” by a site-
specific correlation factor determined from MS analysis. The
result is the HM load representative for the “site scale” area.

The presented model transfers most of the required data ac-
quisition and processing procedures to fast and economically
applicable MS, reducing costly HM analysis to a minimum.
Therefore, this methodological approach is an appropriate
tool for practical application.

It should be noted that we are applying magnetic proxy
screening to outline and semi-quantify anthropogenic HM
pollution in soil with emphasis on quick measurements and

the most accurate procedures possible. This consequentially
means that we accept minor uncertainties resulting from
simplifications made when introducing our new approach.
Considering the fact that there is currently no comparatively
efficient process of MS pollution screening in soil, this ap-
proach is an important step towards improving magnetic proxy
methods for practical pollution assessment. Further
optimization will be the next step of our work. This will
include adaptation to other soil types and evaluating the
applicability and accuracy of the method through more
detailed analysis of the spatial variation of MS and HM data.
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Two fly ash samples from a black coal-fired power plant (Bexbach, Germany) were
investigated for their magnetic properties, particle structure, grain-size distribution and
chemical composition. Grain-size distribution was determined on bulk samples and on
magnetic extracts. Magnetic susceptibility of different grain-size fractions was analyzed
with respect to the according amount of fractions. High- and low-temperature dependence

fg vrlzrt(ijz:susce cibili of magnetic susceptibility and thermal demagnetization of IRM identified magnetite and
Flyga sh P v hematite as magnetic phases. Magnetic spherules were quantitatively extracted from bulk

fly ash samples and examined using SEM/EDX analysis. Particle morphology and grain-size
analysis on the magnetically extracted material were studied. Individual spherule types
were identified and internal structures of selected polished particles were investigated by
SEM and EDX analyses. Main element contents of the internal structures which consist of
“magnetite” crystals and “glassy” matrix were systematically determined and statistically
assessed. The chemical data of the micro-scale structures in the magnetic spherules were
compared with XRF data from bulk material, revealing the relative element distribution in
composed magnetic spherules. Comparison of the bulk sample grain-size (0.5-300 pum)
and grain-size spectra from magnetic extracts (1-186.5 um) shows that strongly magnetic
particles mainly occur in the fine fractions of <63 pm.

This study comprises a comprehensive characterization of coal-fired power plant fly ash,
using magnetic, chemical, and microscopic methods. The results can serve as reference
data for a variety of environmental magnetic studies.

Coal-fired power plant
Magnetic spherules
Grain-size
Environmental pollution

© 2008 Published by Elsevier Ltd.

1. Introduction not yet standard in all power plants. Increased environ-

mental pollution caused by fly ash and various other

Anthropogenic air, soil and water pollution caused by fly
ash from coal-fired power plants can be a significant
environmental problem. Fly ashes can be either harmful to
human health because of their small sized particles or by
carrying pollutants such as heavy metals (HM) or polycyclic
aromatic hydrocarbons (PAH). Modern filtering technolo-
gies preventing the environment from serious hazards are
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E-mail address: ulrich.blaha@uni-tuebingen.de (U. Blaha).

1352-2310/$ - see front matter © 2008 Published by Elsevier Ltd.
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pollutants is a typical problem in newly industrializing
countries with fast growing economies e.g., China or India.
For example, the Panki power plant in Kanpur, India, uses
3000 tons of coal and churns out 40 tons of fly ash every
day. Five super thermal power plants in the Singrauli area
supply 10% of India’s power. These power plants release
about six million tons of fly ash a year, making land unfit for
cultivation (www.blacksmithinstitute.org). Sharma and
Tripathi (2007) conducted environmental magnetic studies
around one of the power plants in the Singrauli area. They
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showed that fly ash contributes significantly to soil
pollution in the vicinity of the plant.

Large amounts of fly ash produced in coal-fired power
plants can create severe environmental threats. Malfunc-
tion, operating errors, or even missing filtering systems
lead directly to air and subsequently to soil, sediment and
water pollution. Inappropriate deposition and disposal of
collected fly ash bears the risk of direct soil contamination
and dissemination of fly ash particles to the environment
by resuspension in air or water.

Comprehensive target-oriented approaches, combining
magnetic, physical, and chemical properties of filter fly ash
could help to address current environmental problems
concerning fly ash production and disposal.

Until a few decades ago, environmental protection
standards in many industrialized countries all over the
world have been still comparatively low. Technologies for
efficient flue gas purification of coal-fired power plants
have been developed and improved since then. Therefore,
quite a number of areas with polluted soils and sediments
can be found also in industrialized countries, nowadays
having established efficiently working flue gas purification
systems in their facilities.

In particular, soil pollution is caused by atmospherically
transported and distributed particulate matter. Thus, soils
are sinks or accumulators for any kind of atmospherically
deposited pollutants. Rose et al. (1999) studied the spatial
and temporal distribution of spheroidal carbonaceous fly
ash particles in sediments of European mountain lakes,
demonstrating that virtually any environment is affected
by airborne particulate matter distribution. Environmental
magnetic pollution studies on soils affected by coal-fired
power plants and other pollution sources were conducted
by e.g., Strzyszcz et al. (1996), Hay et al. (1997), Kapicka
et al. (1999), Veneva et al. (2004), Spiteri et al. (2005) and
Magiera et al. (2006). For semi-quantitative magnetic
pollution screening in soils as introduced by Blaha et al. (in
press) information on particulate matter is helpful, since
particle sizes determine specific accumulation patterns.
Moreover, grain-size specific magnetic properties e.g.,
different contents of magnetic phases and consequentially
different MS impact on the results of magnetic soil pollu-
tion screening. Fly ash collected from the source can serve
as reference material for anthropogenic particulate matter.

Different key aspects such as chemical, morphological
and magnetic properties of fly ash and its components have
been investigated by a number of studies. Magnetic
properties of fly ash, respectively, fly ash particles, were
studied by e.g., Chaddha and Seehra (1983), Strzyszcz et al.
(1996), Veneva et al. (2004) and Jordanova et al. (2006).
Kapicka et al. (2000) investigated the magnetic stability of
fly ash in different soil solutions. Fisher et al. (1978) worked
on physical and morphological properties of size-classified
coal fly ash. Hansen et al. (1981) and Del Monte and
Sabbioni (1984) conducted morphological and mineralog-
ical studies on fly ash from coal-fired power plants. More
recently, surface properties of various fly ashes were
characterized by Sarbak et al. (2004).

Spherules, magnetically extracted from pollution sinks
such as soils, were studied by Kapicka et al. (2003) and
Spiteri et al. (2005). Fly ash properties differ depending on
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the chemical composition of the fired coal types, power
plant technologies and other factors (see e.g., Jordanova
et al,, 2006).

Our work comprises the investigation of fly ash samples
from a two-stage electrostatic precipitator system of
a black coal-fired power plant in Bexbach, Saarland,
Germany. The focus is set on an integrated approach
comprising magnetic properties, chemical composition,
grain-size analysis, morphological features and typical
structures of magnetic particles and their relative distri-
bution in fly ash. As magnetic spherules from combustion
processes can be found in nearly any pollution sink, e.g.,
Gautam et al. (2004, 2005), Hanesch et al. (2003), Maier
and Scholger (2004) and Urbat et al. (2004), more infor-
mation on fly ash particles in common will be helpful
towards improving magnetic screening and assessment
methods.

This study on fly ash and its magnetic fractions tries to
interlink the benefits of various analytical methods towards
a more comprehensive understanding of pollution particles
and their properties.

2. Materials and methods
2.1. Sample material

The investigated fly ash samples originate from the two-
stage filter system of a black coal-fired power plant in
Bexbach, Germany. A two-stage electrostatic precipitator
system is used to extract fly ash particles from flue gas. The
filter system collects 99.8% of the fly ash particles generated
through combustion of fossil fuel (www.steag-saarenergie.
de). The two precipitation steps are termed “Vorreinigung”
(1st flue gas purification step) and “Nachreinigumg” (2nd
flue gas purification step), accordingly the samples were
named BexV and BexN. In order to avoid misunderstand-
ings when handling fractions and extracts from the
samples, the bulk samples were further specified terming
them BexV_bu and BexN_bu.

2.2. Sample preparation

2.2.1. Sieve analysis

Sieve analysis was carried out on BexV_bu and BexN_bu
samples using stainless steel sieves of 63 um, 125 um and
200 pm mesh size. One kilogram of dry fly ash from each
filtering step was analyzed in eight portions of 125¢g
employing a sieving machine. Each analysis was performed
at a sieving time of 20 min. The material loss during sieving
and handling was determined with 0.51% and 0.45% for
BexV_bu and BexN_bu, respectively. For mass determina-
tion a laboratory balance with an accuracy of 10 mg was
used.

2.2.2. Magnetic extraction

The magnetic extracts from bulk samples were prepared
from the dry state in order to avoid the employment of
additional tools, e.g., wet extraction or ultrasonic treat-
ment. Four grams of bulk fly ash were filled in a cylindrical
15 cm? plastic container with an inner diameter of 22.8 mm
(outer @=24.8mm) and 36 mm height, closed with
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a non-static lid. Prior to each extraction step, the sample
material was homogenised by manually shaking the
container. The extraction was carried out by moving a tip-
fitted hand magnet along the outer cylinder wall. The
magnetic force from outside accumulated and trapped
the extracted magnetic particles at the inner cylinder wall.
The rotation of the container along its cylinder axis during
extraction assured both material mixing and proper expo-
sure of the fly ash surface to the magnetic field. The
distance between the magnet and the sample material was
maintained constant for all extraction steps, given by the
cylinder geometry. For removing the collected extract from
the container, the magnetic material was carefully trans-
ferred to the center of the non-static lid, still being kept by
the magnetic force. Then the lid was taken off and the
magnetic particles were released into a cone-shaped small
volume plastic container by removing the magnet from the
top of the lid. In order to ensure the collection of particles
with the highest contents of magnetic phases, 10 extraction
steps were performed. The same procedure was applied on
both samples. The separated mass of magnetic particles
decreased from ~22 mg to ~9 mg from the first to the last
extraction step for both samples.

2.3. Magnetic measurements

Magnetic susceptibility (MS) measurements were con-
ducted using a KLY-3 Kappabridge (AGICO) operating at
875 Hz with a sensitivity of 3 x 1078 [SI]. The samples were
measured in 8.6 cm® cylindrical plastic containers. High-
and low-temperature curves of MS were also measured with
a KLY-3 attached to a CS-3 heating unit and a CS-L cryostat,
respectively. Heating experiments were conducted in air.

Isothermal remanent magnetization (IRM) was imposed
at room temperature using a pulse magnetizer MMPM9
(Magnetic Measurements Ltd) and the acquired magnetic
moment was measured using a Molspin spinner magne-
tometer. IRM acquisition curves were analyzed using
cumulative log normal Gaussian decomposition technique
to discriminate the contribution of magnetic phases with
different coercivity spectra as introduced by Kruiver et al.
(2001).

Thermal demagnetization of the IRM of bulk fly ash
samples was carried out using an ASC Scientific thermal
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Fig. 1. Mass distribution of the grain-size fractions of BexV_bu and
BexN_bu.
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demagnetizer model TD-48SC. An amount of 1.5g of
sample material was put in cylindrical 2 cm® quartz glass
containers (d=12mm, h=18 mm) and magnetized in
a 2.5 T pulsed magnetic field. Stepwise thermal demagne-
tization was performed in steps of 25°C from 100 °C to
700 °C. The remanence measurements were carried out
using a Molspin spinner magnetometer.

2.4. Non-magnetic analysis techniques

2.4.1. SEM/EDX investigation

Scanning electron microscopy (SEM) and energy
dispersive X-ray (EDX) analysis were performed using
a LEO 1450VP connected with an Oxford INCA system. The
volume analyzed by EDX is ~ 1 pm?, and the detection limit
of the instrument is 0.1-0.5% depending on the respective
element. Analysis was carried out on carbon sputtered
magnetic extracts from BexV_bu and BexN_bu samples. For
“quantitative” analysis, a mass of 1.5 mg of magnetic
extract was put on the sample holder. To ensure statistical
reproducibility, the spherules contained in 10 pre-defined
patches (areas of ~0.04 mm? on the SEM sample holder)
were measured and counted. For efficiency and feasibility
reasons particle sizes of <1 pm were excluded from anal-
ysis. The surface structures of the magnetic spherules were
visually analyzed and the frequency of certain types was
estimated. EDX analysis focusing on internal structures was
performed on polished samples.

2.4.2. XRF analysis

X-ray fluorescence (XRF) technique was used to conduct
chemical element analysis. Element contents were deter-
mined on BexV_bu and BexN_bu fly ash samples. Dry bulk
fly ash was ground with a ball mill in zircon-oxide mortars
for 15 min. Eight grams of the powdered material were
taken to prepare glass beads. The XRF measurements were
performed at the RWTH Aachen with an X-LAB 2000
spectrometer fitted with a 400 W/54 kV palladium anode
X-ray tube controlled by Spectro XLABPro software.

2.4.3. Laser-granulometry

Detailed grain-size analysis was performed using
a Malvern Mastersizer Micro laser-granulometer with
adetection range from 0.3 um to 300 pm and an accuracy of
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Fig. 2. Magnetic susceptibility (x) of the grain-size fractions of BexV and
BexN samples.
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Fig. 3. Relative y contribution of the grain-size fractions (mass by x) to the
bulk magnetic signal of the fly ash samples.

+3%. BexV_bu and BexN_bu samples were analyzed for
their detailed grain-size spectra with three individual runs
per sample.

3. Results and discussion
3.1. Grain-size distribution of BexV_bu and BexN_bu samples

The sieve analysis of the BexV_bu and BexN_bu samples
(Fig. 1a) reveals that the grain-size fractions of <63 um
have the highest contribution to the bulk sample mass with
74.9 mass-% and 80.9 mass-%, respectively. The fractions of
63-125 pm contribute with 20.6 mass-% and 15.7 mass-%,
respectively. The mass contribution of the grain-size frac-
tions of >125 pm represents only comparatively low rates
of 4.5% and 3.4%, respectively. The particulate matter of
<125 um, comprising ~95% of the total fly ash mass, is the
dominating fly ash fraction in this study and must be
regarded as a main contributor to environmental pollution.

The comparison of the finest grain-size fractions of
<63 um from BexV and BexN (Fig. 1) reveals a relatively
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higher amount for BexN. In the 63-125 pm fractions, an
inverse behavior is observed. The observed relative grain-
size distributions in both bulk samples are linked to flue gas
dust collection characteristics, including the technical set-
up of electrostatic precipitators, flue gas stream rate, and
other factors. Since the electrostatic precipitator operates at
an efficiency rate of 99.8% (www.steag-saarenergie.de), the
fly ash particle investigation is representative for compa-
rable coal-fired power plant emissions. Only 0.2% of the
originally produced fly ash particles pass the electrostatic
filter system, getting finally removed from flue gas together
with sulphur compounds in the desulfurization step. With
respect to environmental protection issues, virtually none
of the originally produced fly ash particles pass the filter
system and get emitted into the atmosphere. For coal-fired
power plants without efficient filtering technologies,
emissions with grain-size distribution, dominated by
smaller particles, can be expected.

3.2. Magnetic investigations

3.2.1. Magnetic susceptibility of grain-size fractions

The MS measurements of the different grain-size frac-
tions (Fig. 2) reveal varied contributions to x. The highest x
values are observed in the grain-size spectra of 63-125 um
and 125-200 um. The fractions of <63 pm and >200 pm
show 40-50% lower y values compared to those with the
higher y values. No significant x variation between the
BexV and BexN samples is observed. The results reveal that
the content of ferri(o)magnetic mineral phases in the
63-125 um and 125-200 um fractions is significantly
enhanced compared to the finest (<63 um) and the
coarsest fractions (>200 um).

The MS of the fly ash fractions depend on the concen-
trations of the ferri(o)magnetic phases in the samples. For
the estimation of the total magnetic contribution of a grain-
size fraction to the bulk fly ash sample (BexV_bu or
BexN_bu) y is multiplied by the respective fraction mass
determined by sieve analysis.

In Fig. 3 the relative % contributions of the grain-size
fractions to x of the bulk samples are presented. The
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Fig. 4. (a) Thermo-magnetic heating curves from BexV_bu and BexV_ex. In (b) the low-temperature behavior of MS from BexV_ex is shown.
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Fig. 5. Thermal demagnetization of a magnetic remanence acquired at 2.5 T
from BexV_bu and BexN_bu samples. The enlarged view into the higher
temperature range shows that hematite is contained.

contributions of the smaller sized fractions (<63 um and
63-125um) to the total particulate matter emission
account for ~95%. Hence, studies dealing with power plant
fly ash found in the environment should focus on these
small grain-size fractions.

3.2.2. Temperature dependent MS measurements

Thermo-magnetic analysis was conducted on both BexV
and BexN samples (only data for BexV are presented, as
results from BexN are almost identical).

Fig. 4a,b show the results from heating runs on bulk
material and magnetic extract from BexV_bu. Both
thermo-magnetic curves show a dominating magnetic
phase with Curie temperatures at ~575°C, indicating
magnetite. The shapes of the thermo-magnetic curves and
the different positions of the MS maxima reflect slightly

Table 1
Coercivity values determined from bulk fly ash samples and grain-size
fractions of <63 um (determined after Kruiver et al., 2001)

Sample Soft (mT) Hard (mT)
BexV_bu 71 647
BexN_bu 74 664
BexV_63 81 778
BexN_63 79 929

different magneto-mineralogical contents in both samples.
A hematite phase (T.~680 °C) cannot be identified.

In Fig. 4b the Vervey-transition (T,) of magnetite is
observed at ~110 K by low-temperature measurement of
the magnetic extract. A significant content of SD particles is
indicated by increasing y above T,.

Thermal demagnetization curves of IRM from BexV_bu
and BexN_bu samples (Fig. 5) reveal a continuous decrease
of the remanence until the Curie temperature of magnetite
at ~575 °C, with slight variations from 200 °C to 250 °C. At
demagnetization temperatures from 650°C to 700°C
a further magnetic phase, interpreted as hematite, can be
identified (inset of Fig. 5).

3.2.3. IRM acquisition characteristics and analysis

Samples BexV_bu and BexN_bu show a nearly identical
IRM acquisition behavior (Fig. 6a). In general, the presence
of a low and a high coercivity phase is obvious from the
slopes of the curves. IRM acquisition data analysis for
BexV_bu after Kruiver et al. (2001) provides coercivity
values of 71 mT (soft magnetic phase) and 647 mT (hard
magnetic phase). The results for BexN_bu are similar
showing values of 74 mT and 664 mT, respectively.

Besides the bulk samples, the grain-size fractions of
<0.63 pm were analyzed. BexV_63 show values of 81 mT
for the soft magnetic component and 778 mT for the hard
magnetic component. For BexN_63, 79 mT and 929 mT
were obtained.

The determination of the coercivity values of the soft
magnetic phase is reliably represented by a good fit of the
modelled curve (Fig. 6b). The presence of a hard magnetic
phase is evident, but the limited range of applicable IRM
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Fig. 6. (a) IRM acquisition curves of BexV_bu and BexN_bu. The contribution of low and high coercivity phases is obvious. (b) IRM gradient plot of BexV_bu for

a two component model analyzed after Kruiver et al., 2001.
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Fig. 7. (a) and (b) show SEM images of spherules from fly ash bulk samples (BexV_bu and BexN_bu).

fields, together with low absolute values of the IRM
gradient inhibit a precise determination of the coercivity
value of this hard magnetic phase. Higher coercivity values
in the sieved fractions of <63 um suggest that domain
states in the fine grained and bulk material are different,
and the magnetic phases in larger particles are in average
magnetically “softer” than in smaller particles (Table 1).
The presence of magnetite and hematite is proven by
thermal demagnetization of IRM. The obtained coercivity
values can be attributed to a low coercive magnetite phase
(~70-80mT) and a high coercive hematite phase
(>600 mT), which is incompletely resolved by this approach.

3.3. SEM/EDX and XRF investigation

3.3.1. SEM analysis

SEM investigation of bulk fly ash provides an overview
of the most prominent and frequent particle sizes and
structures. A representative depiction of particles
(magnetic and non-magnetic) in bulk fly ash is shown in
Fig. 7a. Nearly all particles are of spherical shape. Only
a small amount of “loosely attached” agglomerates as
shown in Fig. 7b is observed.

Detailed SEM investigations, including EDX and grain-
size analyses, were performed on magnetic extracts. The

10pm

Fig. 8. (a) Overview of particles from the magnetic extract of fly ash (BexN_ex sample). (b) Magnetic spherule with hexagonal-pattern surface structure
(rarely observed). (c) Spherule with smooth orange-peel surface structure (frequently occurring). (d) Spherule with thread-like surface structure (frequently

observed).
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Fig. 9. SEM micrographs from polished specimens of BexN_ex. (a) Spherule with “blocky” internal structure. (b) Spherule with “regular” pattern. Dots indicate
the spots of EDX analysis. Six EDX spectra were analyzed in each “homogeneous” area.

magnetic material enabled the relative quantification of
grain-size ranges and the observation of typical surface
structures of individual spherules.

The overview of extracted magnetic particles (Fig. 8a)
reveals varied particle sizes and surface structures. Surface
structures range from smooth types to those showing
“crystalline patterns”. A typical example for a rare
“crystalline structure” is seen in Fig. 8b, showing hexag-
onal-patterns on the spherule surface. In both samples
under investigation <0.1% of this spherule type (3 out of
~4000) are observed. Most frequently appearing spherule
types are such with variably intense orange-peel surface
structures (Fig. 8c), and thread-like surfaces as shown in
(Fig. 8d) or intermediate types. Very rough and irregular
surfaces are also observed. Surface and internal structures
are results from the formation conditions including furnace
design, chemical composition of the fired coal, formation
temperature or cooling procedures.

3.3.2. EDX analysis

SEM/EDX analysis was performed on polished speci-
mens from magnetic extracts, embedded in epoxy resin.
Internal structures of typical magnetic spherules can be
observed in detail and suitable areas for representative EDX
analyses can be selected.

A spherule with large “magnetite” crystals in blocky
fabric (Fig. 9a, bright color), embedded in a “glassy” matrix,
reflects the internal structure of spherules as shown in
Fig. 8b. A spherule with uniform structure consisting of fine
“magnetite” crystals in a “glassy” matrix (Fig. 9b) repre-
sents the internal structure of the thread-like surface type
(Fig. 8d).

EDX analysis reveals characteristic element distribution
patterns for the investigated spherule types (Table 2a,b).
Areas with high iron contents ( ~65%) represent zones with
“magnetite” crystals, respectively, high concentrations of
magnetic phases. In the “glassy” matrix, lower iron
contents ( ~15%), together with high contents of Si, Al and
Ca are observed. Data from EDX analyses on the spherules
in Fig. 9a,b are presented in Table 2a,b.

3.3.3. Chemical analysis (XRF) on bulk fly ash samples
The chemical composition of BexV_bu and BexN_bu fly
ash samples was determined using XRF analysis. The
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results (oxides) and the calculated element contents are
given in Table 3 a and b, respectively.

In addition to the main elements (Fe, Si, Al, Ca, Mg, Mn),
which were observed by EDX analysis on single grain
structures (see Table 2a,b) of the magnetic extract, XRF
analyses on the bulk material reveal a number of additional
elements (Ti, Na, K, P, S), either in low concentrations or in
particles of the “non-magnetic” fraction.

3.4. Grain-size distribution analysis on magnetic
extracts using SEM

3.4.1. Micro-scale particle quantification

For relative quantification of magnetic spherules and
their grain-size distributions, SEM measuring techniques
were applied using amounts of ~1.5mg of magnetic
extracts from BexV_ex and BexN_ex.

Individual particle counting and diameter determination
revealed grain-sizes of up to 186.5 um, while particle sizes of
<1 pm were excluded from the analysis. For ensuring statis-
tical reproducibility, the spherules contained in 10 pre-defined
patches (areas of ~0.04 mm? on the SEM sample holder) were
measured and counted. In total 2466 spherules from BexV_ex
and 1721 spherules from BexN_ex were analyzed in BexV_ex
and BexN_ex, respectively (Figs. 10 and 11, Table 4a,b).

The variability of individual grain-size distributions of
magnetic spherules is represented in Fig. 10. The under-
lying data and statistical parameters are listed in Table 4a,b.

Statistical data from individual patch analyses show
consistency when comparing values across the sets. As data
were gathered from randomly distributed particles in
randomly distributed patches, variations in the results are
comparatively small. The results from the total particle
number assessment are presented in Fig. 11.

The grain-size median values of magnetic spherules
determined through SEM assessment are 4.3 um and
5.3 um, respectively, for the BexV_ex and BexN_ex samples.
The median spherule diameter of the 2nd flue gas
purification step is ~23% larger than that from the 1st
purification step. Comparison of IQR values (representing
50% of the counted spherules) reveals an increase in
spherule diameters of ~24%. As median and IQR values
increase at similar rates, the particle size distribution must
be very similar in both samples. Furthermore, these nearly
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Table 2

(a) EDX data for the typical areas of the spherule in Fig. 9a (“blocky” structure): 1-6, large iron-bearing crystals; 7-12, “glassy” matrix; 13-18, “glassy” matrix
with small iron-bearing crystals; (b) EDX data for the “uniform” structure of the spherule in Fig. 9b (thread-like structure)

(a) Fe Mn Si Al Ca Mg Oxygen
Spectrum 1-18

1 67.14 - - - - - 32.86
2 58.34 - 213 - 2.52 - 37.01
3 66.26 - - - - - 33.74
4 64.10 - - 2.59 - 114 3217
5 63.38 - - 2.58 - 119 32.85
6 64.86 - - 1.80 - - 3335
7 14.36 - 21.71 4.51 14.34 - 45.08
8 14.82 - 21.58 4.49 13.76 - 45.35
9 13.95 - 21.40 4.20 14.65 - 45.80
10 15.23 - 20.29 4.62 14.42 - 45.44
1 31.64 - 17.50 4.29 8.61 - 37.96
[17) 15.86 - 20.87 4.64 14.34 - 44.29
13 3148 - 14.67 2.65 9.18 0.70 41.32
14 42.24 - 9.42 2.99 5.56 - 39.79
15 32.55 - 13.83 341 8.95 - 41.27
16 20128 - 16.01 3.47 10.83 - 40.38
17 31.82 - 15.48 3.30 9.64 0.88 38.88
18 3317 - 15.18 3.48 9.38 - 38.79
Spectrum 1-6

Median 64.48 - - 2.58 - 116 3311
Mean 64.01 - - 232 - 116 33.66
Stddev 3.10 - - 0.45 - 0.03 172
Spectrum 7-12

Median 15.02 - 2113 4.50 14.34 - 45.22
Mean 17.64 - 20.56 0.46 13.35 - 43.99
Stddev 6.89 - 1.59 0.18 234 - 3.00
Spectrum 13-18

Median 3218 - 14.92 335 9.28 0.79 40.09
Mean 3343 - 14.10 3.22 8.92 0.79 40.07
Stddev 4.52 - 241 033 178 0.12 112
(b) Fe Mn Si Al Ca Mg Oxygen
Spectrum 1-18

1 37.64 1.02 11.76 7.65 177 - 40.15
2 37.66 1.28 11.14 7.61 1.65 0.88 39.78
3 4145 143 832 743 111 0.90 39.37
4 36.33 142 1212 8.01 1.50 0.88 39.74
5 4233 1.31 832 7.61 1.30 0.90 38.40
6 40.40 132 8.68 8.14 117 1.09 39.20
Spectrum 1-6

Median 39.03 1.31 991 7.63 133 0.90 39.56
Mean 39.30 1.30 10.06 7.74 1.39 0.93 39.44
Stddev 242 0.15 1.80 0.27 0.29 0.09 0.61

All values are given in mass-%.

identical values support the efficiency of the applied SEM
particle assessment method, applicable for small amounts
of sample material (a few micrograms).

The increase of particle diameters can be attributed to
technical specifications of the flue gas filtering system.

3.4.2. Grain-size distribution of bulk fly ash samples and
magnetic extracts

The grain-size analysis on bulk fly ash samples (Fig. 12)
reveals particle sizes ranging from 0.5pm to 300 pum.
Comparison of bulk samples from both filtering steps
shows slightly higher amounts of larger particles in
BexN_bu (2nd flue gas purification step). Grain-size sum
curves from magnetic extracts investigated and quantified
using SEM techniques reveal higher amounts of smaller
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spherules. While in BexV_bu (BexN_bu) the fraction of
<10 pm makes up ~9.5% (~14%), the BexV_ex (BexN_ex)
sample reveals ~76% (~68%) for the same grain-size
spectrum. In contrast, larger grain-sizes of magnetic
particles, i.e,, >100 um are very rare, while ~25% of the
bulk samples comprises this fraction. The largest magnetic
spherule diameter found in BexV_ex (BexN_ex) is 143.9 um
(186.5 um). The grain-size fraction of >100 pm (125 pm)
constitutes only 0.65% (0.12%) of the total number of
magnetic spherules in BexV_ex and 0.58% (0.06%) in
BexN_ex, respectively.

The relative grain-size distributions of magnetic particles
of <60 pm are presented in Fig. 13. Spherule sizes of >60 pm
are not shown, as they comprise only 2.6% of the totally
analyzed particles in BexV_ex, respectively, 2% in BexN_ex.
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Table 3
XRF data from bulk fly ash samples; (a) oxides; (b) element contents calculated from (a)
(a)
Sample F6203 (T) TiO, Si0, A1203 MnO MgO Cao Na,O K;0 P205 503 LOl Total
BexV 16.64 0.82 39.28 2141 0.25 313 11.66 1.23 2.20 0.11 1.94 1.48 100.16
BexN 16.12 0.82 38.94 21.16 0.25 3.12 11.42 1.22 2.19 0.26 234 138 99.23
(b)
Sample Fe Ti Si Al Mn Mg Na K P S Oxygen LOl Total
BexV 11.64 0.49 18.36 1133 0.19 1.88 091 183 0.05 0.78 42.87 1.48 100.16
BexN 11.28 0.49 18.20 11.20 0.19 1.88 091 182 0.11 0.94 42.66 138 99.23
All values are given in mass-%.
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Fig. 10. Grain-size distribution of magnetic spherules in extracts from BexV_ex (a) and BexN_ex (b) determined by SEM counting. P1-P10 denote the individual
patches; “Total” represents all patches (n =2466 and n = 1721, respectively). For further explanation see text.
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Fig. 11. Statistically relevant grain-size distribution from SEM magnetic spherule assessment of BexV_ex and BexN_ex. “Outliers”, defined by >Q3 + 1.5*IQR are

not considered in the diagram.

“Particles of <10 pm in diameter (PMyg) pose a health
concern because they can be inhaled into and accumulate
in the respiratory system. Particles of <2.5 um in diameter
(PM35) are referred to as “fine” particles and are believed to
post the largest health risks. Because of their small size, fine
particles can lodge deeply into the lungs. Sources of fine
particles include all types of combustion (motor vehicles,
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power plants, wood burning, etc.) and some industrial
processes. Particles with diameters between 2.5 pm and
10 um are referred to as “coarse”™” (www.epa.gov).

Even if magnetic spherules make up only a small frac-
tion of fly ash, they can accumulate with other particles in
the respiratory system. Efficient filtering technologies as
applied in modern coal-fired power plants protect the
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Table 4

Grain-size data statistics from SEM particle counting; (a) BexV_ex; (b) BexN_ex

(a)

BexV_ex: Fig 10a P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 Total
Number of spherules [n] 280 401 265 379 336 153 199 133 237 84 2466
Minimum 1.5 1 1 1 19 19 19 19 19 19 1
Maximum 140.7 99 104 1153 134 96.04 143.9 93.55 111.8 100 143.9
Range 139.2 98 103 1143 1321 94.14 142 91.65 109.9 98.1 142.9
Mean 7.9 9.5 8.5 11.1 9.6 12.3 75 20.0 8.3 14.9 10.0
Median 24 34 3.8 4.4 4.8 5.9 2.6 16.4 3.7 73 4.3
1. Quartile 19 19 2.0 2.0 23 34 19 6.0 19 23 2.0
3. Quartile 5.4 8.2 94 119 12.6 14.2 55 29.6 8.7 238 103
(b)

BexN_ex: Fig 10b P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 Total
Number of spherules [n] 78 150 403 451 126 194 69 102 65 83 1721
Minimum 38 23 17 1.9 18 15 34 19 34 19 1.5
Maximum 97.7 109.6 1221 75.7 186.5 102.0 118.1 75.7 1181 63.6 186.5
Range 93.9 107.3 120.4 73.8 184.7 100.5 114.7 73.8 114.7 61.7 185.0
Mean 11.2 17.7 13.2 9.3 10.5 10.0 12.3 9.6 11.5 79 114
Median 8.3 11.8 6.6 4.7 53 3.8 11.3 35 5.2 2.6 53
1. Quartile 3.8 7.2 25 23 2.8 19 5.2 2.0 5.2 21 2.7
3. Quartile 121 16.7 17.0 10.2 7.0 13.0 212 145 1.3 10.6 13.0

environment and human beings from harmful particulate
matter exposition.

4. Conclusions

Fly ashes from filtering systems are ideal study mate-
rials, as they represent main air and soil pollutants when
technical standards of coal-fired power plant precipitator
systems are low.

BexV_ex, n=2466
————— BexN_ex, n=1721

Cumulative grain-size [%]

10.0 100.0

Grain-size [pm]

1000.0

Fig. 12. Grain-size sum curves from BexV_bu and BexN_bu samples
analyzed by laser-granulometry and curves from SEM analysis of magneti-
cally extracted spherules (BexV_ex and BexN_ex).
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Grain-size fractions prepared by sieve analysis provide
the basis for focused magnetic, physical or chemical
analyses of fly ash. The amount of individual grain-size
fractions can be easily and precisely determined. The finest
fraction of <63 pm accounts for the dominating amount of
the total mass of the fly ash. Magnetic susceptibility values
of the different grain-size fractions reveal the highest
values for the fractions of 63-125 pm and 125-200 pm. The
relative contribution of individual grain-size fractions to
the bulk magnetic signal can be determined by multipli-
cation of the mass of the respective grain-size fraction by .
Similar to the mass contribution, the small fractions of
<63 um and 63-125 pm account for a large portion of the
bulk magnetic signal.

Thermo-magnetic analyses prove magnetite as the
dominating magnetic phase. Stepwise thermal demagne-
tization of IRM proves magnetite and small amounts of
hematite as magnetic phases. Two magnetic phases are
observed by stepwise IRM acquisition. The softer magnetic
phase with coercivities of ~70-80 mT can be attributed to
magnetite, whereas the harder magnetic phase with
coercivities of >600 mT, attributed to hematite, cannot be
satisfyingly determined.

SEM screening of bulk fly ash samples reveals a vast
majority of spherical particles, which is also observed in the
magnetic extracts. In the magnetic extracts, spherules with
different surface morphology and different frequency of
occurrence can be found. Internal structures and element
distributions of individual magnetic spherules can be
examined on polished specimens using SEM/EDX. The
relative quantification of the sizes of magnetic spherules
can be performed by visual observation and diameter
determination of individual spherules within patches of
equal areas. Median spherule sizes were determined with
4.3 um and 5.3 um for BexV_ex and BexN_ex, respectively.
Cumulative grain-sizes of bulk fly ash samples, ranging
from 0.5 um to 300 wm, and magnetic extracts, ranging
from 1pm to 186.5pum, reveal different grain-size
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Fig. 13. Relative frequency of magnetic spherules with respect to their grain-sizes determined from SEM particle counting; (a) and (b) for BexV_ex in 10 pum,
respectively, 2.5 pm grain-size ranges; (c) and (d) for BexN_ex in 10 um, respectively, 2.5 um grain-size ranges.

distributions for bulk and magnetic materials. A high
portion of magnetic spherules is found in the grain-size
range of 1-10 um, representing respirable, potentially
hazardous, particles.

Magnetic methods are powerful tools to be used for
investigation of fly ash specimens. Identification of
magnetic phases is possible by performing temperature
dependent MS measurements and thermal demagnetiza-
tion of IRM.

Relative quantification of magnetic spherules from
extracts using SEM techniques shows that even low
amounts (a few milligrams) of magnetic material are suit-
able for detailed and representative grain-size analysis, and
at the same time, for morphological studies. Moreover, it is
demonstrated that systematic and precise handling of
micro-scale magnetic particles down to 1 pm in size (with
more effort even below) is possible, and can be efficiently
implemented following defined strategies. It is also proven
that adequate fly ash sample preparation plus systematic
combination of SEM and EDX analyses provides valuable
additional information on internal particle structures, and
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enables for small scale element analysis on individual
particles. In combination with XRF analysis a more
complete characterization of the sample material is facili-
tated. Quantitative assessment of the main chemical
element contents, especially iron and its distribution is
possible with basic investigation steps.

Altogether, the methodology tested in this study can
help for better qualitative and quantitative assessment of
magnetic particles and particle structures in fly ashes and
magnetic dusts. The integrative application of magnetic
and non-magnetic methods, supporting each other, leads to
a better characterization of environmentally hazardous
materials.
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ABSTRACT

Road sediment (solid inorganic material accumulated on the road surface) and leaf-dust (dust deposited on leaves of short,
<1 m in height, roadside rubber plants) samples collected from the roads of Kathmandu were studied for magnetism
(magnetic susceptibility %, isothermal remanence IRM, anhysteretic remanence ARM, and microscopy) and contents of
heavy metals (HM: Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Zn), to judge their suitability to assess the traffic-related urban
environment pollution. Bulk samples (grain diameter: <0.63 mm) of road sediment samples at 10 sites, from both major and
minor roads, had y within (0.6-3.5) x 10°m?/kg. Both y and IRM showed strong inverse relationship with size fractions.
Magnetite-like phase, of both geogenic and anthropogenic origin, is the dominant magnetic material. In general, the finer the
grain size fraction the higher the HM content; compared to the coarse fraction, the fine fraction was enriched 1.5 times in
Ni and 4 times in Pb. For a particular size fraction, however, % had no clear relationship with HM content implying its
limited use as a universal proxy of the HM enrichment in non-regulated urban roads.

For bulk samples of leaf dust from 14 sites, % had a range of (0.9-2.6) x 10-°m3/kg, with notably lower values for those along
secondary roads or largely off the road margin even in the case of major roads. Based on X-ray assisted microscopy,
magnetite or magnetite-like phase having soft-coercivity, in magnetic terms, contributes to ca. 88% of saturation IRM. The
magnetic susceptibility of leaf dust correlates well with the contents of urban elements (Zn, Cu, and Pb) and thus serves as

a good proxy of the vehicular metallic pollution.

Keywords: environmental pollution, road sediments, heavy metals, isothermal remanence, Kathmandu, magnetic susceptibility,

magnetic spherules
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INTRODUCTION

Environmental pollution, such as the degradation of air,
water, vegetation and land systems, as a result of increased
vehicular movement, industrial activities (e.g., emissions from
cement and brick kilns), and biomass burning in Kathmandu
has been of public concern in recent years and necessitated
introducing new measures by the traffic authorities (Sharma
etal. 2002; Gautam et al. 2004). Emission tests data for CO,
HC, CO, and O, prove the motor vehicles to be the major
source of air pollutant emissions, contributing to urban air
quality deterioration in the Kathmandu valley (Faiz et al.
2006). The statistical data for the Fiscal Year 2003—04 show a
concentration of 58% (about 4,32,000) of the total national
vehicle fleet in Kathmandu. Out of them, 70% of the vehicles
in Kathmandu were 2-wheelers; of which 25% had two-stroke
engines that utilise fuel mixed with engine oil and emit a
relatively high amount of pollutants.

This study was carried out in urban and suburban areas
of Kathmandu to evaluate the suitability of magnetic
methods, using a number of parameters as heavy metal (HM)
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pollution proxies (Gautam et al. 2005b). Environmental
pollution can be effectively studied by: (i) in situ
susceptibility mapping of urban or suburban parks, profiling
across roads, conducting soil susceptibility traverses, and
preparing vertical logs (Gautam et al. 2004); (ii) laboratory
measurements of mass-specific magnetic susceptibility ())
on dust-laden leaves of trees (commonly >2 m high) and
determination of HM contents on them (Gautam et al. 2005a);
and (iii) zonation of vertical soil profiles based on the degree
of metal enrichment revealed from the combined interpretation
of %, saturation isothermal remanence (SIRM), and HM
contents (Gautam et al. 2005b).

Studies on HM chemistry carried out globally from 1980s
show that the street dust may serve as a trap of toxic metals
and organic contaminants derived from both natural (e.g.,
weathering, pedogenesis) and anthropogenic (e.g., road
construction, vehicular movement, industrial emission) as
well as mixed (atmospheric deposition by sedimentation,
impaction, and interception) processes (Hopke et al. 1980;
Tokahoglu and Kartal 2006; Ahmad and Ishiga 2006).
Moreover, dust composition and accumulation is controlled
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by several factors such as weather, traffic density, industrial
activity, and proximity of soil (Al-Rajhi et al. 1996). In this
context, this paper provides additional insights into the
magnetic properties and HM contents of the roadside
material.

SAMPLING AND LABORATORY
TECHNIQUES

Dust samples were collected from (i) the rubber plants
of'the Kalanki—Tripureshwar—Babarmahal road (Fig. 1a) and
(i) Maitighar—Babarmahal area (Fig. 1b) in February 2002.
The dust deposited on large and concave-up leaves of
young rubber plants, tens of cm to 1 m high, growing at
roadsides (directly at the sides of footpaths or a few metres
away in the green belt of Ring Road). Their accumulation

preceded the suspension of street dust by turbulence (such
as wind or vehicular movement) within a maximum period of
ca. 4 months after the summer monsoon. Sediment samples
(RD) were collected from a 0.5 to 2 m?area near the edge of
the road. The sites RD1 to RD3 belong to a secondary but
well-paved and well-maintained road frequented mainly by
vehicles from administrative institutions (i.e., Ministries, Oil
Corporation etc.). In contrast, the sites RDS5 to RD7 belong
to a moderately maintained and dusty secondary road. The
sites RD4 and RD8 to RD10 are located on the main road
with heavy traffic.

The road sediment samples (RD) were first dried at 75 °C
for 24 hours and then separated into bulk samples (particle
diameter <2 mm) and size fractions of 0.2—0.63 mm (coarse),
0.063—0.2 mm (medium), and <0.063 mm (fine), using analytical
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Fig. 1: Sketch map of the Kathmandu city after Shrestha and Pradhan (2000), showing the main urban area (shaded) and the
areas sampled for street dust. (a) Locations of leaf-dust samples, mainly along the Kalanki-Tinkune Road (points 3-14,
representing DS3-DS14, and X1-X3) and at Basundhara, Ring Road (Point 1). These are shown by symbols (solid and open
circles) with size proportional to the magnitude of the low-field mass-specific magnetic susceptibility (X,). (b) Locations of
road dust samples in the Maitighar—Babarmahal area. The size of the location symbols is proportional to the magnitudes of
magnetic susceptibility (), as given in the accompanying legend.
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sieves. The grain size analysis (Fig. 2) of several leaf-dust
(DS) samples by a laser diffraction analyser (Malvern Master
Sizer Micro) revealed them to be rather fine with their median
particle size ca. 30 um and ca. 80% (by volume) of particles
falling into the clay fraction (<.063 mm). The lognormal
distribution of grain size for DS13 reveals that the
predominant mode (with 89% of grain size) satisfies a
Gaussian curve defined by a median of 35.5 um and a
logarithmic dispersion parameter log (DP) of 0.28 um
(Kruiveretal. 2001).

For the measurement of magnetic susceptibility and
remanence, the samples (also fractions, in case of RD) were
transferred to standard containers (cylinders with 2.54-cm
diameter and 10-cc volume). The susceptibility was measured
on AGICO KLY-2 Kappabridge with an operating frequency
0f 920 Hz and sensitivity of 4 x10® SI, and normalised by the
sample mass to obtain the mass-specific susceptibility ().
A Bartington MS2B dual-frequency sensor was used to
measure the susceptibility magnitudes in a low frequency
(0.47 kHz) y,, and a high frequency (4.7 kHz) ¥, ; the
frequency-dependent susceptibility () was then calculated
as (X, - Xu)/%,*100%. The measurement of isothermal
remanence (IRM), anhysteretic remanent magnetisation
(ARM), and variation of susceptibility with temperature (-
194 to 0 °C and 40 to 700 °C) were made using the standard
procedure (Gautam et al. 2004). Magnetic grains were
separated from the samples using a hand magnet and then

Assessment of vehicular pollution in Kathmandu

were subjected to scanning electron microscopic and X-ray
analyses. Chemical analysis for contents of HM (Cd, Cu,
Co, Cr, Mn, Ni, Pb, Zn and Fe) was carried out using a Perkin-
Elmer M1100 atomic absorption spectrophotometer on 13
DS samples and 21 RD samples (7 each from coarse,
intermediate, and fine fractions) digested by aqua regia in a
Kjeldatherm system (at 140 °C, for 2 hours) following Gautam
etal. (2005b).

RESULTS OF LEAF-DUST ANALYSIS

Susceptibility and artificial remanence data

The value of  for 14 samples ranged from 0.9 x 10 to
2.6 x 10 m3/kg (Figs. 1 and 3a). The sites located at
secondary roads or at a greater distance from the major road
yielded distinctly lower values (i.e., <1.5 x 10 m*/kg). The
value of y,, was <4.4% and showed an inverse relationship
with y,.except for Sample 13 (Fig. 3a).

The IRM analysis of 5 samples revealed two components
differing in magnetic hardness. For Sample DS1, repre-
sentative of the whole set, the soft component was
contributed by low coercivity phases (median acquisition
field B,,= 48 mT, logarithmic dispersion parameter
corresponding to 1-standard deviation DP = 0.33), while the

hard component of high coercivity phase had B,,,0f 631 mT
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Fig. 2: Results of grain-size analyses of representative leaf-dust samples. Note a rather narrow median grain size range of
28-33 um and a high uniformity coefficient (0.75).
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and DP of 0.25 (Fig. 3b). The soft component is dominant
with 85-91% of the total IRM (IRM, ;. or SIRM). Its estimate
is practically identical (within + 1%) to the IRM, ../IRM

03T 2.5T

ratio (Fig. 3¢). Both SIRM and soft component exhibit an
excellent linear correlation (R*=0.993) to y, . The best-fit line

gives a slope or SIRM/y, ratio of 11004 A/m, a value whichis
very close to 10,000 A/m reported for magnetite having the
effective grain size of 5 um (Thompson and Oldfield 1986, p.
31) implying that a relatively coarse magnetite-like phase

contributes to most of the observed magnetic signal (Fig.
3¢).

The remanence coercivity during DC backfield demagne-
tisation ranged between 37 and 40 mT for all samples except
for DS13 (34 mT). The observed highest contribution of soft
component, relatively lower coercivity of remanence, and
> 4% for Sample DS13 indicate the presence of some ultrafine
(<0.03 wm) superparamagnetic grains of ferrimagnets (for
magnetite, <0.04 um at room temperature: Dunlop and Ozdemir
1997; Muxworthy et al. 2002). Such ultrafine ferromagnetic
particles (<100 nm or finer than PM10) are considered
inhalable, deep into the unciliated and alveolar sections of
the lungs, and are of serious health concern (Matzka and
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Maher 1999). The ARM magnitudes for 3 samples (DS3, DS13,
X3) with widely differing susceptibilities also varied linearly
with y,. The SIRM/ARM ratio ranged between 76 and 92.
The median destructive field of ARM (MDF, .- = the peak
demagnetising field that corresponds to the decay of half of

the ARM magnitude) was ca. 21 mT pointing to identical
magnetic stability for all samples.

Thermal variation of the magnetic susceptibility

The high-temperature susceptibility versus temperature
curves illustrated in Fig. 4a, reveal: (i) a low-amplitude
susceptibility rise and fall between ca. 265—360 °C with a
maximum at ca. 285 °C. (This feature reappears upon second
heating though with a lesser amplitude.); (ii) another much
more remarkable and asymmetric susceptibility rise and fall
between ca. 455—590 °C with a maximum at ca. 520 °C. Feature
(i) is interpreted as characteristic of maghemite-like phase
(Gautam et al. 2004). For feature (ii), a Curie temperature of
ca. 578 °C marking the initiation of the linear relationship
between the susceptibility and temperature (Fig. 4b) as a
marker of transition from ferromagnetic to paramagnetic
behaviour (Petrovsky and Kapicka 2006) and the low-
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Fig. 3: Susceptibility and isothermal remanent magnetization (IRM) data for the leaf-dust samples: (a) percent frequency
dependence of magnetic susceptibility; (b) results of IRM component analysis for a representative sample; and, (c) IRM

vs. magnetic susceptibility.
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temperature transitions (Fig. 4c) confirm the presence of
pure magnetite.

Microscopic and chemical characterisation of magnetic
constituents in the leaf dust

The magnetic particles in the magnetic extracts of leaf-
dust samples can be morphologically grouped into 3 types:
(i) euhedral to anhedral crystalline grains, (ii) solitary
spherical grains exhibiting orange peel and (or) framboidal
textures, and (iii) agglomerates formed apparently by welding
of subspherical grains, which occasionally show the
presence of holes or cavities in them (Fig. 5). As shown in
Table 1, the apparent longer dimension of type (i) grains has
arange of 7.5-49.5 um. In contrast, a much smaller range of
3.6-22.0 um characterises the diameter of grains of type (ii)
and individual grains constituting type (iii). The spherical
grains contain up to 77 wt% of iron and corresponding 23
wt% of oxygen (Table 1). The octahedral crystals, typical of
magnetite, yield up to 74 wt % of iron. Agglomerates contain
Ca, S, and CL. Significantly lower values of Fe in many non-
spherical grains, especially when accompanied by Mg, Al,
Si, Ti, etc in significant amounts, may arise from the
contamination of the analysed spots by background silicate
material.

Heavy metals in leaf dust and their relationship with
magnetic susceptibility ()

The contents of HM, presented together with 7, yield
the following: Fe (1.88-2.20 wt%), Mn (329-467 mg/kg), Zn

(a) Sample DS3
1
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(155-302 mg/kg), Pb (22—-86 mg/kg), Cu (38-76 mg/kg), Cr
(22-32 mg/kg), Ni (17-26 mg/kg), Co (1-9 mg/kg) and Cd (<
1 mg/kg). The values of %, Zn, Cu, and Pb are remarkably
variable and are strongly correlated (Table 2 and Fig. 6).
Despite the low variability, Cr and Ni contents also show an
excellent correlation (R?=0.98).

RESULTS OF ROAD SEDIMENT ANALYSIS

Susceptibility and artificial remanence data

For bulk samples of road sediment, . had a range of
0.64x 10°-3.47 x 10° m*/kg. The average value of , was
2.28 x 10* m*/kg whereas the minimum value was observed
in Sample RD2. The average value of . in the fine, medium,
and coarse fractions was respectively 121%, 115%, and 68%
of the total value for the bulk sample. The value of ,, for
bulk samples and fractions was below 1.8%, being too low
to judge the presence of detectable amount of ultrafine
particles. The value of ,, was practically insignificant for the
fine and medium fractions in half of the collected samples.
The anomalously low value of ), for Sample RD2 probably
resulted due to cleaning, as it was located close to the
entrance of several public institutions. The SIRM magnitudes
showed a behaviour similar to that of y, with Sample RD2
having the lowest concentration of magnetic material. The
relative concentration of magnetic minerals at various sites
is proportional to the average of fine and medium fractions.
The ARM magnitude, an indicator of the concentrations of a

(b) 2 — Data for "Second heating”
shown in (a) .
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Fig. 4: Variation of susceptibility with temperature. (a) Heating—cooling cycles in high temperature range. (b) Plot of
inverse susceptibility vs. temperature data obtained during the second heating between 540 and 620 °C to find the
transition from ferromagnetic to paramagnetic behaviour by fitting lines to data segments. The transition at 578 °C
corresponds to the Curie point of magnetite. (c) The low-temperature run showing the Verwey transition (Tv) and the
zero point of crystalline anisotropy constant T(K =0) further supports the presence of the magnetite-like phase as a

dominant magnetic constituent.
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Fig. 5: Magnetic grains observed by scanning electron microscopy from a magnetic extract from a single sample (DS3)
of leaf dust. The numbered grains were analysed by energy dispersive X-ray techniques and their chemistry is shown in
Table 1). There are two distinct types of grains —spherules of anthropogenic origin (grains 6,9, 11-13, 15 and 17-18;
shaded columns in Table 1) and non-spherical, euhedral to subhedral grains of probably lithogenic origin.
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Fig. 6: Relationship between magnetic susceptibility ()) and
the contents of Zn, Cu, and Pb in leaf-dust samples. The
linear-regression lines and the equations describing them
are also given along with the correlation coefficient (R?).

stable single domain (and a fine pseudo-single domain)
ferromagnetic component, varied inversely with the grain
size of the fractions. RD5—RD?7 bulk samples contain a
relatively high proportion of the soft coercivity material
residing in the coarser fraction (= 0.63 mm).

The value MDF, | for the fine fraction of fine sediment
samples was 18.0-23.3 mT. The coercivities of remanence
(B,), based on DC back-field IRM destruction, for fine,
medium, and coarse fractions were 28.4-31.8 mT, 28.9-33.5
mT, and 28.8-34.5 mT, respectively. RD2 was found to have
relative enhancement of magnetic susceptibility, IRM, and

ARM, indicating that this site indeed is enriched in finer

particles with a higher concentration of a magnetic phase
showing soft coercivity. In contrast, RD7 shows the presence
of arelatively higher amount of high-coercivity material, as
shown by IRM analysis for relative contribution of the soft
and hard coercivity phases.

Heavy metal (HM) contents and their relation to magnetic
susceptibility

The HM contents in road sediment decreased with the
size of analysed fractions. In comparison with the coarse
fraction, the medium and fine fractions are enriched in HM
by 200% and 225% respectively. Such a variability is partially
illustrated in Pb, Zn, and Fe contents versus . plots (Fig.
7). The HM contents in fine fractions decrease in the

following order: Fe (1.37—1.82 wt%), Mn (245—-375 mg/kg),
Zn (92—-161 mg/kg), Cu (31-75 mg/kg), Pb (24—55 mg/kg), Cr
(11-23 mg/kg), Ni (13—18 mg/kg), Co (3—6 mg/kg), and Cd
(<1 mg/kg). It is noteworthy that only Cu content is
significantly linearly related with  (Fig. 8). Concerning the
mutual relationships (not illustrated in this paper), among
the heavy metals, Fe and Mn showed an excellent correlation
with each other and a good correlation with Cr. Also, a
negative correlation was found between Cu and Cr contents.
These data imply that the use of magnetic susceptibility as
a heavy metal proxy is limited only to Cu as far as the road
sediment is concerned.

INTERPRETATION AND DISCUSSION

The susceptibilities of the bulk samples of leaf dust () =

0.9-2.6 x 10°°m*/kg) and road sediment (0.64—3.47 x 10°m?/
kg) show a significant overlap. Also, the susceptibility range
observed in the street dust is smaller than that exhibited by
the urban and suburban soils (3.5—637.5 x 10® m?/kg; Gautam
et al. 2005a) in Kathmandu. However, even the weakest
samples are at least an order of magnitude stronger than the
most magnetic natural black clay or silt sediments in the
Northern part of the Kathmandu valley (average x =
8.5 x 10 m?/kg: see Gautam et al. 2001). The magnetic extracts
of the roadside material such as leaf dust from rubber trees
(this study) and dust from the leaves growing at 2.0—2.5 m
heights (Gautam et al. 2004, 2005a) contain magnetic grains
derived from geogenic and anthropogenic processes. The
geogenic minerals exhibit euhedral to anhedral crystals with
a long dimension commonly >10 um, whereas the anthro-
pogenic phase is represented by spherules of commonly 2—
20 um in diameter as well as agglomerates that resemble
clusters of welded spherules with the long dimensions
reaching over 100 um. Energy dispersive X-ray data on most
grains (of both lithogenic and anthropogenic origin) contain
commonly 73—77 wt% of Fe indicative of magnetite
composition. The presence of magnetite-like and haematite-
like phases is suggested by IRM data, whereas the presence
of pure magnetite-like phase and maghemite-like phase is
inferred from thermal behaviour of susceptibility. Brick
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Table 2: Correlation matrix for magnetic susceptibility () and heavy metal contents in leaf-dust samples (N =13)

MS Fe Mn Zn Cu Pb Cr Ni Co
MS 1.00
Fe  0.15(0.625) 1.00
Mn 0.47(0.109) 0.48(0.101) 1.00
Zn  0.88(0.000) 027(0.371) 0.66 (0.014) 1.00
Cu 091 (0.000) 0.05(0.882) 0.40(0.170) 0.82 (0.001) 1.00
Pb  0.87 (0.000) 0.2(0.523) 0.58 (.036) 0.90 (.000) 0.79 (0.001) 1.00
Cr  024(0432) -0.06(0.841) 0.03(0.920) 0.15(0.624) 0.06(0.854) 0.15(0.618) 1.00
Ni  0.40(0.175) -0.04(0.901) 0.07(0.809) 0.27 (0.381) 0.21(0.499) 0.28 (0.351) 0.98 (0.000) 1.00
Co -0.28(0.357) 0.14(0.651) -0.41(0.161) -0.35(0.243) -0.21(0.500) -0.17(0.576) -0.26 (0.392) -0.32(0.293) 1.00

For each pair, the Pearson's product-moment correlation r is given with the level of significance p (in brackets).

Correlations significant at p <.050 are shown in boldface.
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Fig. 7: Variations of the contents of selected heavy metals
with magnetic susceptibility in different grain size
fractions of the road dust.
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Fig. 8: Relationship between ), and the Cu content in fine
fraction of road sediment

particles known to contain maghemite-like phase along with
very soft coercivity magnetite, as well as the soot from the
tailpipe of vehicles and cement characterised by the
abundance of magnetite-like phases contribute at least partly
to the magnetic material in the street dust (Gautam et al.
2005a).

In road sediments, the concentration of Fe diminishes
with decreasing grain size. For the urban elements (Zn, Cu
and Pb; De Miguel et al. 1997), however, the concentrations
in fine and medium fractions often overlap. Therefore, it
seems logical to use the fraction finer than <0.2 mm for HM
content characterisation in road sediments. The leaf dust
was 1.5 to 2 times more enriched in HM than the road dust.
Unlike the leaf dust showing a good to excellent (R*=0.76—
0.82) linear relationship of susceptibility with Zn, Cu and Pb,
the road sediment susceptibility correlated reasonably well
(R*=0.63) only with Cu content (Fig. 8). We note that this
observation is in contrast with the findings from the Dhaka
city, where the analyses of street dust from the industrial
areas with a medium traffic density, commercial areas with a
high traffic density, and residential areas with a low traffic
density were correlated with elevated concentrations of Pb,
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Zn, Cu, Ni, and Cr (Ahmad and Ishiga 2006). The elevated
concentrations of Pb and Zn were mostly attributed to
automobiles, whereas that of others (i.e., Cu, Ni and Cr ) to
the combined effects of urbanisation, industrialisation, and
vehicular movement. Considering the present study,
however, the use of magnetic susceptibility of road
sediments to predict metal enrichment or the quantification
of pollution may be limited. Due to the site-dependent
variation in dust input from multiple factors (natural,
biological etc.) controlling the deposition and removal, road
sediment samples are suitable mainly for judging the site-
specific level and nature of the metallic contamination.

CONCLUSIONS

The samples of leaf dust from <1 m height may be
equated to those recovered from passive roadside samplers
installed at a waist height. Hence, the integration of these
data with those of dust from tree leaves (from a relatively

larger height of ca. 2—2.5 m) can better reveal the spatial
variation of heavy metal pollution in urban road corridors.

Magnetic susceptibility and isothermal remanence
measured in vertical soil profiles in urban and suburban areas
serve as the proxy of cumulative pollution load index (PLI)
based on heavy metal contents resulting from the long-term
(from years to decades) accumulation of contaminants. In
contrast, the magnetic susceptibility of the dust accumulated
in leaves growing at a height of decimetre to several metre
and the magnetic material contained in it reflect the effect of
anthropogenic pollution over shorter time-scales (several
months to a particular season). This method represents an
effective magnetic biomonitoring technique aimed at periodic
(seasonal or half-yearly) screening of the vehicular pollution.
Likewise, in situ susceptibility screening is suited for rapid
and cost-effective environmental screening of the level of
contamination of road corridors or other urban locales, such
as parks close to roads with heavy traffic or areas in the
vicinity of industries.
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Fifty-five evergreen tree’s leaves growing less than one year were collected from Shougang industrial
area in western suburb of Beijing, including steel plants and its ambient residential areas, recreational
parks and farmlands. Rock magnetic properties and heavy metal contents were studied. The results
show that the magnetic properties of leaf samples are predominated by low-coercivity magnetite, and
both the concentration and grain size of magnetite particles gradually decreased with the distance from
the main pollution source increases. Moreover, there is a significant linear relationship between mag-
netic parameters (the low-field magnetic susceptibility, saturation isothermal remanent magnetization
and anhysteretic remanent magnetization) and heavy metals contents (Fe, Pb, V, Cr and Zn) (0.73<R<
0.88). Hence, the magnetic parameters of leaves can serve as a proxy for quick detecting of the recent

ARTICLES

atmospheric metallic pollution.

Shougang industrial area, tree leaves, magnetic parameters, heavy metal contents

In the last few years, rapid development in industry has
caused serious impacts to air quality due to the discharge
of exhaust gases and dusts derived from combustion
processes. Especially, atmospheric heavy metal pollution
still is a major problem for the urban environment, as
well as the economical and social development™).The
greatest health impacts may come from the fine-grain
particulate material with sizes less than 10 um, which
can be inhaled deeply into the alveolar sections of the
lungs, injuring the lung’s function, and causing diseases,
such as pneumonia of the respiratory system, even
threatening human life™.. Therefore, it is of significance
both in science and in practice to learn and monitor air
pollution in urban and industrial areas.

There are different objects and methods used for
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studying atmospheric heavy metal pollution. The use of
high volume active air samplers equipped with filters is
very common, yet expensive and time-consuming. Ad-
ditionally, filters appear to be inefficient collectors for
the smallest particles. Establishing a dense grid of at-
mospheric dust filters for particle investigations is a
rather time consuming and costly work, and it is very
difficult to apply on a large scale™. Collecting street
dust is less expensive. Street dust, however, will likely
contain larger particles, which is not airborne and poses

little health risk™—. Soils as a pollution receptor reflect
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a relatively long pollution history (accumulating within
years, decades, and even longer time); in addition, the
signal of the geological background is highly variable in
a large areas and the urban soil is strongly influenced by
anthropogenic input. All this creates difficulties in sam-
pling. Thus, it is a challenge to select new scientific re-
search targets, and to search for new working methods
for investigating atmospheric heavy metals pollution
efficiently and economically.

In the last few years, magnetic monitoring of tree
leaves has been used as a target for studying air pollu-
tion, which is one of the new developments of environ-
mental magnetism. Several magnetic studies on tree

7—14 . .
714l have shown that there is some certain corre-

leaves
lation between regional air quality and magnetic proper-
ties of tree leaves along traffic lines and in industrial
areas, and magnetic variation can reflect the changes of
the current atmosphere quality. Thus, it can be taken as a
proxy during pollution study. Leaves have many advan-
tages in monitoring atmospheric heavy metal pollution.
First, leaves have a large surface area per unit weight
and a certain long lifespan. Its wax layer can directly
absorb and keep dust, suspended particles and non-
volatile organic compounds. Especially, it can easily
capture the particulates less than 10 um, which then can
transfer to the inner layer from epidermis by diffusion;
second, the magnetic particles absorbed from the roots
and soils can be neglected compared to those come from
leaf wax layers. So, the biological background of tree
leaves is very low. Furthermore, leaves are widely dis-
tributed and available, and therefore, are convenient for
high density sampling and can provide a high-resolution
map of air pollution in urban areas™>'%,

In this article, biomonitoring of air pollution around
Steel Group has been conducted based on the magnetic
properties of evergreen tree leaves which offer a good
coverage of both steel work and its ambient areas, in-
cluding residential areas, recreational parks and some
farmland in the western suburbs of Beijing. The aim of
this work is to find out the relationship between mag-
netic properties and heavy metals in the studied areas,
and to test the validity of the method for quantifying the
environmental pollution state, and finally to provide and
improve a new, fast and effective method for heavy
metal pollution assessment.

1556
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1.1 Location of sampling area

Material and methods

Shougang Groups are located in the Shijingshan indus-
trial area, including a series of branch steel factories,
heating and power plants and other companies. The site
is about 17 km west of the Tian An Men Square away
and has caused serious impacts to air quality of Beijing
(due to the waste discharges from all kinds of production
equipments with high energy consumption, high water
consumption and high discharges. The topography of
Beijing area is variable. In the western and north-west-
ern parts there are dotted hills with relatively higher
elevation, whereas, the city centre and eastern areas are
a plain basin. The exhaust gas from steel production is
further aggravated because of the topography in Beijing.
Moreover, the wind direction shows an obviously sea-
sonal variation: north and north-west winds are preva-
lent during the winter half year, whereas the south wind
is prevalent in the summer half year. Owing to the to-
pography and climatic condition, the pollutants derived
from Shougang industrial area will be released to most
parts of Haidian District and city center areas even to
Chaoyang District (east of Beijing), especially when the
west wind is prevalent. The studied region covers a large
area limited by the Yongding River in the west and
south, the west Fifth Ring in the east and west, and
Badachu and Fahai Temple in the north), covering
Shougang industrial area and its ambient residential ar-
eas, the recreational parks and the farmland in western
suburb.

1.2 Sampling methods

Samples were taken at intervals of 1—2 km to ensure a
systematic investigation integrated with a GIS-database.
It was necessary to sample three different species of
trees: Sabina chinensis, Pinus bungeana and Chanae-
cyparis obtusa, in order to ensure wide and homogene-
ous sampling coverage within the studied area. These
evergreen trees were selected because of the long- term
accumulation of heavy metal in leaves during the whole
year. To minimize weather effects on accumulation and
abrasion, the leaves were taken in clear days (April in
2004) and at least 2 weeks after rainfall. To further
avoid climatic effects and to increase sample efficiency,
two sampling teams operating by cars made it possible
to take all the samples within two days. At each location
a composite sample was collected to reduce the local
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s of leaf canopy structure and resulting bias due to
sure direction. Composite samples contain leaves
different directions around the same tree and only
:ss than one-year old tree leaves or newest twig
n on the branch were collected. Each sample was
from the outer canopy at a convenient sampling
t of 1.5 m above the ground to minimize pollutants
1g from the ground. In addition, to avoid in-
sllution during sampling, new one-off gloves were
for each sampling procedure. Samples were imme-
y put into pocket-sized sealable plastic bags and
ing drying at 40°C in the lab before measure-

Analysis methods

1agnetic measurements were conducted on leaf ma-
directly, except for the measurement of tempera-
lependent susceptibility, where the dusts dropped
leaves after drying at 40°C were used. Mass mag-

susceptibility (¥) was measured using a KLY-3S
wbridge. Laboratory-induced anhysteretic remanent
etization (ARM) was measured using a 2G-719
~ alternating magnetometer with imparted 100mT
alternating fields (AF) and a 50 uT direct current
bias field parallel to the AF. IRM was generated
[IMPM9 pulse magnetometer. IRM acquired in a
of 1.5 T is regarded as saturation IRM (SIRM). S
is defined as the ratio of IRM at a backfield of 0.3T
s SIRM. All magnetic measurements of ARM and
were carried out on a 2G-755 R SQUID magne-
cer. Temperature dependent susceptibilities were
ured with a KL'Y-3S Kappabridge with an attached
high-temperature furnace in argon atmosphere,
gh temperature cycles from room temperature to

Y

> and back to room temperature (the interval of
srature reading 2°C, heating rate: 8 —10°C/min).
low-temperature dependent susceptibilities, the
les were cooled down to —196°C by liquid nitrogen,
emperature cycles from —196°C to room tempera-
were recorded. All magnetic measurements were
icted in the paleomagnetism lab of the University
bingen in Germany.

r elemental analysis: unwashed leaf samples were
at 40°C and dissolved using HC1O4+ HNO; + HCL.
concentrations of Fe, Pb, Cr, V and Zn were de-
ned by inductively coupled plasma-mass spec-
stry (ICP-AES). Accuracy is within 5% for all ele-

ments. Elemental analyses were conducted at Nanjing
Institute of Geography and Limnology, Chinese Acad-
emy of Sciences.

2 Results and analysis

2.1 Temperature-dependent susceptibility for rep-
resentative samples

Temperature-dependent magnetic properties can be used
to identify the type of magnetic minerals based on their
Curie-point"£, High-temperature susceptibility analy-
ses were conducted on samples 303 and 314 (collected
from the residential area and the recreational park) and
samples 315, 482, 468 and 484 (collected from the
Shougang industrial area, and the last two taken from an
iron foundry). As shown in Figure 1, temperature-
dependent susceptibility of sample 303 slowly increased
between 0 —400°C and slightly decreased between
400—540°C, then dropped abruptly at about 540°C, and
finally decreased to the baseline at around 580°C, indi-
cating that magnetite is main magnetic carrier. Its cool-
ing cycle is almost reversible. Temperature-dependent
susceptibilities of sample 314 rapidly decreased between
100—200°C during heating, revealing significant para-
magnetic contribution™. It then gradually decreased
above 200°C, and abruptly dropped at about 550°C, and
reached the baseline at around 580°C, again clearly in-
dicating the presence of magnetite". During the cool-
ing cycle, the susceptibility dramatically increased at
about 580°C, obviously much higher than that in heating
cycles, showing that new magnetite with high suscepti-
bility was formed during the cooling cycle. During
heating, the susceptibilities of all other samples (315,
482, 468, and 484) dramatically decreased at about
580°C, indicating the Curie point of magnetite. In the
cooling cycle, like for sample 314, susceptibilities rap-
idly increased at about 580°C, much higher than those
during the heating cycles.

Figure 2 shows low-temperature- dependent suscepti-
bilities of six representative samples. The Verwey tran-
sition at about —150°C clearly demonstrates the exis-
tence of magnetite in all samples®", supporting the same
conclusion as by high-temperature dependent suscepti-
bility cycles in Figure 1.

2.2 ARM acquisition and its AF demagnetization
curves for representative samples

The crossover point of ARM acquisition and its AF de-
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Figure 1 High-temperature-dependence of the low-field magnetic susceptibility of representative samples
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Figure 2 Low-temperature-dependence of the low-field magnetic susceptibility of representative samples

magnetization curves can indicate the coercive force of
magnetic minerals®*. As shown in Figure 3, the cross-
over points of ARM acquisition and its demagnetization
curves for six representative leaf samples range among
25—30 mT, suggesting that low coercive force magnet-
ite is the major carrier within the samples.

Figure 4 shows a significant correlation between low
frequency Xr and SIRM (R = 0.96), which demonstrates
a predominant contribution of ferrimagnetic minerals
rather than from paramagnetic, or superparamagnetic
minerals. Such a linear relationship between X and SIRM
also reveals that the changes of magnetization mainly

reflect changes of concentration rather than grain sizes
of magnetic particles.
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Figure 3 ARM acquisition and its back-field demagnetization curves.
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on isothermal remanent magnetization (SIRM).

Distribution of magnetic parameters for leaf
les in Shougang industrial area

: 1 gives the minimum, maximum, mean value, and
ard deviation of magnetic parameters such as %,
, SIRM, S ratio, ARM/X, ARM/SIRM and SIRM/x
5 leave samples. Although direct comparison of the
agnetic background for the 3 different tree species
ot been conducted, the average susceptibility of the
af samples from all 3 different tree species col-
| from the agricultural region in the eastern suburb
}ijing (between County Tong and Town Yanjiao,
2 it is relatively less or not polluted) is 11.3x107°
! (minimum value and maximum value: 5.1x107°
r' and 17.6x107° m® kg™ respectively, standard
tion: 3.4x10° m*kg™), i.e., in the same range as
usceptibility of local fluvio-lacustrine sediments.
e, it is obvious that such a low magnetic back-
id of leaves has no (or little) effect on the heavy
~study in the Shougang industrial area. In the
gang industrial area, the magnetic properties of
s are dominated by magnetic particles mixed with
heavy metals released by industry. Meanwhile,
similar studies also revealed that the biomagnetic
sround is less important. Hanesch et al.”®! studied

I Statistics of magnetic parameters (n = 55)

two different tree species in one same street, and found
that the difference between the two species is not larger
than the difference between different samples taken
from one tree or even one branch of a tree (but, the rela-
tive differences between samples taken from one tree
can be up to 10%). Gautam et al.” also neglected the
difference among the tree species when they studied the
traffic-related heavy metal pollution in Kathmandu city
using the magnetic properties of dust loaded leaves. X
and SIRM can be used for generally estimating the rela-
tive contribution from ferrimagnetic minerals, which is
dependent on both the type of ferrimagnetic minerals
and the grain-size of the magnetic particles" "\, Figure
5(a) displays a contour plot of susceptibility for leaves in
Shougang industrial area. Relatively higher susceptibil-
ity values appear in a rather long and narrow area
around Shougang industrial area. Within Figure 5(a),
sample 208 was taken in an iron foundry; sample 216
from the third steel making plant; sample 193 from east
entrance of Shougang Groups; sample 195 from a truck
company of Shougang Groups; and sample 235 from
waste coal ash dumps. The highest susceptibility value
(128.79x10° m* kg ™) is observed in the iron foundry.
Relatively lower susceptibility values (around 8—
15x10° m® kg™") are found in ambient areas of Shou-
gang industrial area, including area 1” (including Fahai
Temple, Beijing University of Technology, and the Park
Badachu), area 2" (residential area and green parks lo-
cated in prevailing wind direction of industrial area), and
area 3" (less polluted area situated in the western suburb),
where the lowest susceptibility value, (8.1x10° m’kg™),
is observed. Such relatively lower susceptibility is in the
same order as the average susceptibility of 35 leaf sam-
ples collected from the eastern suburb as mentioned
above. Thus, this value can be considered as the natural
magnetic background of the tree leaves in this area. Fig-
ure 5(c) shows the contour plot of SIRM for leaves in
Shougang industrial area. Its spatial distribution pattern
is similar to that of ¥ (Figure 5(a)). Meanwhile, there is a
strong correlation between SIRM and x (Figure 4),

2(10°%m’kg™")  SIRM (10°Am’kg™') ARM (10°Am°kg™') Sratio SIRM/y(KA/m) ARM/X (10°A/m) ARM/SIRM
um value 8.10 1272.36 17.10 0.88 10.86 1.12 0.007
um value 128.79 27510.82 244.57 0.98 21.36 2.69 0.015
ralue 30.25 4887.91 54.91 0.92 16.07 2.01 0.013
td deviation 29.93 45.81 45.81 0.01 2.09 0.33 0.001
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Figure 5 Contour maps of magnetic parameters (the areas defined by dashed
sampling sites).

which further confirms that ferrimagnetic minerals are
the predominant magnetic carrier in the samplesw.
The leaf itself is diamagnetic and weakly magnetic in
less industrialized areas, which might lead to a relative
high measurement error. However, the isothermal re-
manent magnetization (IRM) is acquired under artificial
fields applied in lab. Thus, it might intensify anthropo-
genic pollution signals, and yield better results in com-
parison with low susceptibility. In the studied area,
SIRM and ¥ have the same spatial distribution patterns
with an excellent correlation between them (R = 0.96).
The two parameters can, therefore, be assumed as rep-
resentative of the amount of ferrimagnetic particles.
Furthermore, in this study, the susceptibility for leaves is
normalized by its mass. We suppose that the susceptibil-
ity of dust accumulated on a leaf per volume can repre-
sent that of the whole leaf and there is a good liner rela-
tionship between its susceptibility per volume and per

1560 HU ShouYun et al. Chinese Science Bulletin |
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lines are #1, #2 and #3 areas mentioned in the text; the closed circles are

mass. As shown in Figure 5, the spatial distribution of
susceptibility looks reasonable. Hence, the above-men-
tioned hypothesis is tenable. Of course, the best way
should be only to collect all dust accumulated on leaf
rather than a leaf itself. But it is very difficult to do so in
practice, especially when studying a large area with a
high resolution sampling procedure. Until now, meas-
urements were conducted only on whole-leaf sample
rather than the dust dropped from the leaf reported in
many other studies too”—4.

The ARM is dependent on both type of magnetic
minerals and their grainsizes, and is most sensitive to the
presence of single domain (SD) magnetic particles®™. In
this study, the spatial distribution pattern of ARM is
similar to ¥ (Figure 5(b)), which may testify that ARM is
controlled mainly by concentration of ferrimagnetic
minerals rather than by their grainsizesm.

The S ratio indicates the relative contribution of
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. . . . . 25
1agnetic and antiferrimagnetic minerals®, As

n in Table 1, the S ratio values ranging from 0.88
8, with a mean value of 0.92, indicates the pre-
nance of ferrimagnetic components=>2.. Higher S
s are found in Shougang industrial area and its
n parts (Figure 5(d)), interpreted as higher concen-
n of ferrimagnetic minerals. Besides, it is worth to
out that the average value of SIRM/x is 16.07
, close to those reported by Moreno et al." and
't al. 22, Such a value is normally related to multi-
in (MD) magnetite contained within industrial fly
ery common. The corresponding average values of
1x are 14 kA/m™2 and 12—16 kA/m™22, while the
:ial magnetic fields applied to acquire SIRM were
and 1 T respectively.
e ARM/X ratio depends on the composition and the
size of the magnetic particles. When the magnetic
-alogy is homogeneous, ARM/Y and ARM/SIRM
indicates the variation of the grainsize of the mag-
minerals. In general, both lower ARM/X and ARM/
[ indicate coarse grains of magnetite, whilst higher
indicate fine grains, especially SD grains=**., As
n in Figure Se and f, in the vicinity of heavily pol-
Shougang industrial area, both lower ARM/x and
/SIRM hint towards predominant coarse magnetic
les, while in its ambient areas, both higher ARM/x
\RM/SIRM indicate fine ones.
mmarizing, magnetic concentration is relatively
r, and ferrimagnetic grains are coarser in and
y pollution sources (Shougang industrial area);
concentration is lower and grains are finer at far
ice from the pollution source. Therefore, for the
tants the transportation mode results in higher con-
ition of magnetic particles with coarser grainsize in
ly polluted areas, but decreasing in concentration
ncreasing in grainsize as the pollutants transport
longer distance.

Heavy metal contents of leaf samples

iown in Table 2, there is a big difference between
iinimum and the maximum value of the tested ele-
3. The maximum value is as around three times as
iinimum. The minimum value is very close to the
ge value of 18 leaf samples collected from the ag-
ural region in the eastern suburb (as mentioned
> between Tong County and Yanjiao Town). The
ge content of Fe, Pb, Cr, V and Zn are 732.92, 4.52,

Table 2 Statistics of heavy metal contents (n = 24)

(mg/kg) Fe Pb Cr \% Zn
Minimum value 631.11 4.39 126 1.01 19.97
Maximum value 2253.91 11.56 426 337 4596
Mean value 1113.47 730  2.00 1.63 28.00
Standard deviation 448.0 2.03 0.74 054  6.66

1.45, 1.27 and 21.09 mg/kg respectively in the eastern
suburb. The minimum value of heavy metal contents can
be considered as the background in the studied area.
Hence, the big difference between the minimum and the
maximum value of the elements in leaves may reflect
anthropogenic inputs. Shougang industrial area is a very
complex pollution source, with coking, power generat-
ing, sintering, iron making and steel making plants
where coking plants and power plants are the major
sources releasing magnetic minerals during dry distilla-
tion and combustion of coals. Some results“**" showed
that the average content of Pb in the coal in China is
about 19.96 mg/kg. Pb contained in the coal and petro-
leum will convert to low fusing point chloride during the
burning process, and is then released into the atmos-
phere. Some authors found that the toxic element V
originates from fossil fuel combustion and exhibits a
gradually increasing trend around the industrial ar-
eas23! Furthermore, Lindstrom=*
the Cr content was obviously higher than that around
smelt and metal processing plants, and was enriched
remarkably in moss nearby. Pb and Zn can be directly
released into the atmosphere through vehicle’s transpor-
tation of raw material and products in/around Shougang

industrial area®¥

also observed that

. The above-mentioned reasons can
explain why big differences between the elements exist.

3 Discussions

In order to judge how close the variables (magnetic pa-
rameters and heavy metals) are related to each other, a
tree diagram (Figure 6) is constructed (variables are
standardized, then processed with SPSS software). The
abscissa represents the interval between the variables
within the figure; the shorter the distance the higher the
correlation. As shown in Figure 6, the average distance
between elements (Fe, Pb, Cr, V and Zn) and magnetic
concentration parameters (X, ARM and SIRM) is smaller
than 5, which suggests that there is a strong correlation
between them, also confirmed by the correlation coeffi-
cients in Table 2. All the correlation coefficients be-
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Figure 6 Tree diagram derived from cluster analysis of magnetic pa-
rameters and heavy metals.

tween magnetic parameters (X, ARM and SIRM) and
elements (Fe, Pb, Cr, V and Zn) are greater than 0.73,
reflecting that the magnetic mineral and elements origi-
nate from the same pollution source. However, the
above-mentioned elements are relatively less correlated
with magnetic parameters indicating relative mineral
composition ratios (S ratio, ARM/SIRM, ARM/X and
SIRM/Y).

Many authors have emphasized the correlation be-
tween the magnetic minerals and heavy metals on dust
in suspension. Hansen et al.2% observed that Fe, Pb, V,
Cr, Zn and Ni contained in fly ash from coal combustion
in industrial production are mostly related to with mag-
netic minerals, and found that Fe, O, Si and Zn are
strongly correlated with magnetic spheres derived from
steel work. Lauf et al.®”
lation between the magnetic spheres and heavy metals in

observed there existed a corre-

dust derived from coal combustion and mentioned that
magnetic spheres were converted from pyrite during
coal combustion. In Shougang industrial area, being a
very complex pollution sources, the magnetic particles,
derived mostly from combustion and smelting proce-
dures, may remain in air for some time, but most of
them finally deposit on the leaves around the pollution
sources. Both magnetic minerals and heavy metals de-
riving from the same source is the main reason for the
significant correlation between them. An excellent linear
correlation (R = 0.88) between the SIRM and the total
iron content can be found in Figure 7. For zero mag-
netization the calculated regression line intercepts the
y-axis at an iron content of 361.53 mg/kg, which is as-
cribed to biogenic iron'”. It is suggested that biogenic
iron is diamagnetic. A close correlation of SIRM and Fe
content shows that non-destructive, time-efficient envi-
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Figure 7 Linear regression analysis between SIRM and total iron con-

tent.

ronmental magnetism of leaf can perfectly preserve the
magnetic properties for a long time. Furthermore, there
is a strong linear correlation (0.73<<R<:0.88) between

magnetic concentration parameters (¥, ARM and SIRM)
and heavy metals (Fe, Pb, V, Cr and Zn) in Table 3.
Despite the dependence of magnetic parameters and
heavy metal contents on a variety of spatial and tempo-
ral factors, the excellent linear correlation between them
suggests the former can serve as an effective proxy for
heavy metal pollution. Hence, a susceptibility-based bio-
monitoring technique is recommended as an economic
and fast tool for assessment of environment pollution in
urban areas like Beijing. The regression equations be-
tween low frequency susceptibility (Xir) and heavy metal
content are established in Figure 8. Hence, we can
roughly estimate the selected heavy metal content by
rapid, sensitive magnetic mapping on tree leaves in in-
dustrial area by the help of integrated data processing in
lab.

Table 3 Correlation matrix (R) for magnetic parameters and heavy metal
contents (n = 24)

Fe Pb Cr \% Zn
x 0.88 0.84 0.82 0.79 0.78
SIRM 0.88 0.82 0.75 0.73 0.80
ARM 0.87 0.85 0.77 0.74 0.78
S ratio 0.34 0.35 0.33 0.15 0.38
ARM/y 0.49 0.48 0.50 0.43 0.32
ARM/SIRM 0.48 0.56 0.39 0.36 0.27
SIRM/y 0.25 0.18 0.18 0.32 0.19

It is worth to be pointed out that a variety of spatial
and temporal factors will affect the dust disposition and
the amount of accumulation on leaves, such as human
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Figure 8 Linear regression analysis between susceptibility (Xr) and element contents (Fe, Pb, V, Cr and Zn) (n = 24).

activities, efficiency of disposition, leaf canopy structure,
exposure direction, precipitation, wind direction, wind
speed etc. Hence, magnetic measurement in terms of
anthropogenic and lithogenic origin identified by a re-
gional experimental model of the relationship between
magnetic properties and heavy metals will help to out-
line the spatial and temporal extent of atmospheric pol-
lution in industrial areas. Besides monitoring, we see an
urgent need for characterization and quantification of the
particles in different environmental systems (atmosphere,
soil, vegetation, water, etc.) using rapid and cost-effec-
tive techniques, such as combined environmental, mag-
netic and analytical chemical methods.

4 Conclusions

(1) The main magnetic mineral carried by the dust-
loaded leaf sample is low-coercivity magnetite. Its con-
centration and grainsize are higher in a relative long and
narrow area centering in the Shougang Groups, and
gradually decrease as distance from the pollution source
increases;
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(2) There is an evident correlation (0.73<<R<:0.88)

between the magnetic parameters (¥, ARM and SIRM)
and elements (Fe, Pb, Cr, V and Zn), demonstrating that
magnetism can serve as a good proxy for heavy metal
pollution. Rapid, sensitive magnetic mapping of tree
leaves integrated with data processing can help to build
a regional experimental model of the relationship be-
tween magnetic properties and heavy metals for assess-
ment of atmospheric pollution in urban areas like Bei-
jing;

(3) For monitoring heavy metal pollution, leaf has
many advantages, such as widely spread, easily avail-
able and the low background. It is convenient to provide
a high density of sampling points and building high-
resolution maps of air pollution. Hence, susceptibility-
based bio-monitoring technique is recommended as an
economic and rapid tool for assessment of environment
pollution in urban areas like Beijing.

We are grateful to three anonymous reviewers for their stimulating com-
ments.
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Abstract A soil profile of 74 cm length was sampled in the hillside close to Beijing Muslim's cemetery, which is
located in the Yingshan Forest Park near the Shijingshan industrial area. Coal-fired power plants, a stecl mill, and
a cement factory are located close to the sampling site. Gray-black pollutants can be found within the uppermost
part of the soil. Magnetic measurements, grain size and geochemical analysis, as well as multivariate statistics were
performed. Magnetic praxies show similar trends compared to heavy metal elements with higher concentrations
at the top and lower concentrations in the lower part. The anthropogenic dust input from industrial activity is
the predominant cause for strong magnetic signals in the uppermost soil horizon (0.3 cm). The main magnetic
component is magnetite contained in the grain size fractions of 4~16pm and 16~032um. These pollutants are
cbserved up to about 10 cm depth. Below 10 cm, there is little pollution in scil with lowest concentration of
magnetic minerals and hesvy metals comparable to natural background values, Multivariate statistics and fuzzy
C-means cluster analysis show positive correlation of v, ARM, SIEM and Mn, Cun, Fe. Pb, Zn. Al Sr. Based on
the results, it can be concluded that magnetic parameters can be used as a sensitive indicator for screening heavy
metal pollution.

Key words Scil profile, Industrial pollution, Magnetic parameter, Heavy metal, Multivariate statistics

1 INTRODUCTION

Anthropegenic pollution can seriously affect ecological environment and human health. With the develop-
ment of modern industry, iron and steel production, metal smelters, and coal-fired power plants are important
functions in our society, but they also produce considerable amounts of pollutants including toxic heavy metals,
which badly pollute ambient soil environment by accumulating, enriching and migrating in scill'?. Previous
studies have shown that they also contain magnetic particles going with heavy metals bringing on the soil
pollution, so it is possible to use magnetic methods to study the industrial pollution!®4.

Traditional environmental sereening or monitoring relies on chemical analyses by well-established and
accurate laboratory techniques (AAS, ICP-MS ete.) mostly based on point sampling!®®l. Unfortunately, these
methods are time consuming and costly. It is a challenge for the scientific community to develop and improve
fast and cost-efficient screening methods for soil monitoring, which can be combined with existing standard
chemical methods in order to optimize the entire screening and monitoring strategy. Comparing to traditional
chemical methods, magnetic method is relatively simple, rapid, sensitive, non-destructive and low-cost, so it has
been widely applied in domestic and international studies with the relationship between magnetic parameters
and heavy metals!"~1%. The particulate pollution sources such as iron and steel works, power plants and cement
works also contribute to soil contamination. They are normally characterized by an enhanced magnetization
and magnetic susceptibility, which are roughly proportional to the concentration of the strongly magnetic Fe-

es1~M]  Therefore it is most important to understand the industrial pollution, partieularly the magnetic

acid
mechanism of heavy metal pollution and clarify the relationship between magnetic parameters and soil pollution
using environmental magnetic approaches.

In this paper, a detailed characterization of a scil profile at Shijingshan industrial area, western Beijing
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city was obtained. With the aim of better understanding the relationship between magnetic properties and

their links to heavy metals, an integrated approach, combining magnetic, geochemical, grain size analyses and

multivariate statistics methods were carried out for screening the contaminated soils and vertical migration of

pollutants with depth.

2 MATERIALS AND METHODS

Shijingshan industrial area is located in Western Beijing, to the west of the Fifth Ring Road and east of
the Yongding River valley and includes iron and steel mills of Shou Gang Group, power plants, cement and

chemical factories. The sampling site is located in the hillside of Beijing Muslim's Cemetery, which is in the

west of the Yingshan Forest Park, to the south-west of
Yongding river valley nearby the industrial area (Fig. 1).
12 short scil profiles of 40 ~ 50 cm length were obtained
there using the scil corer. Gray-black pollutants can
be directly observed by eye within the uppermost soil,
while in the lower part, the soil color hecomes brown
and lighter. All the profiles were measured onsite with
the Scil Magnetic Susceptibility Meter SM-400 {made
by MAGPROX group), which yielded almost the same
results (Fig. 2). Therefore in this paper as a representa-
tive example, the profile BIO04S of 76 cm is selected and
sampled by the small shovel. Sub-samples for magnetic,
grain size and geochemical analyses were taken into the
sealed plastic bags at an interval of 0.5 em for the top-
most 16 cm, at an interval of 1 em for 16--26 cm, 2 cm
for 26-+40 cm. and 4 cm below.
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Fig. 2 Lithostratigraphy and 12 magnetic susceptibility
curves along with depth H of the soil profile
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Magnetic samples were put into cubic plastic
boxes with a size of 2 cm =2 cmx 2 em. Bulk-specific
magnetic susceptibility (%) was measured using the
AGICO KLY-3 Kappabridge in the geophysical labo-
ratory of Earth Science Department, Nanjing Univer-
sity. Anhysteretic Remanent Magnetization ( ARM)
was acquired at an AF field of 100 mT with a bias
field of 50 T using a Molspin AF demagnetizer. Sat-
uration Isothermal Remanent Magnetization ( SIRM)
was acquired in a DC-field of 1 T using a Molspin
pulse magnetizer. S-ratio was calculated as the ab-
solute value of the IRM remaining after exposure to
a reversed field of 300 mT divided by the SIRM. All
these remanent magnetization measurements were
measured using a Molspin spinner magnetometer.
The mass-specific magnetic susceptibility (y), ARM,
SIRM by mass normalization and other ratio para-
meters were caleulated on the basis of these values.
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After drying in 55°C and rinsing within 100-mesh size-sieve, element contents of Al. Fe, Mn. Cu, Zn, Pb
and Sr were analyzed using a LEEMAN LABS PROFILE ICPAES treated by NOs-HF-HCIOy in a Berghof
MWS-3 microwave digester. Grain size analysis was performed with a Mastersizer2000 laser grain size analyzer.

All these measurements mentioned above except & were carried out at Nanjing Institute of Geography and
Limnology, Chinese Academy of Sciences. Thermomagnetic curves (k-T") on scil samples were measured using
a CS-3 temperature unit attached to a KLY-3 Kappabridge in the Paleomagnetic Laboratory of Thebingen
University, Germany. It was performed from room temperature up to 700°C,

3 RESULTS AND ANALYSIS
3.1 Magnetic Results

Magnetic parameters of soil profile can reflect the characters of magnetic minerals along with depth. Mag-
netic susceptibility (y) and SIRM are usually regarded as approximate estimates of ferro(i)magnets content
(1.e. magnetite) in the sample, and S_ratio reflects the relative proportion of ferro(i)magnets to the imperfect
antiferromagnets (i.e. hematite and goethite). It decreases gradually with increasing contribution of imper-
fect antiferromagnets'®'®l. As shown in Fig. 3, v, ARM and SIRM fluctuate in the same trend towards the
depth with a pronounced y peak at around 3 em. Above this borderline, values of y are very high (aver-
age 05058« 10%m* kg~!) within the gray-black samples, and they decrease gradually from 3 cm to 10 em
(average 516.14x 10 *m* kg!) within soil of brown-vellow color. Values of v are quite stable and relatively
low and reduced to the average 136.56 %10 %m® kg™! with much lighter color below 10 cm, which means that
the concentration of ferromagnetic particles generally decreases with depth. S_ratio is relatively stable and
higher than 0.90 in the whole soil profile, which indicates the collected samples are overwhelmingly predomi-
nant by ferro(ijmagnetic minerals, while the contribution of a few imperfect antiferromagnetic components is
also observed.

ARM/y, ARM/SIRM, SIRM/y ratios have been widely accepted to be indicators of grain size of
magnetitel'"® Since ARM is sensitive to grain size of ferro(i)magnetic minerals, especially to single domain
(5D grains and smaller magnetite grains have higher ability to acquire remanence, in especial the ARM, smaller
magnetite particles can generally vield higher ARM/y and ARM/SIRM ratics. Whereas lower ratios of ARM/y
and ARM/SIRM could point to coarse ferro(ijmagnetic grains, such as PSD or MDD particles. The values of
SIEM/y can provide information about the kinds of magnetic minerals. It shows a scatter distribution with
non-linearity if many kinds of magnetic minerals are contained, whereas it shows linear figure if only one mineral
existing or being predominated even their particle sizes would changel'®].

Our results from Fig. 3 show that ARM /y and ARM/SIEM wvalues for soil samples collected in the upper-
most 10 cm of the profile are relatively low, which indicates the coarse particle-size (PSD or MD) is primary
components. It is related to concentrated pollutants discharged from steel mill and power plant in the industrial
area and represents the characteristic of industrial pollution with distinet high v and MD grains, which accords
with the previous magnetic study on pollution2%21]. Whereas the ARM/y and ARM/SIRM values are stable
and generally below 10 em, mmplyving the average grain size state of coarse particle is dominant. It may be
affected by the pedogenesis of soils in this low mountain area, and the grain size of the magnetic minerals in
soils is originally coarse and stable for the nature cause. The values of ARM /SIRM are really linear with a few

fluctuations, it seems many magnetic minerals existing but only one mineral predominated.
3.2 Grain Size Analysis

The grain size of soil and sediments can influence the components and element contents of the minerals as
well as reflect of the energy of transit medium and the changes of sediment environment, but also affect their

172 Fig. 3 shows the variation of grain size fractions with depth. The content of clay

magnetic characteristics
fraction (< 4pm) of the 85% samples is less than 10%, while the silt fraction content (4 ~ 64pm) ranges from
58% to 68%. In more detail, fine silt {4~16x m) is 10.3% of average, medium silt {16~32x m) 13.5%, and coarse

silt (32~64pm) 38.6%. The sand fraction (> G4pm) content ranges from 30% to 40%,. This clearly shows that

83



[5] A magnetic study of a polluted soil profile at the Shijingshan industrial area, western Beijing, China

Shen M J et al.: A Magnetic Study of a Polluted Soil Profile at the Shijingshan Industrial Area- -- 1527

coarse silt is the predominant fraction of silt, and the clay fraction changes less with depth. Comparing to the
curves of magnetic parameters, it is found that fine silt and medium silt show a similar trend with y, ARM and
SIRM, but differ greatly with coarse silt.
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Fig.3 Vertical variations of magnetic parameters and grain size of the soil profile

3.3 Heavy Metal Analysis

The heavy metals in soil usnally come from bedrock and biology relics in natural status and their contents
are relatively low, which will not result in any harm to human beings and to the ecosystem. But anthropogenic
influence perhaps is another important cause for the heavy metal pollution in soils. Because the industrial
process makes it possible for a great deal accumulating and a significant increase of heavy metals in soil through
transformations in hydrospheric and atmospheric system. They also adsorb with organics, humus and colloids
and enter the sediment process. So the wvertical distribution of heavy metal contents of the soil profile is an
important record for the pollution history.
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The contents of Cu, Fe, Pb, Mn, Zn, Al and Sr have similar distribution pattern. Above 3em the con-
centration is relatively high with a peak occurring at 3 em (Fig. 4). Then it decreases gradually between 3~10
em, and it is followed by the stable and low values corresponding to the background below 10 cml?3]. From

this point of view it also reflects that the input of pollutants enhances the accumulation of heavy metals in the
upper part.
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Fig. 4 Vertical variations of heavy metal contents w of the scil profile

3.4 Thermomagnetic Analysis

Thermomagnetic analysis can show the changes of magnetic phases by heating and it is widely used in
identifying the magnetic minerals and provides useful information about soil pollution4. For a better under-
standing of the magnetic properties of soil, thermomagnetic runs (k —T') were conducted on bulk samples from
depths of 3.0, 7.5, 44.0 cm, respectively (Fig. 5a). The soil sample taken at 3 cm depth shows the predominance
of a well-expressed magnetite phase with a Curie pont of 580°C. A second phase can be determined at around
470°C. The two phases are also preserved in the cooling curve. Another two samples also show Curie points of
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Fig.5 Thermomagnetic runs (k —T7) for the raw soil samples

{a) High-temperature curves, solid line represents heating, dashed line represents cocling; {(b) Low-temperature curves,
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580°C, indicating the presence of initial magnetite in soil. However their concentration is distinet at different
depths from the original & value in Fig. 5. It shows the sample at 7.5 cm has the same magnetic components,
but its concentration generally decreases. This decrease in concentration could be explained as migration of
pollutants from the top. So the concentration of magnetite is relatively much lower in the profile bottom.

Data from low-temperature experiments (Fig. 5b) from all the samples show a well-defined Verwey transi-
tion at about ~150°C, also pointing to the presence of magnetitel*~271,

4 DISCUSSION

To synthetically discuss the magnetic parameters and their links to heavy metals contents and samples
grain size and to better reveal distribution and wvertical migration of pellutants in seil profile, multivariate
statistics were conducted on the magnetic, grain size and element parameters of the soil samples.

4.1 Index Linkage Analysis

It is difficult to judge the results from a huge data set with many parameter indexes in a general research.
Index cluster can visually predigest the whole data processing and acquire the substantial relationship among
all the variables. It can offer the numbers of categories according to the actual require from the researcher,
obtain compositions of sub-clisters, and detect the relationship of each otherl®®. 19 measured and calculated
parameters were standardized and clustered using SPSS software (Fig.6). The horizontal axis of the tree
diagram represents the linkage distance (calculated by Euclidean distance). If the distance of two parameters
is closer, their correlation will be higher. It is shown all the parameters can be gathered in one group based
on several combinations. y, ARM, SIRM and Fe, Mn indexes can cluster the same group at first stage. Their
distance is the closest { <5) and also closer to other heavy metal elements (< 10), indicating that those magnetic
concentration parameters have significant correlation with heavy metal contents, and also showing the same
sources and the homogeneous geochemistry characteristic. Furthermore, correlation analysis also proves the
prominent correlativity between magnetic parameters and heavy metal contents (Table 1). Therefore, those
magnetic parameters can be used as proxes of heavy metal distribution. Heavy metals may have a close linkage
with specific iron oxides and combine with iron oxides by adsorption and deposition. And ferromanganese
oxide is the main existing form for the heavy metal of non-residue state, which controls the geochemistry
circulation of other metals to a great degree. So the abnormity of magnetism and heavy metal contents in the
topsoil is not due to the pedogenesis or lithogenesis but the industrial pollution. The pollutants have many
coarse particle-sizge ferromagnetic minerals enriching with heavy metals and dominate the magnetic properties
of soils. Consequently magnetic measurements can be widely used to locate the pollution sources, define the
pollution regions, trace the transportation and so on.

Table 1 also shows these magnetic parameters A
have obviously positive relationships with the frac- SIRF?tha;'—
tions of 4~16pum and 16~32pm, but have negative ";:
correlation with 32~64pm fraction, which interprets 2'11' —
ferro{i)magnets are mainly contained in these frac- cf‘:l'u
tions. As shown above ARM/y and ARM/SIRM 1::_';2%
have negative correlation with the fractions of 4~-16gm <dym
and 16~32pm, but have significant positive correlation i
with 32~~64pm fraction. ARGESPI':& _ﬁl
On the other hand, linkage distance between — ohi —
ratio parameters (S_ratio, ARM/y, SIRM/y, and i 5 0 15 20 25

\ Euclidean distance
ARM/SIRM). which can indicate grain size or the type R
of magnetic phases, and magnetic concentration para- Fig. & Tree diagram of 19 parameters of the soil profile

meters (y, ARM, SIRM). is relatively far due to the indirect linkage between the particle size of magnetic
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particles and its type and concentration. The same trend is observed for the distance between ratio parameters
and heavy metal contents.

Table 1 Correlation coefficient of magnetic parameters, grain size and heavy metals of the soil profile

X ARM SIRM ARM /¥ ARM/SIEM SIEM /%
< dum 0.465** 0.484%* 0.471%* —0.472%* —.4T4** 0.251
4 ~ 18um 0527 0.815%* 0,827 —0.TZRY —).BEZ* —0.233%*
16 ~~ 32pm 0.511** 0.467** 0.512%* —0.330%* . 268%* 0.043
3204 m —0.907* —0.903%* —0.008* 0833 0.775** —0.302**
= Gdpm -0.013 0.019 —0.016 —0.102 -0.129 —0.101
Al 0.844** 0816 0.844%* —0.7T2* —0.724** 0,327+
Cn 0.803++ 0.88]++ 0,507+ —0.804%+ ) B 0. 4G5++
Fe 0.976*%* 0.951** 0.973** —0.500%* —0.841** 0.375%*
Mn 0.943%* 0.923%* 0.042%* —0.8T0% —.545%* 0.432
Pk 0.935%* 0.914%* 0.034%* —0.800%* —0.750%* 0,365+
Zn 0.831*%* 0.798** 0.833*+ —0.768** 0,606+ 0.281**
Sr 0.885 085G+ 0.885%+ —0.T45%+ . T45+ —0.700*+

Mote: sample number for statistic n = 29; significance level** o < 0.01.

4.2 Fuzzy C-means Cluster Analysis

Fuzzy C-means cluster analysis (FCM) can divide the samples into different clusters according to their
membership probability (probability belonging to a cluster). One can try to divide nto different numbers of

0 20 ‘m“'“b"z.';il’ﬁi 80 100 clusters to find a reasonable result®™]. FCM with the
For . . T Ter 1 10 parameters (y, ARM, S_ratio, ARM/y, SIRM/y,
o YT T 4 ~ 16pm, Cu, Fe, Pb and Zn) was carried out to dis-
10 -__-1-___%. _____________ 3__'9__'____ tinguish different intervals in the profile and to under-
+ stand the vertical distribution and migration of pol-

+ lutants. The values were first standardized by sub-
++ tracting their means and dividing by their standard
+ deviations, and cluster results are shown in Fig. 7 for
three clusters cases. The profile is clearly divided into

30
+ three parts at 3 em and 10 cm depth. The upper
part {0~3cm) obviously belongs to the cluster 1 with
the membership (average value =90%) representing the

Hicm
e
=

- strong magnetism of soils and high concentration of Cu,
sof Fe, Pb and Zn. Between 3 and 10 cm is the separa- ting
cluster 2 with the membership (60%~90%), indica-
ke o . ting a transition zone and mtermediate characteristic

- from top to bottom. The lower part (below 10 cm) is
! of cluster 3, and its significance given by membership

e & +
0 probabilities is also 60%~90%,. The values of y. ARM

L e
E Cluster]
RO

& Cluster2
Fig. 7 Results of fuzzy C-means cluster analysis

+ and S_ratio as well as the heavy metal contents be-
+ Cluster3 come very low, indicating the low values of their nature
background and little influence from anthropogenic im-

pacts.

From FCM, we can find an obvious difference among the upper, middle and lower part. The difference is
mainly caused by the content of metal and magnetic phases. The pollutants from industrial process carrying
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abundant metallic phases (including ferro(i)magnetic phases) increase the contents of metals and magnetic
particles vastly on the topseil. In addition, the soil texture is very loose, its metallic particles could cumulate
and migrate in the upper part where the contents of metals and magnetic minerals are maximum and also could
migrate downward easily in the soil profile. We think that the lower part is not polluted by anthropogenic
pollution according, to the magnetite and element contents.

5 CONCLUSIONS

Combining the information of magnetic parameters, grain size distribution, geochemical analysis, and
multivariate statistics, the main conclusions can be summarized as follows:

The soil profile can be divided into three parts. The uppermost 3 cm represent the pollution-rich layer
with a high concentration of ferromagnetic phases and metallic elements due to ambient industrial pollution.
Enrichment of magnetic phases and heavy metals is found at 3 cm. Anthropogenic pollutants are the major
material, and MD magnetite in the fractions of 4~-16um and 16--32um is the dominant ferro(i)magnetic material,
The middle part {3~10 em) is a pollution migration layer with gradually decreasing contents as an intermedial
transition zone. The lower part (below 10 em) is a natural background layer with the lowest concentration of
magnetic minerals and heavy metals, representing the pedogenic or geogenic signal with little anthropogenic
pollution.

Index clusters and linkage analysis reveal strong correlations between y, ARM, SIRM and Mn, Cu, Fe, Ph,
Zn, Al Sr. Magnetic concentration parameters can be used as one kind of proxy for pollution investigation, it
can be concluded it is a fast, sensitive, low-cost and high-efficient indicator for screening heavy metal pollution.

Fuzzy C-means cluster analysis can clearly divide the soil profile into different intervals and help to distin-
guish their characteristics. It can characterize the accumulation depth of pollutants i.e., enrichment, migration
and background and reveal the process of pollution in the soil profile and improve identification of the nnpolluted
background and depth of migration.
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Abstract

Dust-loaded tree leaves from Kathmandu have been analyzed for magnetic susceptibility () and heavy metal (HM)
contents. For 221 samples of leaves of cypress (mainly Cupressus comeyana), silky oak (Grevillea robusia) and
bottlebrush {Callistemon  lanceolatus), ¥ has a range of (0.01-54) = 1078 m? kg™! with a median of about
10.0 x 10~%m* Icg". Trees situated close to the busy road intersections, near the main bus station and sectors of
roads with steep slope vield elevated susceptibility.

Chemical analysis of 20 samples of varying susceptibility by atomic absorption spectrometry yields the following
maximum HM contents: Fe (1.3 wt%), Mn (281.9 ppm), Zn (1952 ppm), Cu (41.5 ppm), Pb (38.4 ppm), Ni (8.1 ppm),
Cr (6.4 ppm), Co (4.1 ppm) and Cd (1.2 ppm). The logarithmic susceptibility on dry mass hasis (y4) shows significant
linear relationship with HM contents: Pearson’s correlation coefficient r =0.8 with Zn, Fe, Cr; r=0.7 with Mn, Cu;
r =06 with Ph, Ni. Magnetic phases are of soft (magnetite/maghemite) and hard (hematite) coercivities. Microscopy of
magnetic extracts reveals spherules (mostly of 2-20pm diameter) originated from vehicle exhausts through the
combustion process as well as crystalline grains of lithogenic origin.

The dust accumulation in leaves took place mainly after monsoon (beginning of October 2001) till the sampling
period {first half of February 2002). Despite the dependence of susceptibility and HM contents on a variety of spatial
and temporal factors (amount of particulate matter (PM), efficiency of deposition/removal of PM by wind,
precipitation, birds etc.), a significant correlation of susceptibility to HM implies that the former serves as an effective
proxy of metallic pollution. Hence, susceptibility-based bio-monitoring technigue is recommended as an economic and
rapid tool for assessment of environmental pollution in urban areas like Kathmandu.
i3 2005 Elsevier Ltd. All rights reserved.

Keywords: Magnetic Mo-monitoring; Dust loadings; Urban paollution; Envirommental magnetism; Magnetic spherules

1. Introduction motor vehicle emissions, abrasion of tyres, brake linings
as well as road surface, cycling of dust in suspension due

Roadsides in urban area are commonly polluted by to wvehicular movement, dispersion of construction
particulate matter (PM) derived mostly from traffic: material, etc. (Petrovsky and Ellwood, 1999; Gautam
et al,, 2004b). Afier its initial release into the atmo-

*Corresponding author. Fax: +81 117062986, sphere, PM may remain in ar for some time, but most of
E-mail  addresses:  p-gautami@naturesci hokudai ac jp, it ultimately gets deposited along the narrow roadside
peautam2 @ yahoo.com (P, Gautam), corridor forming an integral part of the road dust,

1352-2310/% - see front matter @& 2005 Elsevier Ltd. All rights reserved.
doi: 10.1016/j.atmoseny. Z00 5.01 006
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roadside soil, vegetation and drainage system. Hence,
any material in and close to the road corridor serves as
an archive of elevated concentrations of trace metals
and their compounds. Knowledge on the nature of the
metallic particles is important along with the concentra-
tion and size distributions, which are dictated by
the nature of emissions, the rates of wet and dry
deposition, nature and intensity of atmospheric phe-
nomena as well as chemical transformations (e.g. Fang
et al., 2004).

The content of airborne PM may be expressed in
terms of total mass of suspended particles (TSP).
However, the mass of particles with aerodynamic
diameters below 10pm (PM;g) per unit volume has
been in common use since its monitoring started in the
US in 1987 (Samet et al., 2000). The inhalability of
PM,g-sized particles deep into the respiratory system
cauwsing adverse health effects, the higher rate of
incidence of health problems with decrease in the
particle size, association of the levels of fine PM in air
with enhancement in morbidity and mortality rates
and reduction in visibility etc. led to efforts to classify
PM to even smaller size levels such as PMa2s and PM,
(e.g. Samet et al., 2000; Palmgren et al., 2003).

The problem of vehicular pollution is relatively more
severe in cities, like Kathmandu, in developing countries
because of inadequate technical, economic as well as
legislative provisions. High traffic density compared to
the size and length of roads, predominance of old
vehicles prone to high emission levels, poor guality of
fuel and lubricants, late introduction of emission control
standards and weaknesses inenforcing them and lack of
fundamental database on emissions are the real pro-
blems. According to KEVA (2003), the annual average
PM,q concentration in Kathmandu city in 2002-2003
was estimated at 198 pg."m3 with a PMa 5 to PMy, ratio
of 0.64 implying a high contribution from combustion
sources. Several recent changes, e.g. introduction of
unleaded gasoline in 1999, closure of the Himal cement
factory in 2000, increasing tendency in replacement of
the Bull’s trench-type kilns by new kilns with reduced
emissions for brick production, use of kerosene and gas
for cooking instead of biomass, have led to reduce
pollution in Kathmandu. Because of a three-fold
increase in the number of wvehicles during the last
decade, however, traffic emission has significantly
increased and the vehicles are the number one source
of pollution (KEVA, 2003).

Recent awareness to the rise in cases with respiratory
diseases (e.g. chronic obstructive pulmonary disease,
asthma) etc. led the MNepalese government to initiate
programs to monitor PM and formulate the national
ambient air quality standards in terms of a few
parameters (TSP, PM g, PM;s, CO, NO,, S0, and
benzene) (NESS, 2001; KEVA, 2003; MOPE Nepal,
2004). Besides monitoring, we see an urgent need for
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characterization and gquantification of the particles in
differing environmental systems (atmosphere, soil,
vegetation, water etc.) using rapid and cost-effective
technigues, such as combined environmental, magnetic
and analytical chemical methods, similar to those
applied in European countries (Petrovsky and Ellwood,
1999; Hoffmann et al, 1999; Hanesch and Scholger,
2002; Muxworthy et al., 2002).

This study is a part of the ongoing magnetic and
geochemical investigations of urban material (soil, road
dust and tree-leaves) to address the problems of
environmental degradation of the Kathmandu valley
subjected to accelerated urbanization (population over-
pressure by ca. 1.5 million people) and envirommental
stress (increasing traffic, industries, etc.) (Gautam et al.,
2004b). Studies related to the use of magnetic properties
of tree leaves are not new. For example, effective use of
susceptibility of conifer needles as pollution proxy was
established in Germany by Schadlich et al. (1993) foran
industrial region affected by fiy ash deposition and by
Knab et al. (2003) in an apparently clean area of Black
Forest. Maizka and Maher (1999} found the isothermal
remanent magnetization (IRM) imparted to leaves of
birch (Betula pendule) in urban and suburban area,
around the city of Morwich (UK), useful as a proxy of
traffic pollution. Suitability of both susceptibility and
IRM of dust-loaded leaves of deciduous trees (Platanus
sp. and Quercus ilex) for mapping vehicular traffic
emissions in the city of Rome in Italy was described by
Maoreno et al. (2003). Similarly, Hanesch et al. {2003)
demonstrated the potential of susceptibility and IRM to
susceptibility ratio of maple tree leaves in and around an
Austrian industrial site in Leoben for monitoring short-
term {up to several months) dust deposition. Though the
effectiveness of these methods is established, there exist
no standards for the sampling material and study
parameters.

This paper deals with the first magnetic bio-monitor-
ing study, in Kathmandu, based on three types of
trees, represented by cypress, silky oak, and bottlebrush,
which collectively offer a good coverage in both urban
and suburban areas. We describe the magnetic suscept-
ibility of the tree leaves, the contents of heavy metals
(HM: Cd, Cu, Co, Cr, Fe, Mn, Ni. Ph, Zn), and the
susceptibility vs. HM relationship to characterize and
quantify the environmental pollution.

2. Research methodology
2.0 Sampling

Leaves with dust loadings were sampled along road
corridors as well as recreational parks in both urban and

suburban areas in February 2002. Samples came from
the following routes and areas (Fig. 1): (i) the western
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half of the Ring Road; (i) inner roads between Kalanki
and Koteshwar, (i) the arterial roads leading to
Kirtipur and Dakshinkali; and (iv) around the Ratna
Park and Rani Pokhari, in the core urban areas.

A total of 221 trees represented by cypress (mainly
Cupressus corneyang) found commonly along the inner
city roads and gardens, silky oak (Grevillea robusta) that
is abundant along the Ring Road, the bottlebrush
{Callisternon lanceolaris) that fills large paps between the
former two species) (Figs. 1 and 2, Table 1). In the
case of cypress, only the voung tender leaves were taken.
Whenever possible, sampling was confined to branches,
facing road, at a height of 2-2.5m above ground.
Samples were put in pocket-sized sealable plastic
bags, of known susceptilility, and allowed to dry at
room temperature, before measuring them in the
laboratory.

2003

2.2, Susceptibiliry measurement, IRM acquisivion and
Hicroscogpy

Volume magnetic susceptibility was measured on the
AGICO KLY-2 Kappabridge, with an operating fre-
quency of 920Hz and sensitivity of 4 107*SI. For
intra-species and inter-species comparisons, it was then
normalized by the sample mass to obtain the mass-
specific susceptibility ().

A small amount of dust-loaded leaf sample was
inserted into a 10cc volume polyethylens cylinder, fixed
with nonmagnetic cement slurry, solidified, and
then subjected to IRM acquisiion up to a maximum
of 25T, using pulse fields at 18-20 steps generated by a
Magnetic Measurements pulse magnetizer. The acquired
IRM moment was measured by a Molspin spinner
magnetometer.

e
-,

Balaju industrial
area

0 1

2 km

il [ =

Fig. 1. Sketch maps showing the locations of trees sampled for the dust-loaded leaves. Location of the three distnicts of Kathmandua
valley 15 indicated in the index map in upper right corner of the map. The greater Kathmandu urban area comprising Kathmandu and
Patan dties i1s shown by light shading. The light and dark lines indicate the major road network and major nivers marking district
bhoundaries. The Ratna Park area at the heart of the Kathmandu city investigated in more detail (Fig. ) is marked. Symbals (plus,
multiplication and dot) siand for the location of sampled irees (silky ocak, boitlebrush, cypress) and susceptibility variation in them
along two major profiles isshown in Fig. 2. Sampkes from 3 sites labelled as L7, 194, L106, L114 and L174 used to describe magnetic
minerals and chemistry in Figs. 4 and 5 are indicated by arrows. The background map was modified from Shrestha and Pradhan

{2000).
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Fig. 2. Magnetic susceptibility (x) of the dust-loaded leaves
from trees, sampled along the two major road profiles. For the
Ring Road profile (Fig. 2a, left side), a y vs. lititude plot is
given. For the imner road profile (Fig. Zh, upper part), between
Kalanki and Tinkune, a y vs. longitude plot better reflects the
variation. The shaped rectangles, in both profikes, mark sectors
showing consistently high y. In contrast, the poinis included
within ovals mark the relatively low y which can be explained in
terms of the distance of the sites from the road axis.

Tabk 1

Magnetic susceptibility data by dust-loaded leaves by tree types

Magnetic extracts of some samples separated by using
a hand magnet were observed under a scanning electron
microscope (Leo SEM  1450VP) after coating with
carbon. Major element composition of selective grains
was measured with an Oxford INCA EDS 200 micro-
analysis system linked to SEM, the details of which are
given in Gautam et al. (2004h).

2.3. Chemical analysis

Twenty samples of dust-loaded leaves with varying y
were oven dried at 753°C for 48 h, then ashed at 500°C
for 2h and about 0.5 g of ash was digested for metals by
5ml agua regia {conc. HCl to HNO; ratio of 2:1) in a
Kjeldatherm system {at 140°C, 2h). A Perkin-Elmer
MI1100 atomic absorption spectrophotometer of the
Department of Geography, University of Tabingen was
used to analyze the pseudo-total contents of Cd, Cu, Co,
Cr, Fe, Mn, Ni, Ph, Zn using a standard procedure
(Ure, 1995),

In order to compare the measured quantities, both
susceptibility and HM contents were recalculated on
oven-dried mass basis. This involved, (1) subtraction of
the susceptibility contribution of the water content from
¥ to obuin y, following Walden et al. (1999), and (ii)
reduction of the HM contents measured for ash to the
oven-dried sample taking into account the mass lost
upon ashing.

3 Magnetic properties and heavy metal chemistry
3.1 Magnetic susceprtibility

A brief summary on ¥ of all dust-loaded leaf samples
according to type of trees is given in Table 1. Cypress
offers the maximum range (¥may ¥min) followed by silky
oak and bottlebrush. It has the lowest median and
spread as indicated by the interguartile range. Silky cak
and bottlebrush have median values close to each other
but the former has a larger spread. Although direct

Tree type Mo. of samples M5 (10  m’kg ")
Min. Quartles Range (Max—Min) Interquartile range ((3-01)
Q1(25%) Median (50%) 03 (75%)
Himalayan cypress 142 0o .z 527 10 5397 1.7
Silky cak 55 275 755 13.08 18.83 40.33 11.28
Bottlebrush 4 112 7.2 10.31 1531 2349 £19
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comparison may not be well justified, the median values
supgest that the dustloaded leaves may be as strong as
the fine-grained black clay/silt sediments, constituting
the Kathmandu walley fluvio-lacustrine sediments,
which vield (5.8-11.2) x 107*m kg™ and a mean of
8.2x 107%m’ kg." {Gautam, unpublished data).

Two major road profiles shown in Fig. 2 reveal
remarkable regularities in the susceptibility distribution.
The Ring Road profile (Fig. 2a) exhibits a smooth
susceptibility variation irrespective of the tree type (silky
oak or bottlebrush) and the presence of anomalous
zones, of distinctly high y ( >20 x 10~* m* kg™"), accom-
panied by flanks characterized by moderate ¥
{10-15 % 10~% m? kg"]l. Two wide anomalous zones
correspond to the areas around the main bus station
and a rather long road sector, situated between Balkhu
and Kalanki, where the TATA trucks spewing up black
smokes are commonly parked along the roadsides. In
the Kalanki-Tinkune profile, for which only data for
cypress are shown (Fig. 2b). ¥ has a much wider range
that can be explained by its inverse relationship with the
distance of sampled trees from the major road axis. The
two clusters of trees, located at appreciable distances
from the road, to the West of Kalimati and near
Baneshwar have correspondingly low susceptibilities
(0.01-5 % 10°*m* kg~'). The highest values observed
near Kalanki correspond to the road sector with
relatively steep slopes. In general, the averape suscept-
ibility along the inner road is lower than along the Ring
Road, which might be explained in terms of a larger
volume of traffic as well as the probably a higher dust
trapping potential of the silky cak and bottle brush than
the cypress.

Along roadsides in the city core area, high y occurs
close to the road junctions (e.g. near the clock tower,
Fig. 3). Increase in y is observed while moving toward
roads from recreational parks (Fig. 3). Moderate values
characterize trees in open spaces, which are prone to
dust supply from nearby roads or exposed grounds. This
isshown by a profile across the Ratna Park, where most
trees in the row form a wind barrier as well as an
effective trap for dust coming in from the adjacent open
ground (Fig. 3).

3.2, Magneto-mineralogica characterization

3.2.1. IRM characteristics

In several specimens sampled from different localities,
the IRM acquired at 0.1 and 03T is about 70% and
B5-90% of the total magnitude acquired at 25T,
respectively (Fig. 4a). It means that soft magnetic
minerals (magnetite and probably maghemite) contri-
bute significantly (Fig. 4b.c). Judging from 10% to 20%
of IRM acquired within 0.3 and 2.5T, a high content of
a harder magnetic phase is confirmed. Most likely the
hard phase is hematite. It probably comes from the
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Fig. 3. Magnetic susceptibility of the dust-loaded leaves around
the Ratna Park—Rani Pokhar, in the core urban area. The rows
of trees along a foot trail in between the Ratna Park and the
open-air theatre has been shown in map as well as profile. The
size of the symbok (filled circles: cypress; open circles: silky
oak) is proportional to the susceptibility magnitude as shown in
the class legend. Elevated values occur near the road intersec-
tions. Within the Raina Park area, trees located in the
innermost parts possess the lowest y.

bricks which are known to contribute significantly to the
susceptibility of urban soils (Gautam et al., 2004h).

3.2.2. Scanning electron microscopy (| SEM ) images
Microscopy of magnetic extracts from the dust
contained in tree leaves reveals basically two morphol-
ogies of grains (Fig. 35): firstly, euhedral to anhedral
crystalline grains mostly derived from rock sources
and secondly, spherical grains. The isolated spherical
grains exhibit orange peel and/or framboidal textures
(Fig. 3a.c). Agglomerates exhibit welded (to clusters)
textures (Fig. 5b). The diameter of isolated spherules is
typically 2-20 um. However, the linear dimension may
exceed 100pm for agglomerates (Fig. 5¢). In terms of
chemistry (Table 2), the isolated grains have the
following typical composition: Fe (76-77wt%) and O
{22-23 wt%), irrespective of the grain geometry. For the
spots within the agglomerated grain, the contents of Fe
and O are 70-71 and >24wt% (points 7, 8 in Fig. 5b
and Table 2). Spherules contain traces of Co and Th,
whereas the applomerate containg S and Cl. The lower
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Fig. 4. Isothermal remanent magnetization (IRM) data for the dust-loaded leaves. {a) IRM acquisition curves for three samples | see
Fig. 1, for bocations), exhibiting remarkably similar shapes. (b, ¢) Results of component modelling for a sample, following Kruiver et
al. (2001). The IRM magnitude and its gradient along with the modelled median acquisiion field { By z) vahes, indicated by arrows, as
contributing to the curves and the respective logarithmic standard deviations (1g8), are shown.

values of Fe as well as the presence of Mg, Al, Si, Ti, etc.
in some analyses (1, 3, 6 in Fig. 5 and Table 2) may be
the result of contamination of the analyzed spots by
background silicate material. In general, the chemical
compaosition of the isolated grains is close to that of pure
magnetite.

3.3 Heavy metal chemistry and their correlation with
susceptibility

The ranges of metal contents measured for a set of 20
samples are as follows: 0.08-1.33wt% of Fe,
18.3-281.9ppm  of Mn, 159-1952ppm of Zn,
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47-41.5ppm of Cu, 1.8-384ppm of Pb, 0.6-8.1 ppm
of Ni, and 1.7-6.4ppm of Cr. The exceptionally high
contents of Cr (76.8ppm), Ni (48.8ppm) and Ph
(46.1 ppm) for sample L114 are considered to be
outliers and not included in these ranges. The maximum
contents of Co and Cd were 4.1 and 12ppm,
respectively. Contents of Co and Cd were below
1.0ppm in 12 and 17 samples, respectively, being mostly
around the analytical detection limit. Hence, Co and Cd
contents are not discussed.

It is evident from the correlation matrix in Table 3
that the logarithmic y; has a significant linsar
relationship with metal contents: Pearson’s correlation
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Fig. 5. Back-scattered mages of the magneti grains observed in magnetic extracts of the leaf-dust. The sample locations are given in
Fig. 1. The magnetic material can be classified roughly into two groups: (i) isolated relatively fine spherules and agglomerates formed
by aggregation or welding of smaller spherules, of anthropogenic origin, and (i) euhedral to subhedral grains of lithogenic origin. Note
the relatively large magnetic spherule with distinet orange-peel structure indicative of combustion. Numbered symbols {+ ) are spots of
ener gy-dspersive X-ray analyses, data for which are given in Table 2.

coefficient r = 0.8 with, Zn, Fe, Cr; r=>0.7 with Mn, Cu;
and r>0.6 with Pb, Ni. Among metals themselves, Fe
exhibits a very strong correlation (r=0.85) with Mn, Zn
and Cr. Similarly, Zn, Cu and Pb are strongly related
among themselves with r = 0.83-0.87,

In order to judge how closely the variables {metal
contents and susceptibility), are related to each other, a
tree diagram is constructed using the single linkage
distance ratio method (Fig. 6a). This interpretation is
not unique but a reasonable description of the observed
dataset. According to the diagram, the metals Fe, Zn
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and Cr form a close cluster as do Mn and Cu. Further,
these two groups are closer to each other than with y,.
Pb is relatively farther from all variables, while Ni is
farthest from all.

The linear relationship between a set of 3 urban
elements (Cu, Pb and Zn, known to originate from
vehicular pollution; e.g. de Miguel et al., 1997) and Fe
with logarithmic y, is detailed in Fig. 6b. There are
clearly two groups which show varying goodness of fit
{r®) but striking similarities in variation of contents with
respect to susceptibility within each group are evident.
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Tabk 2
Energy-dispersive X-ray analytical data (wt. %) on magnetic grains constituting the dust in leaves
Points* L1046 L114

Spheruks Monspherical grains Agglomerate Spherules Monsph. gr.
Elements 1 2 3 4 5 i 7 B 9 10 11
Fe [ Th. 98 Th.24 TT.4 T4.75 7277 .12 TOE8 T7.24 o6l TT.4
Mg (.63 — — — — 0.40 — — — — —
Al 0.97 — 0.35 010 0.41 0.41 — 0.33 — — —
5 1.39 0.22 0.46 0.09 0.62 0.58 0.73 0.7z 0.2 0.23 0.0
K 0.46 — — — — 0.24 0.32 — — —
Ti 0.92 — — — — — — — — —
Ca — — 0.20 — 0.87 0.86 1.35 Lol — — —
Co — — — — — — — — 067 —
Th 200 — — — — — — — —
Mn — — — — — 0.62 A3 .60 — — —
5 — — — — 0z — 1.9 1.4 — — —
P — — — — — .61 — — — —
Br — 0.50 — — — — — — — — 017
Cl — — — — — — 0.49 0.45 — — —
0 13,56 .30 .75 37 315 1350 4.57 2423 1146 241 1.
Total 10000 10000 10000 10000 10001 9999 100.00 99.98 9999 10000 9999

“The analyzed points corresponding to these numbers are given in Fig. 5.

Tabk 3
Correlation matrix for magnetic susceptibility and heavy metal contents (& = X)

Iz (MS) Fe Mn In Cu Ph Mi Cr
lg (MS) 100
Fe 084 (0.000) 100
Mn 0.76 (0.0D0) 091 {DOOD) 100
In 086 (0.0DD) 092 {DOO0) 0.83 (0.000) L0
Cu 074 (DODD)  OE6 {DOD) 0.92 (0.000) OLET ([0.000) 100
Fh 0,64 (0.002)  O.TE (D000 0.76 (0.000) 085 (0L00DD) 083 (D.000) 100
Ni 060 (0.006) 057 @012)  0.53(0021) 067 0.002) 061 0006) 068 (0.001) 100
Cr 080 (D0D0) 094 {D.000) 0.79 (0.000) 0.95 (0.000) 079 (0.000) 0.72 {(0.001) (.66 (0.002) 100

For each pair, the Pearson's product-moment correlation r is given with the level of significance p (in brackets).

4. Discussion and conclusions

The highest range of y (Table 1) of the dust-loaded
leaves of cypress trees, which are ubiguitous along the
inner roads and recreational parks in Kathmandu,
makes them suitable for magnetic bio-monitoring along
profiles and also over selected areas. As the silky
oak and bottlebrush vield comparable susceptibilities
as shown by the Ring Road profile (Fig. 2a), the
preference of one over the other will depend on the
availability of the concerned trees. It is notable,
however, that all three species offer reasonable contrasts
in susceptibility that has significant correlation to the
HM contents, especially the urban elements like Cu, Ph
and Zn.

100

The observed maximum contents of urban elements in
dust-loaded leaves (Zn: 195.2ppm; Cu: 41.5ppm; Ph:
384 ppm) are enhanced by 232%, 122% and 240% with
respect to the local background contents (Zn: 84 ppm,
Cu: 3ppm, Ph: 16 ppm) for a soil profile at an urban
background site in Kirtipur (Gautam et al., 2004a).
Their magnitudes are, however, low compared to the
maximum contents for Bagmati river sediments
(Zn: 277.0ppm, Cu: 63.6ppm, and Pb: 1733 ppm)
obtained by similar type of analysis (Devkota, 2001).
Although direct comparisons of the metal contents in
soils, river sediments and leaves are problematic due to
many factors (eg., differences in timescales, deposi-
tional/removal processes and the differences in areas
averaged by the samples), they show that temporary
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Fig. 6. (a) A tree diagram, derived from cluster analysis,
depicting the correlation between HM contents and suscept-
ibility based on single linkage distance. (b) Linear regression
anmalysis between selected heavy metals and magnetic suscept-
ibility and the regression equations for estimating metal
contents from the magnetic susceptibility (). The coeffident
determination (") gives the goodness of fit of the regression

line.

accumulations of PM in roadside tree leaves may give
rise to very high levels of metal contents.

The magnetic spherules are attributed to anthropo-
genic input, arising from any type of combustion related
to vehicles as shown also by dust samples taken from the
road surface or the rubber plant leaves at <0.5 m height
(Gautam et al., 2004b). Palmgren et al. (2003) found
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that the tail pipe emissions give rise to fine and ultrafine
particles with modal aerodynamic diameters of 0.1-2
and 0.03-0.1 pm, respectively, whereas abrasion-related
particles yield rather coarse modes (=2 pm). According
to Matzka and Maher (1999), the grain size was found
to lie between 0.3 and 3pm interpreted in favor of
derivation of such fine particles from vehicle exhaust
rather than friction wear or resuspended road dust
Despite the relatively large predominant size (2-20 pm)
of spherules observed in this study, we attribute them to
the tailpipe emissions as they occur along the roadside
trees which are far away from industrial sources.
Possibility of generation of large-sized particles through
combustion in vehicles is also supported by recent
findings oft (i) large-sized magnetite (up to Bpm
diameter) formed by burning FeS, containing fossil fuel
(Flanders, 1999); and (ii) a significant amount of 7-50-
pm {with a maximum of 300 pm)-sized spherules in road
dust from Visakhapatnam in India (Goddu et al., 2004).
Most of the euhedral to subhedral grains vielding
magnetite-like mineralogy are attributed to lithogenic
origin (Gautam et al., 2004b).

The dust accumulation on tree leaves took place
mostly after post-monsoon {beginning of October 2001)
until the sampling period (first half of February 2002).
The measured quantities depend on the degres of
pollution governed by a variety of time- and space-
dependent factors: amount of particles of anthropogenic
and lithogenic origin; efficiency of deposition of particles
in leaves as a function of the distance from road
(Matzka and Maher, 1999), height and areal coverage of
leaves; intensity of precipitation; intensity and direction
of wind; degree of disturbance by living beings such as
humans, animals and birds, etc. Lack of adequate
knowledge on all these factors makes the interpretation
of minute susceptibility variations difficult. In such
cases, it may be sometimes more realistic to judge the
variations in qualitative terms by grouping into suscept-
ibility classes as shown in Fig. 3. A significant linear
relationship between the HM contents and susceptibility
proves that the latter serves as an effective proxy of the
metallic pollution (especially by Ph, Cu and Zn
originating mainly from vehicular sources).

Occurrence of relativel y higher metal contents in sides
of trees proximal to roads than in the distal sides, and
the ability of trees to draw dust and hence reduce
particulate concentrations at respirable heights may
be a positive feature (e.g., Matzka and Maher, 1999),
This is indeed true for trees along sides of highways
with spacious lawns and houses located reasonably
away from the roads. However, in urban areas like
Kathmandu with narrow roadsides, with human
activity occurring in proximity of roads, the capability
of trees to collect and hold harmful PM, on a
temporary basis, may have adverse health effects on
the residents.
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In conclusion, magnetic susceptibility measurements
of leaves are effective in identifving pollution hot spots
with marked input of magnetic materials derived from
anthropogenic traffic-related pollution. Because of the
good correlation of susceptibility with the heavy metals
related to urbanization, the former serves as a proxy for
metallic pollution. Therefore, use of susceptibility-based
bio-monitoring technique should be considered for
temporal (short-term, mostly up to several months)
and spatial assessment of pollution in cities, like
Kathmandu, where traffic-related problems are ever
increasing. With proper calibration of susceptibility with
metal contents for the most characteristic tree-type
available, this method can be used for a detailed
monitoring of anomalously polluted areas,
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Thematic Article
Integration of magnetism and heavy metal chemistry of soils to quantify
the environmental pollution in Kathmandu, Nepal

PITAMBAR GAUTAM,* ULRICH BLAHA? AND ERWIN APPEL®

'COE for Neo-science of Neturel History, Graduate School of Science, Hokkeido University, N10 WS, Sapporo 060-
0810, Japan (email: p-gautom@nature.sci. hokudal ac.jp) and “Institute of Geosciences, University of Thibingen,
Sigwartstrasse 10, D-72078 Tiibingen, Germaony

Abstract  Soil profiles of the Kathmandu urban area exhibit significant variations in mag-
netie susceptibility () and saturation isothermal remanence (SIRM), which can be used
to discriminate environmental pollution. Magnetic susceptibility can be used to delineate
soil intervals by depth into normal (< 107 m*kg), moderately enhanced (107—< 10~ m*/kg)
and highly enhaneced (= 107 m?/kg). Soils far from roads and industrial sites commonly fall
mto the ‘normal’ category. Close to a road corridor, soils at depths of several centimeters
have the highest y, which remains high within the upper 20 em interval, and decreases
with depth through ‘moderately magnetic’ to ‘normal’ at approximately 30—40 em. Soils in
the upper parts of profiles in urban recreational parks have moderate y. Soil SIRM has
three components of distinet median acquisition fields (B, »): soft (3050 mT, magnetite-like
phase), ntermediate (120-180 mT, probably maghemite or soft coercivity hematite) and
hard (550600 mT, hematite). Close to the daylight surface, SIRM is dominated by a soft
component, implying that urban pollution results in enrichment by a magnetite-like phase.
Atomie absorption spectrometry of soils from several profiles for heavy metals reveals
remarkable variability (ratio of maximum to minimum contents) of Cu (16.3), Zn (14.8) and
Pb (9.3). At Rani Pokhari, several metals are well correlated with ¥, as shown by a linear
relationship between the logarithmic values. At Ratna Park, however, both y and SIRM
show significant positive correlation with Zn, Pb and Cu, but poor and even negative
correlation with Fe (Mn), Cr, Niand Co. Such differences result from a variety of geogenie,
pedogenic, biogenic and man-made factors, which vary in time and space. Nevertheless,
for soil profiles affected by pollution (basieally traffie-related), y exhibits a significant linear
relationship with a pollution index based on the contents of some urban elements (Cu, Pb,
Zn), and therefore it serves as an effective parameter for quantifying the urban pollution.

Key words: environmental pollution, heavy metals, isothermal remanence, Kathmandu,
magnetic susceptibility, soil magnetism.

INTRODUCTION

The Kathmandu Valley is situated within the
Lesser Himalaya and is filled by fluvial and lacus-
trine sediments of Plio-Pleistocene age, derived
from the north and northeast and surrounding
metasedimentary terrains (Yoshida & Gautam
1988). The present state of the environment of the

*Comespondence.
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Kathmandu Valley has been deteriorating as a
result of various causative factors such as the traf-
fie pollution dominant in the urban area, industrial
activities, ineluding the cement factory, emissions
from the traditional brick kilns seattered through-
out the valley, biomass burning, ete. (Devkota
2001; Malinovsky 2001; Sharma etal. 2002).
Hence, recognition of the major sources and types
of pollution, estimation of the share of each source,
quantifieation of the degree of pollution, and mon-
itoring are essential in order to reveal the spatial
and temporal differences in pollution levels.
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Following the effectiveness of the integration of
chemistry and magnetic properties in studies of
the degree of pollution of the air, water, vegetation
and land systems (Petrovsky & Ellwood 1999
Knab et al. 2001; Hanesch & Scholger 2002), these
properties have already been applied by the
authors of the present study to successfully char-
acterize and quantify the degree of pollution in the
Kathmandu urban area (Gautam et al. 2004, 2005).
The variables measured in this respect are the
various rockmagnetic properties (mass-specific
magnetic susceptibility, y; isothermal remanent
magnetization, IRM; y vs temperature character-
isties) of a variety of materials (dustloaded leaves
of roadside trees, road dust and soils from the
surface, as well as vertical sections of up to several
meters), and the contents of heavy metals (HM) in
them.

In the present paper, ¥, IEM and its compo-
nents, the contents of HM (Cd, Cu, Co, Cr, Fe, Mn,
Ni, Pb, Zn) and their relationship to y and IRM in
urban and suburban soils are described in order to
quantify the pollution levels. Emphasis is given to
the use of magnetic parameters as stand-alone
properties to characterize pollution and also as the
effective proxy of contamination using an index
that combines the contents of Cu, Pb, Zn, which
represent the urban elements (De Miguel et al.
1997). Soil samples were collected from the follow-
ing areas (Fig. 1): (1) the suburban background site

N

A i Balaju
Industrial

2 Area

LI-\ 4\'-_.. 4 '\JI

; . Kathmandu ﬂ*u

[ > ,

N
2o %

>
/ 3j E fx\‘*:o 1 alul

Fig.1 Schematic map of the urban area (shaded) and its sur
roundings in Kathmandu City in Nepal. Several soil coring sites (K,
suburban area near Kirtipur; Hx2—5 & Hx7—8, core urban area; Hx3,
close to the industrial area in Balaju), which are the objects of
investigation for magnatic properties and heavy metal chemistry, are
i:ndicaﬁed by stars. Background map after Shrestha and Pradhan
20001,
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in Kirtipur; (i1) the recreational areas and parks
(Ratna Park, Rani Pokhari and exhibition ground)
situnated In the core urban areas; and (i11) the rec-
reational park area in Balaju, which is close to an
industrial area.

RESEARCH METHODOLOGY

The samples used in the present study were col-
lected during a field magnetic snsceptibility survey
m Kathmandu in February 2002. Soils were taken
either as cores of 3.5-cm diameter (obtained by
vertically inserting a 30-cm-long hollow pipe into
the ground) or as samples in 2.54-em diameter
(1I0ee in volume) non-magnetic containers
obtained from walls of pits dug in situ.

MEASUREMENTS OF MAGNETIC PROPERTIES

Standard (eylindrical with 2.54-em diameter and
10-ce volume) samples were measured for suscep-
tibility using an AGICO KLY-2 Kappabridge, with
an operating frequency of 920 Hz and sensitivity
of 4 107 81, and normalized by the sample mass
to obtain y.

Isothermal remanent magnetization acquisition
up to a maximum of 2.5 T, using pulse fields at 18—
20 steps generated by a Magnetic Measurements
pulse magnetizer, was carried out on standard
samples. The IRM moment acquired was mea-
sured by a Molspin spinner magnetometer. The
IEM curves were analyzed using cumulative log-
normal Gaussian decomposition techmques to dis-
criminate the contribution of magnetic materials
with differing coercivity spectra (Kruiver et al.
2001).

Variation of susceptibility with temperature (40—
700°C) was recorded for soil, rock or cement spec-
imens (approximately 0.25 em®) using an AGICO
KLY-3 Kappabridge, which operates at 875 Hz and
has a sensitivity of 3 x 107 SI, with an attached
(C85-3 furnace. Experiments were conducted in air
and the measurement interval was 2.5°C with a
heating rate of 10°C/min.

CHEMICAL ANALYSIS

For chemical analysis, 37 samples from various
depth levels, chosen to represent the snseeptibility
variation along each selected soil profile, were
taken from six seil profiles. The samples were
oven-dried at T5°C for 48 h, homogenized and
quartered, and then approximately 1.8 g of each
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was digested by 8 mL aqua regia (solution of 37%
extra pure HCI and 65% extra pure HN Oy mixed
in a ratio of 2:1) in a Kjeldatherm system (at
140°C, 2 h). The solution was filtered and diluted
by distilled water to get 250 mL of solution in a
graduated flask. A Perlan-Elmer M1100 atomic
absorption spectrophotometer from the Depart-
ment of Geography, University of Tiibingen, was
used to determine the contents of Cd, Cu, Co, Cr,
Mn, Ni, Ph, Zn and Fe using standard laboratory
procedure.

MAGNETIC PROPERTIES AND APPLICATION FOR SOIL
PROFILE ZONATION

ISOTHERMAL REMANENT
MAGNETIZATION CHARACTERISTICS

Isothermal remanent magnetization acquisition
curves measured for representative soils from the
background, as well as urban areas and other pos-
gible constituents of urban soils (soot from diesel
engine tailpipes, cements and brick fragments
embedded into soils), are presented in Figure 2.
They exhibit complex shapes caused by the contri-
butions from a number of components of differing
magnetic coercivity. The difference in contribution
of the soft coercivity components in group 1 (soot
and cement specimens), group2 (soils) and
group 3 (brick fragments) is clearly shown by the
acquisition of 95-100%, 80-85% and 65-T0% of the
total remanence at 0.3 T, respectively

1 =
Eﬂ.a—
Eo.s-
- Soot [TATA 1518]
04 - = &lm = Coment (Sina-F)
- - #- - Soll(KMSar
—— Soll ({7 10 )
0.2 = —— Bk (Hx8 3 oy
- = A=~ Brick (M 123 o)

10 ?lll.'! o 50 100 EEIIH 500 1000 2000
Applied field (mT)

Fig. 2 Isothermal remanent magnetization (IRM) curves for representa-
tive samples showing three distinct appearances: group 1, sampla of a
cement (Birla Faizal, manufactured in India), used currently for construction
of structures and the scot material (TATA 1510) extracted from the tailpipe
of a Tata truck run on a diesal fuel; group 2, zoils from Kirtipur (K) regarded
as the urban tackground in pollution studies and urban center (Hx7); and
group 3, brick particles from urban soils (HxS, Hx9) at various depths.
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Modeling data for three specimens, one from
each group, performed on IRM gradient data fol-
lowing Kruiver et al. (2001) are shown in Figure 3.
In general, three components are evident: soft
(median acquisition field [Bys] = 30-50 mT), inter-
mediate (B, = 125-185 mT) and hard (B, = 560-
580 mT), which are inferred to represent a magne-
tite-like phase, a maghemite-like phase (or possi-
bly a soft coercivity hematite) and a hematite
phase, respectively. Inference of a maghemite-like
phase for the intermediate coercivity is based on
the close link of this phase to the 340-350°C
decomposition temperatures seen in thermal vari-
ation of susceptibility discussed in Gautam et al.

(@

Normalized IRM gradient &

(c)
0.2 - \ !
I L ¢ 182mT - 576 mT
10 2030 50 g0, 200300 500 4000 2008
Applied field (mT)
Fig. 3  lsothermal remanent rmagnetization aradient analysis to discrim-

inate the magnetic components differing in coercivity spectra. Following
Kruiver efal. (2001), each component modeled can be charactarized
unigquely by two parameters: a median acquisition fiald (Bsz) and a disper
sion parameter (DP), both of which are illustrated for components contrib-
uting to the soil.
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(2004). Alternatively, an interpretation of the inter-
mediate coercivity phase in terms of a soft hema-
tite is in line with the widely observed coercivity
range (28-T69 mT) found in the published litera-
ture (Peters & Dekkers 2003; Fig. 3; Table 1). The
magnetite-like phase found in soil and brick frag-
ments has lower eoercivity than that in the soot or
cement material.

THERMAL VARIATION OF MAGNETIC SUSCEPTIBILITY

The heating curves for high-susceptibility soils
(Hx3, Hx8), brick and cement specimens exhibit
differing behavior (Fig. 4a,b). In broad terms, the
urban soils exhibit the following characteristic fea-
tures (Fig. 4a), indieative of two magnetic phases:
(i) a gradual, although not regular, increase of sus-
ceptibility between room temperature to app-
roximately 260-280°C, attaining an enhancement
peak (e,); (i) subsequent gradual decrease of sus-
ceptibility culminating at a minimum (d,) within
approximately 400-420°C; (iii) further rapid
increase of susceptibility resulting in a maximum
enhancement peak (e;) at approximately 510-
530°C; and (iv) a subsequent near complete sus-
ceptibility drop by approximately 580-600°C (dy).
The cooling curves (not shown here) for these soil
samples showed a significant rise in suseeptibility
(the maximum susceptibility peaks were two- to
fivefold higher than the suseeptibility measured

(a)

el ez

RE&& -

(b) e
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Normalized susceptibility (1/Y,....)
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Fig. 4 Thermal variation of magnatic susceptibility (x) for urban soils
{Hxa, Hx8), brick particle in soil (Hx7) and cement (Eiré Faizal). Note the
presence of at least two distinct magnetic phases in soil samples (a), as
opposed to single phase in the brick and cement samples (b). Cross-
hatched areas are placed against the temperature ranges within which the
characteristic susceptibility enhancement peaks (e, &, &,) and drops (d, d;,
;) oceur.
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before initial heating) and partial recovery of all
the characteristic features. Analogous to previous
work on soll from Kathmandu (Gautam et al. 2004;
Fig. 9), paleosols from China (Liu et al. 2005) and
partially oxidized magnetite (Kosterov 2002), fea-
tures (i) and (ii) may arise from gradual unblocking
of fine-grained single-domain particles or anneal-
ing of some defects and/or internal stresses in
magnetic particles and partial conversion of
maghemite to magnetite and/or even hematite,
respectively. In contrast, features (iii) and (iv) in
the high-temperature range are inferred to be a
result of a magnetite-like phase, which in its pure
form would have yielded a Curie temperature of
580°C (Dunlop & Ozdemir 1997). The susceptibil-
ity enhancement (e,) probably results in part from
the neoformation of magnetite during heating (Lin
et al. 2005).

In contrast, the brick and cement specimens are
characterized by continued susceptibility enhance-
ment (e) between room temperature and approxi-
mately 400-420°C and a subsequent rapid drop (d)
by approximately 560-580°C, indieating that a
high-temperature magnetic phase predominates
the magnetic mineralogy (Fig. 4h).

MAGNETIC ZONATION OF VERTICAL SOIL PROFILES
USING SUSCEPTIBILITY AND ISOTHERMAL
REMANENT MAGNETIZATION DATA

The presence of significant lateral and vertieal
magnetic susceptibility variations in the back-
ground sites as well as in urban areas of the Kath-
mandu Valley, and application of susceptibility for
mapping was described by Gautam et al. (2004).
Here, ¥y and IEM magnitudes are analyzed
together with the percentage contribution of the
components of differing eoercivity spectra for ver-
tical zonation of the urban soil profiles. Because of
the ease, rapidity and low cost of measurements,
¥ alone 1s recommended for zonation using its
magnitudes differing by factors of 10 (i.e. normal,
< 107 m¥kg; moderately enhanced, 10-—< 107 m?/
kg; and highly enhanced, = 10™° m%kg). In addition,
information on the relative contribution of IRM
components is useful in discerning the nature of
magnetic minerals or phases that may be attrib-
uted to anthropogenic, geogenic/lithogenic and
pedogeniec sources. Discrimination of the soil inter-
vals 18 llustrated for two profiles in Figure 5. In
urban soil profiles, the relative contribution of the
soft IREM eomponent, commonly present in the
magnefite-like phase, decreases with depth, as
does the degree of metallic pollution cansed by
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anthropogenic factors (also described later).
Gautam et al. (2004) deseribed the derived nature
of the soils, at least in the upper parts of the soil
profiles, in the studied sites within the urban ree-
reational parks and the systematic decrease of the
in situ magnetic susceptibility with distance from
road edges. Hence, the relative contribution of the
anthropogenic or industrial sources to the suscep-
tibility enhancement in the uppermost parts of
soils is interpreted to be much higher than that
arising from pedogenic processes leading to the
formation of magnetic minerals. Analysis of the
susceptibility profiles in an urban setting in Kath-
mandu suggests that ‘normal’ soil, in terms of the
susceptibility enhancement attributable to the

effect of pollution, commonly occurs below a depth
of 30 em (Fig. 3).

RELATIONSHIP BETWEEN HEAVY METAL CONTENTS
AND MAGNETIC PROPERTIES

HEAVY METAL CONTENTS IN SOILS

Data on the HM contents and magnetic parame-
ters (y, SIRM and STRM/y ratio) for discrete spec-
imens collected from five vertical soil profiles (K,
background site in Kirtipur; Hx3, Hx7, Hx5 and
Hx0, from soils affected by urbamzation) are pre-
sented in Table 1. As ¥ shows generally a strong
grain-size dependency in samples with a complex
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assemblage of magnetic minerals, its magnitude
alone may not be attributable to absolute enrich-
ment of iron-bearing materials. However, in case
of the dominant contribution of magnetite (or
maghemite) to susceptibility, as is the case in the
upper parts of the urban soil profiles considered,
the use of ¥ as a measure for the concentration
of magnetic particles is theoretically justified
(Heider etal. 1996). The interparametric ratio
SIRM/y varies with grain size and concentration
as well as mineralogy, and is therefore not easy to
interpret even in the case of predominant magne-
tite/maghemite mineralogy. However, very low val-
ues of this ratio and SIRM are thought to reflect
a large paramagnetic contribution with a negligi-
ble concentration of soft coercivity phases, such as
magnetite/maghemite (Table 1). Site K has the
least variability of the magnetic properties, as well
the content of each heavy metal, whereas the oppo-
site can be said for site Hx8. The Cd contents are
quite low (< 0.6 mg/kg) and are below the detection
limit in the majority of samples.

For relative interpretation, the HM data mea-
sured are listed together with the average con-
tents found in the Earth's erust, uncontaminated
solls and the sediments sampled from the Bagmati
River in Kathmandu (Table 2). As the HM contam-
ination in the soils considered is of anthropogenic
nature, the possible sources for various elements
are also summarized. Because of the obvious
differences in magnitudes as well as variability of
HM contents, the soils from Kirtipur and the
urban soils from other sites have been considered
separately.

The average values, or at least the values at the
lower end for the Kirtipur site, are very close to
the average contents for the uncontaminated soils,
with some exeeptions for Zn and Ni characterized
by clearly high values (Table 2). Both atmospheric
deposition and agricultural practices might be
the sources of these slightly elevated values for Zn
and Ni. Nevertheless, the Kirtipur site can be
regarded as the urban background site in terms of
HM econtents. Likewise, the lowest values com-
monly observed at greater depths (mostly below
30 em) in the urban soils are similar to the average
values in uncontaminated soils and may be
regarded as local backgrounds. The contents of Ph
and Zn in soils are generally lower than those in
the Bagmati River sediments (Devkota 2001),
whereas the opposite is true for Cu.

Figure 6 gives an insight into the elemental
variations with depth in the urban soil profiles.
The soil along Hx3 has no distinet layering; it is
basically silty soil with the presence of a relatively
higher portion of sand in 12-22-em and 33-43-cm
intervals, as well as the oeccasional presence of
clasts of bricks. The soil in HxT is also undifferen-
tiated garden soil with predominantly silt-sized
particles. For profile Hx3, we see that elements
Cu, Pb and Zn behave differently from the others
(Fe, Cr, Mn, Ni). The elements in these two
groups vary coherently, with very good internal
correlation. A common feature for both profiles is
the abrupt decay of contents of HM, especially of
Cu, Pb and Zn, approaching close to the local
background levels at or below a depth of approxi-
mately 25 em.

Hx3 Concentration factor (C/Cmin) e
L 1.5 2 25 3 1 1.5 2 2.5
[P (SENUUNS. (SEEND (NSO L. 1 (T (I
0 0
-
5
~
10 » 10
I
20 oy
5
30 30
g- Fig. 6 Down-hole variation of normal-
ized heavy metal contents along two ver-
40 tical soil profiles (Hx3, left, from Ratna
) park; Hx7, right, from Rani Pokhari, east-
Minimum content (mafka) ern side) situated in the urban center,
50 Sme| Pp Zn  Cu  Fe  ©r NI Mn | Mote that some urban elements show
Hx3 | 1556 | 60.9 318 150027 20.7 139 266.8 maximum concentration within - 10—
HxT [ 170 610 209 154054 182 77 1882 20 cm leading to a remarkable decrease
60 by approximately 25 cm.
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HEAVY METAL CONTENTS V5 MAGNETIC SUSCEPTIBILITY

Of the metals considered, Cu, Pb and Zn are found
to correlate well with susceptibility. This is exem-
plified by the Pb s y plot (Fig. 7). Itis evident that
Pb has good correlation with y for each profile, but
a relationship that differs by locality obviously
because of differences in the types of soils (Hane-
sch & Scholger 2005). For example, Hx3 and Hx9
together fit into a line that passes through the
mean value for the rather tightly clustered values
for profile K. For profile Hx8, the data points are
more scattered but a positive correlation still holds
true.

MAGNETIC PROPERTIES VS POLLUTION LOAD INDEX

Joint analysis of the soil profiles reveals that the
contents of the uwrban elements (Cu, Pb and Zn)

2
g 4 - rd p -
- ] = 4,* B
g - A-"A . [ ] Hi [Exhibiticn ground)
& O Hud(Balsu Park)
“a ¢ gmm.m;
<) =0 ugy) + DT,
10‘: * :cx(‘;?qgmm il 2|‘ HieT (R Pokdud]
[T T T T T T T—T- 7T
1 E R gy Mg (Mg
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Fig. 7 Relationship between the contents of Ph in all soil samples
against the mass-specific suscaptibility. The least variability of both param-
eters characterizes the urban background site of Kittipur (data points shown
within the circle), whereas for other sites a reasonably linear, although
variable, depandence betwesn the logarithmic values can be noted.

(a) ¥ : SIRM
(10+mi/kg) ( mﬂ’hﬁmfhg}

a8 o
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correlate among themselves and also with y. In
order to facilitate rapid characterization of the soil
sectlon in terms of metallic contamination, it was
proposed that the contents of the three elements
should be combined into a single index called the
Tomlinson pollution load index (PLI; Angulo 1996;
Chan et al. 2001; Fig. 8). This index is calculated
as the geometric mean of the concentration factors
(CF;;1=1 to n) of several metals, where CF; of the
it" metal represents the ratio of the content of that
metal (C;) in the sample analyzed to its content at
a background site (C,) unaffected by pollution as
follows:

PLI = *V(CFg,xCFp,xCFy, ), where CF,i—co pheczn)
=C; /Gy (1)

It represents the number of times by which
the concentration of the urban elements in soil
at a particular horizon exceeds the background.
In this paper, C, has been replaced by the
minimum value (C;.,) generally observed at
depths virtnally untouched by urban pollution.
The index allows comparison of several profiles
and judgment on the relative degree of metal-
lic contamination and accordingly the degree of
urban pollution. It is obwious from Figure8
that the PLI wvariation correlates very well
with  suseeptibility as well as SIEM
magnitudes.

DISCUSSION AND CONCLUSIONS

Results of recent research on particulate matter
(PM10 - mass of particles with aerodynamic diam-

Pollution lcad (b)

inclex (PLI)
118 2 28

[ PLI ={CFy*CFpp*CFzn) V3, CF) = C/Cimin |

Fig. 8 (a) Comparison of the magnetic
properties (y, magnetic susceptibility;
SIRM, saturation isothermal remanence)
and the pollution lead index (PLIY based
on the concentration factors (CF) of
‘urban elements’ in thres sitas belonging
to suburban (K), industrial (Hx9) and
core urban (Hx3) areas (see Fig. 1). (b)
Cross-plot showing significant (coeffi-
cient of determination, B2 = 0.95) linear

correlation,  although — site-dependent,

between PLI and ¥, justifying the use of
the latter as a prosy of the pollution load.

—— ——
K (Kirtipur) Hx9 (Balaju park) Hx3 (Ratna park)
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eters less than 10 pm per unit volume), river sed-
iments, dust-loaded leaves from roadsides, road
dust and soil samples allow us to qualify and quan-
tify urban pollution. Sharma et al. (2002) deseribed
high values (1150-3837 pug/m®*) of the hourly mean
PM10 levels, at a height of 1.5 m at 30 busy urban
locations in the Kathmandu Valley in 1999, and
related them basically to the vehicular traffic
(vehicle emissions and suspension of dust as a
result of vehicle movement). Devkota (2001) found
significant variations in Cd, Cu, Pb and Zn among
the sediment samples of the Bagmati River
(Table 2), along which the HM contents increase
after entering the main urban area when tributar-
les carrying city wastes meet the trunk river
These facts relate the elevated input of metals into
the river to wrbanization. Gautam efal. (2005)
studied the HM content in the dust-loaded leaves
from trees at Kathmandu roadsides with varving
levels of traffic movement, and found the follow-
ing ranges: Fe (0.08-1.30 wt%), Mn (18.3-281.9
ppm), Zn (159-1952p.p.m.), Cu (47415
p-p-m.), Pb(1.8-38.4 p.p.m.), Ni (0.6-8.1 p.p.m.), Cr
(1.7-64 p.p.m.), Co (up to 4.1 p.p.m.) and Cd (up to
1.2 p.p.m.). One of the notable features of the leaf
data was a significantly positive linear correlation
of logarithmic y with most of the HM and a high
degree of mutual correlation, with a coefficient of
determination (R®) of 0.69-0.77 among Cu, Pb and
Zn, implying that both the magnetically soft min-
erals of anthropogenic origin and the urban ele-
ments arise predominantly from traffic pollution.
In yet another pilot study (Gantam, unpubl. data,
2004), the fine fraction (<0.063 mm) constituting
the dust from the road surface in the Babarmahal
area of Kathmandu was found to have much higher
HM econtents, as follows: Fe (1.4-1.8wt%), Mn
(244.9-374.9 p.p.m.), Zn (92.1-161.2 p.p.m.), Cu
(30.6-75.2 ppm.), Pb (23.9-558 p.p.m.), Ni
(12.8-18.2 p.p.m.), Cr (10.7-23.4 p.p.m.), Co (2.6-
6.1 p.p.m.) and Cd (up to 1.0 p.p.m.), for whieh the
contribution from the traffie-related source was
obvious.

Joint analysis of 3, SIRM and HM contents in
the soil profiles from Kathmandu presented above
reveals that each of these quantities has a wide
range of variation and could be a potential pollu-
tion indieator. For the soils studied, Cu, Pb and Zn
consistently correlate to y as well as the SIRM
magnitudes. Analogous to the results from leaves
and road dust, these elevated HM contents can be
associated with the degree of urbanization and
traffic movement (motor vehicle emissions; abra-
sion of tires, brake linings and the road surface;
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eyeling of dust in suspension as a result of vehicu-
lar movement) as has been found in other studies
(e.g. Wong 1996; De Miguel ef al. 1997).

In the case of Kathmandu soils or similar situa-
tions, the use of magnetic susceptibility is recom-
mended as widely as possible, for the sake of ease
and rapidity and the low-cost of the measurements,
for both lateral and vertical zonation. As the quality
of magnetic material will differ according to the
soil type, the proximity to roads, the proximity to
various point sources of pollution, the rate of dry
and wet atmospheric deposition ete., additional
mformation ecan be acquired through analysis of
IRM acquisition curves. The correlation of ¥ with
PLI (based on Cu, Pb and Zn contents) is excellent
at a local level (Fig. 8b), implying that susceptibil-
ity actually serves as an effective proxy of urban
pollution. For effective use of susceptibility as a
proxy of the degree of pollution in soils through
the use of a PLI and its translation to the metallic
levels in a new urban area, however, it 15 desirable
to have a reference database that includes infor-
mation on soil types, parent material, background
susceptibility, the background contents of each
metal in areas differing in geological/pedological
conditions, and knowledge of the possible sources
of contamination.
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Abstract

The Kathmandu Valley is a bowl-shaped intermontane basin, which occupies an area of 383 km” in the heart of the Himalayas,
with its floor at 21400 m and the surrounding mountains attaining a height of 2000-2800 m. It is inhabited by =1.5 million people,
concentrated mostly in three cities, Kathmandu, Patan and Bhaktapur. Due to rapid but uncontrolled urbanisation and factors such
as traffic movement, emissions from brick-kilns, cement factories, waste disposal and biomass burning, environmental pollution has
been constantly increasing; adversely affecting land, water, air and biological systems.

In order to quantify the degree of environmental pollution using magnetic methods, magnetic susceptibility of soils, sediments
and roadside materials, in and outside the Kathmandu urban area has been measured. In areas far from roads or industry, median
magnetic susceptibility is between 3 and 35x 10~ SI, similar to that observed in the valley-filling clastic sediments and hence con-
sistent with geologic or pedogenic origin. In traverses of in situ susceptibility across roads, a 5-m wide zone situated on either side of
the asphalt-paved road exhibits an enhancement zone with maximum susceptibility of 240-850x 10~ SI occurring 0.5-2.5 m from
the road edge. In urban recreational areas, magnetic susceptibility varies within a broad range (3 to >100x 1077 SI) with lowest val-
ues occurring =30 m from surrounding roads, in areas least disturbed by human activity. A systematic increase in susceptibility
towards the roads or industrial sites is observed. Within urban areas, in the vicinity of heavy traffic or industrial sites, the upper
30-50 cm of soil profiles exhibit frequent enhancement in susceptibility, of one or two orders of magnitude, higher than those ex-
pected from geologic input. Such enhancement is attributed to input from anthropogenic or industrial sources. Magneto-mineralog-
ical analyses and scanning electron microscopy on magnetic extracts, grain size fractions or bulk samples of road dust and soils,
suggest lithogenic magnetite-like minerals and anthropogenic magnetic spherules to be the dominant contributors to the magnetic
susceptibility signal.

As the soils, sediments and roadside material exhibit significant susceptibility contrasts, which are most effective in identifyving
traffic-related pollution “hotspots™, it is highly desirable that the potential of susceptibility maps of the entire area affected by urban-
isation, be fully explored to assess the status of environmental degradation.

@ 2004 Elsevier Ltd. All rights reserved.

Keywords: Environmental pollution; Kathmandu; Magnetic susceptibility; Environmental magnetism; Magnetic spherules
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several decades to characterise and quantify the degree
of pollution of air, water, vegetation and land systems
(Petrovsky and Ellwood, 1999). The effective use of
these methods in studying the urban pollution has been
shown by more recent studies (e.g., Hoffmann et al.,
1999; Matzka and Maher, 1999; Shu et al., 2000; Knab
et al., 2001; Hanesch and Scholger, 2002; Muxworthy
et al., 2002). These prompted us to undertake joint mag-
netic and geochemical investigations of urban materials
(so1l, road dust and tree-leaves) to address the environ-
mental pollution of Kathmandu city, that has been sub-
jected to environmental stress, due to population
overpressure and related urbanisation. The factors
responsible for the pollution are uncontrolled traffic
movement and related vehicular pollution, emissions
from the Himal cement factory (existing until 2000),
brick-kilns, other industrial activities and biomass burn-
ing (Shrestha and Pradhan, 2000; Devkota, 2001; Mali-
novsky, 2001; NESS, 2001; Shrestha and Raut, 2002).

The Kathmandu Valley is situated within the Lesser
Himalaya and is filled by fluvial and lacustrine sedi-
ments, of Plio-Pleistocene age, derived from the north
and north-east and surrounding metasedimentary ter-
rains (Yoshida and Gautam, 1988; Sakai et al., 2002).
The high concentration of atmospheric particulate mat-
ter is of serious concern in Kathmandu Valley. The high
amount of atmospheric dust partly arises from the fact
that the bowl-shaped wvalley (with its height of up to
1500 m) is an effective trap for dust material reworked
from the heavily cultivated land. In 1999-2000, the 24-
h averages of particulate matter less than 10 pm in size
(PMyg) and total suspended particulate (TSP) ranges
were 49-495 pg/m® and 61-572 pg/m’, respectively. Also
a direct relationship between the atmospheric particu-
late matter concentration and the degree of urbanisation
was seen (NESS, 2001). According to an inventory in
2001, the total annual PM;g and TSP loads in Kathman-
du Valley amounted to 7580 and 19,885 t, respectively,
with 67% of the PMyy load believed to arise from vehic-
ular emissions (Shrestha and Raut, 2002).

Recent studies point out that emission from the brick-
kilns alone contributes to a quarter of the PM,, concen-
tration in the Kathmandu Valley (Raut, 2003). About
90%% of the brick-kilns operating in Kathmandu Valley
are of the so-called Bull's trench type (an arch-less ver-
sion of the Hoffmann kiln designed by W. Bull, a British
engineer, toward the end of the 19th century). Though
these kilns have advantages of low cost of construction
and comparatively low specific energy consumption
(1.2-1.75 MI kg™") they produce a high amount of
smoke as the fuel used is any combustible material or a
combination of coal, lignite, peat, firewood, saw dust
or agricultural waste (such as rice husks).

Detailed are the results of magnetic susceptibility
measurements aimed at defining a mapping strategy of
the whole Kathmandu urban area (Fig. 1). We con-

(a) thmandu

qhakta pur

Fig. 1. Sketch maps showing the sites of the pilot environmental
magnetic study. (a) Index map showing the three districts of
Kathmandu Valley, (b) The greater Kathmandu urban area compris-
ing Kathmandu and Patan dties (light shade). The light and dark lines
indicate the major road network and major rivers marking district
boundaries, (¢) and (d) The Rama Park area at the heart of the
Kathmandu aty and Kirtipur area investigated in more detail. Filled
stars: sites of vertical soil profiles, Hxn are urban area sites and
K =Kirtipur and B=Balkhu are background sites. Open stars:
locations of selected road dust samples (Ra).

ducted a preliminary in situ soil susceptibility survey
as follows:

(i) Profiling along relatively long traverses encompass-
ing both urban as well as peripheral parts. Short
profiles across roads of varying categories, com-
bined with meter-scale vertical soil sections.
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(i) Mapping of areas 0.02-0.6 km?, located within
both seemingly unpolluted areas, far away from
the urban areas, as well as the recreational parks
in the vicinity of urban and industrial areas that
are susceptible to pollution. Besides susceptibility,
magneto-mineralogical, microscopic and chemical
composition of magnetic minerals, are also de-
scribed, to charactense the urban material.

2. Research methodology

Measurements of the low-field magnetic susceptibility
of the top=soil or ground (hereafter called in situ suscep-
tibility) were conducted at discrete points along profiles
(lateral or vertical), or over selected areas, using either a
Bartington Ltd. MS2D or MS2F meter or a pocket sus-
ceptibility WSLA meter made by Acrogeophysical Sur-
vey of China. The MS2D and MS2F loop sensors
operate at frequencies of 958 and 580 Hz, respectively,
and thar average diameters are 185 and 155 mm,
respectively (Dearing, 1999). For MS2D, 95% of the sus-
ceptibility signal comes from the upper 80 mm of the
subsurface and the integrated volume corresponds to
4300 em? (Lecoanet et al, 1999). The detection depth
of the MS2F sensor is about 15 mm from the tip of
the sensor. The sensitivity of both the MS2D and
MS2F probes is about 2x107% SI. The WSLA probe,
with a diameter of 34 mm and sensitivity of 1x107°
SI, has a larger detection depth compared to MS2F.

Cores of 3.5 em diameter (obtained by vertically
inserting a 30cm long hollow pipe into the ground)
and 2.54 ¢m diameter (10 cc in volume) were sampled
in the field. In the laboratory, the former were measured
on a Bartington MS2C meter, with operating frequency
of 565 Hz, internal sensor diameter of 40 mm, and sen-
sitivity of 2x 107® SI, for volume susceptibility (hereafter
called susceptibility or k). The susceptibility of the latter
was measured on the AGICO KLY-2 Kappabridge,
with an operating frequency of 920 Hz and sensitivity
of 4% 107* SI, and normalised by the sample mass to ob-
tain the mass-specific susceptibility (hereafter called
mass susceptibility or y).

Samples of road dust were collected from a 2 m® area
at the rim of the road using a nylon brush and plastic
container. Large particles (such as stones, brick pieces
and other detrital material) and organic matter were re-
moved at the spot. In the laboratory, the samples were
dried at 75 °C for 24 h. The dried samples were then sep-
arated using analytical sieves into a bulk sample (parti-
cle diameter <2 mm) and size fractions of 0.2-0.63 mm
(coarse), 0.063-0.2 mm (medium) and <0.063 mm (fing).

The variation of susceptibility with temperature (—194
to 0 and 40-700 *C) was recorded for small specimens
(=025 em”) of soil and road dust using the AGICO
KLY-3 Kappabridge (operates at 875 Hz and has a sen-
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sitivity of 3x107% SI), with an attached CS-3 furnace.
Experiments were conducted in air and the measurement
interval was 2.5 °C with a heatng rate of 10 °C/mmn.

The characteristic temperatures related to Curie
points or mineral phase decomposition, inversion or
transition are estimated in different ways.

{a) Determination of Curie/Neel temperatures from
thermomagnetic curves using the method of tan-
gents (Moskowitz, 1981) and second derivatives
(Tauxe, 1998), which have been traditionally used
also for susceptibility curves.

(b) Detection of the temperature at which the inverse
susceptibility starts to change linearly with temper-
ature, following the Curie-Weiss law applicable for
paramagnetic material (Petrovsky and Kapicka,
2003). The temperature marking the beginning of
the paramagnetic behaviour, in this method, also
marks the end of the spontanecous ferromagnetic
behaviour and serves as a marker for the Curie or
Neel temperature. Exact determination of the rela-
tively short linearity range (generally <100 °C) by
using strict numerical criteria for linearity was diffi-
cult because of a quasi-periodic high frequency
noise superposed on a weak signal. Therefore, the
starting point of the linear sector is estimated by
judging the line-fit by eye.

Samples of 10 ce volume were subjected to 1sothermal
remanent magnetisation (IRM) acquisition up to a max-
imum magnetic field of 2.5 T, using pulse fields at 18-20
steps generated by a magnetic measurements pulse mag-
netiser. The acquired IRM moment was measured by a
Molspin spinner magnetometer. The IRM curves were

Magnetic susce ptibility {K)

Elavation (m)

7 I ; I I > I :
1000 2000 3000 4000 S000
Distance along profile (m)

Fig. 2. The magnetic susceptibility profile parallel to the ropeway
between Machhegaon and Kuoleshwar (Fig. 1d). Susceptibility in excess
of 30x10~° §1 seems to arise from periodic baking of the soil due to
firing (sites near 2000 m, at the river terrace and at the edge of
cultivated areas) or debris from construction materials, mainly fired
brick pieces {e.g. at the Kirtipur ridge).
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analysed using cumulative log-normal Gaussian decom-
position techniques to discriminate the contribution of
magnetic materials with differing coercivity spectra
(Kruiver et al., 2001).

Magnetic extracts from some samples were isolated
using a hand magnet. These extracts were coated with
carbon and observed using a scanning electron micro-
scope (SEM), model Leo SEM 1450VP. Major element
composition of selective grains was measured with an Ox-
ford INCA EDS 200 microanalysis system linked to the
SEM and run at an accelerating voltage of 15kV, a beam
current of 250 pA and counting time of 60 s per element.
Quantification 15 based on the internal default standard
calibration using the strobe peak function and the XPP
correction model (Pouchou and Pichoir, 1991). Results

were normalised by preset O-stoichiometry (total iron
- . R i .
Fet as FeOy,. Al as AlaO4, Si as S10- and Co as CoO).

3. Magnetic susceptibility data
3.1. Lateral profiling

A greater than 4-km long in situ susceptibility profile
approaching the ring road from outskirts in Mach-
hegaon is shown in Fig. 2. The median in situ susceptibil-
ity along the profile varies between 3x1077 and
60.5% 1077 SI with a log-normal mode of 83x107° SI.
Most values lie within 2-20107° S1, which is typical
for the fluvio-lacustrine sediments constituting the study

5
£
& 500,
isim
o5 a0
2 200
=
S 10
g
15 BT -5 o 5 10 15
Distance across road (m)
Gr e} 5
Dr D
(b) Bafal, Ring road r v
W M
£ 4 E
=
E =m0
ggm
w'y E
g3 "4
5 2 g
L) ™~
= L o =Nk, S
T LA T T T
- * . ™
"n'%-ﬁ##’.. e
45 -0 5 0 5 10 15 o 25

Distance across road (m)

e G Gus

Gr
Ir

D

Asphalt-paved road, Gr= gravel. Dr=drain
w  Approximate locations of the zones of
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Fig. 3 In situ magnetic susceptibility traverses across urban roads at Kirtipur (measured on 9 August 1999 using susceptibility meter Bartington
MS2Z D-sensor) and the Ring Road at Bafal (measured on 27 May 2001 wsing susceptibility meter WSLA, AGS China). The locations are indicated as
short bars in Fig. 1d. The 28 km long and 10m wide ‘ring road” (Fig. 1d) isa major urban road endreling most of the Kathmandu urban area and has
the highest traffic low in the city. The Kirtipur Road, just 6.2 m wide, passing through the University Campus and commecting Kathmandu with the
satellite town of Kirtipur has a much lower traffic volume. All susceptibility profilkes at 2 m spacing.
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area. Within the first 500 m of the profile, located close to
active brick-kilns, in situ susceptibility 15 in excess of
10x107° SI and seems to correlate to topography with
larger values on higher ground. Sometimes, large local
variations of in situ susceptibility were observed in dry
agricultural fields which are lacking in irrigation. These
variations may arise due to differences in the effect of bio-
mass burning, fertiliser usage or natural soil variability.

In situ susceptibility variations across roads differing
in width and traffic density are illustrated in Fig 3.

Road 4 -s

Compared to the peripheries of the city, these variations
are much more pronounced along road traverses closer
to or in the urban area. A relatively high in situ suscep-
tibility characterises the asphalt-paved portion of any
road corridor. However, higher in situ susceptibility val-
ues reaching 830x107° SI, at distances 0.5-2.5 m away
from the paved road edge are observed. Decay of in situ
susceptibility to the background value of =10x10~% S1
oceurs within about 5 m of the road edge. The decay
of the in situ susceptibility anomalies away from the

Locality: Ratna park

12 16 32 64 128 (A1o—! s1)

|
(a) 0 25 EL L
15*10* S|
. v N=69
_— i
__5_ 124 o
B
2 87
e 83°10° 51
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10 100
(b) Magnetic susceptibility (10* S1)

Locality: Corenation Garden. Kirtipur

2 4 6

(c)

12 16 32 64

{x10°551)

!

800 1000 m

Fig.4. Results of detailed magnetic susceptibility mapping. (a) Contour map of susceptibility in Ratna Park, centre of the urban area, (+) indicates
measurement points, (b) Histogram of susceptibility values for Rama Park and its interpretation in terms of a bimodal log-normal distribution. ()
Contour map of susceptibility in the Coronation Garden and University Campus (Kirtipur suburban area).
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road is generally monotonous and exponential with re-
spect to the distance. In addition, there is asymmetry
in the anomalies with respect to the road axis, as the
anomalous zone opposite to the prevailing wind direc-
tion is wider and more intense in traverses such as at
Bafal (Fig. 3b), where the wind blows from WSW. These
characteristics are similar to in situ susceptibility studies
for the Tiibingen area (Hoffmann et al., 1999) and can
be attributed to the traffic pollution producing vehicular

engine emissions, dust from the braking system, and
abrasion of the asphalt. For some road profiles in
Tibingen, a positive correlation of the lateral and verti-
cal (down to a depth of 1 m) variations of susceptibility
with contents of heavy metals (Cd, Cu, Zn, and Pb
attributable to automotive sources) in soil samples has
been established (Hoffmann et al, 1999; Knab et al,
2001). We infer that the localised, narrow and linear
configuration of in situ susceptibility enhancement par-

(a) Magnetic susceptibility (b) Magnetic susceptibility
(105 51, ME2E"H) —s—a (10 51 M52C)
Balkhu 0 4 8 12 16 Kirtipur 0 20 40 &0
NP U N T S I T W NN N S
Legend
Top sail 10
E=] ciay =sin 204
Silt=clay
Silt with y 304 -
fine sand ]
Altn of sivcay | 80 40 4
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Medium to -
coarse sand 120~ -
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Coarse sand 1404 70 -
with gravel 160
Yellow lenses 80 -
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Fe-Mn oxides i i
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Mass susceptibility
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Fig. 5. Magnetic susceptibility variation along vertical profiles, of soils and sediments, from background areas at Balkhu and Kirtipur (sites Band K
in Fig. 1d.). For site K, both volume (k) and mass-speadfic (y) susceptibilities are shown to demonstrate that significant anomalies are identified
irrespective of the sample size and susceptibility meters employed. In situ susceptibility measured with MS2ZF for Balkhu and MS2ZC (&) and KLY-2

() for Kirtipur.

Magnetic Susceptibility (10°% SI)

Depth (cm)

0= Hx4
Ratna Park

10 100 1000

1 10 100 1000

Hx9
Balaju Park

" Hx8
Bhrikuti Mandap

Fig. 6. Magnetic susceptibility variation along vertical sediment and sml profiles in the urban area. Profiles Hxd, Hx7, HxE are from the centre of
Kathmandu city whereas H=9 is from Balaju Park situated adjacent to the industrial area (Fig. 1h, cross-hatched). Data on duplicate or triplicate
cores (each 35 mm in diameter) sampled very close to each other are shown using differing line sty les.
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allel to the road alignment, results from the deposition
of traffic-related particles. These particles accumulate
in the close vicinity of the road immediately after dis-
charge into the environment as described by Petrovsky
and Ellwood (1999),

3.2, Mapping

Within the urban area, relatively small areas, of 0.02
0.6 km®, and recreational parks, which were seemingly
less polluted, were mapped in detail. In order to demon-
strate the in situ susceptibility variation, we present data
from Ratna Park, situated at the city centre, and Kirti-
pur Park situated =1 km away [rom the ring road and
outside the urban area with heavy traffic.

Within Ratna Park, median susceptibility lies between
3 and 155x107° SI. The lowest values occur more than
50 m from roads and a systematic increase of susceptibil-
ity towards the roads is observed (Fig. 4a). The suscepti-
bility data from Ratna Park show a multimodal
distribution (Fig. 4b). A bimodal logarithmic distribu-
tion yiclds modes of 15x 1077 SI {the local background)
and 833 1077 81 that is biased by anthropogenic input of
magnetic material related to vehicular emission (Fig. 4b).

In Kirtipur Park area, in situ susceptibility varies
from 2 to greater than 100x10~ SI (Fig 4¢). Here
again, areas lying more than 100 m from road or
built-up areas surrounding the park have a low suscep-
tibility of 2-8:x 107" SI. The rapid increase in susceptibil-
ity is observed approaching roads, built-up areas or sites
with construction material debris.

3.3 Soil and sediment vertical profiles
3.3.1. Background areas

A 2-m soil profile from Balkhu, downstream from the
bridge at the ring road is shown in Fig. 5a (site B in Fig.
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1d). The fluvial sediment sequence, of Pleistocene age
(Yoshida and Gautam, 1988), has no signs of present-
day environmental pollution and soil development.
The in situ susceptibility has a range of 2-27x107° SI
showing an approximate inverse relationship with the
grain size. Thin yellowish layers (up to 2 em thick) rich
in Fe-Mn oxides or hydroxides give rise to locally high
susceptibilities within distinet lithologic layers, e.g. at 97
and 131 am (Fig. 5a). This profile serves as a guide to the
lithogenic background susceptibility in the Kathmandu
basin.

The susceptibility profile at a paddy field site (K in
Fig. 1d) in Kirtipur, close to the Tribhuvan University
Campus, with a silty clay soil is shown in Fig. 5b.
Though it has no layered structure, light gray and dark
gray domains caused by varying silt to clay ratio and
moisture content was seen. The upper =30 cm of the soil
1s manually reworked at least twice a year prior to culti-
vation of rice and other crops (such as potato, mustard
and wheat). Measurements on long cores yield suscepti-
bility value of less than 20 107" SIexcept at several lev-
cls, characterised by yellowish grey lenses showing
values up to 60x 107 SI (Fig 5b). Values of mass sus-
ceptibility based on short diameter cores, sampled sepa-
rately from the same profile, yield more consistent
values. Anomalies caused by thin individual layers or
lenses are clearly recognised in both volume and mass
susceptibility data (Fig. 5h).

3.3.2. Recreational park sites close to urban and industrial
areas

The soil profiles shown in Fig. 6 are dominated by
silt or sand, occasionally containing gravel, rock frag-
ments and pieces of baked and unbaked brick (the
most common traditional construction material m
Kathmandu). Most of the soil material seems to have

(a) (b)
—e— apeamm Sample: R1 Sample: Hx7=1 10 cm
| —A— oos 02 |
16 — i 02063 mm
= : —— kudk |
{»E 12 |
lg 'E | | I
T ] | |
= 4 ' (soft) By (intermediate) &
g ' | &, thary b ol Y i
. ‘ 48 mT TOB mT
I T T ||||||| T T ||||||| T T |||||||| T T ||||||| T
0 wo T S0 gpgy W B! gy MO W0 gy 000
Applied Field (B, mT)

Fig. 7. Isothermal remanent magnetisation curves for the road dust sample (a) and urban soil sample (b). The respective median acguisition field
(By2) values modelled, indicated by arrows, as contributing to the curves were determined using Kruiver et al, (2001).
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been transported from elsewhere or reworked during
landscaping and gardening (before or during the
1960, prior to the commencement of industry or heavy
traffich, such that no natural layered soil profile is seen.
In most sites, the upper 30-50 ¢m interval exhibits fre-
quent enhancement of susceptibility, 10-100 times lar-
ger than those expected from natural soils. The thin
and erratic susceptibility highs correspond mostly to
localised brick fragments. Broader susceptibility highs,
such as that above 10 em in Hx¥ (Fig. 6), are believed
to result from material related to vehicular pollution or
industry-related activities.

—
-]

"

—

4. Magnetic mineralogy
4.1, Isothermal remanent magnetisation acquisition

The IRM acqusition curves for road dusts of bulk
samples and its different-sized fractions (Fig. 7) are best
modelled in terms of two components. A soft coercivity
fraction with By, of 48 mT and a hard coercivity fraction
with B of TO8 mT. They correspond to magnetite-like
and hematite-like phases respectively. The former con-
tributes to 88-93% of the SIRM. The IRM curve for
the urban soil (Fig. 7b)is best modelled by three coerciv-

,E 0.8 —
i . R6
E 06— —* Heatin '.
=1
3 Ao 15 2 )
g 0.4 — 1 |
8 .Fo75 | .
= 12 ! T(k1=0)
-E =147 OC
2 0.2 — 0.5
.
| 200 -150 -100 50 0O | s850¢
Temperature (°C)  J 585
c —

0 100 200 300 400 500 600 700
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() Temperature (°C)
450 500 550 600 650 70O

1 578°C \: .

RS
Inverse normalized
susceptibility

Fig. 8 Thermal variation of the normalised low-field magnetic susceptibility for a typical road dust sample: (a) heating-cooling cycle above room
temperature; (b) warming from —1%4 to 0 °C, and; (¢) the inverse normalised susceptibility curve and second derivative of the normalised
susceptibility near the magnetite Curie point, both calculated from the heating curve shown in (a). The beginning of the linear segment in inverse
susceptibility curve (at about 578 °C) and low-temperature transitions (the observed Verwey transition, T, at about —155 °C and the zero point of
crystalline anisotropy constant T{&=0) at about —147 *C) point magnetite as the dominant magnetic phase. The characteristic temperatures
determined by methods based on tangent fitting and maxima of second derivative (see text) are in fact higher than the actual Curie temperature of

magnetite and so are not useful for characterising the magnetic minerals,
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ity components; a soft dominant phase with By of 25
mT, an intermediate with By of 182 mT and a hard with
B2 of 7% mT. Their model contribution to the SIRM is
T0%, 13% and 1 7%, respectively. The soft and hard com-
ponents probably correspond to the magnetite-like and
hematite-like phases noted for the road dust.

4.2, Thermal variation of the magnetic susceptibility

In the heating curves for a typical road dust sample
(Fig. 8), the following features are observed.

(1) A susceptibility high occurring below =360
370 °C.

(it) A susceptibility rise above 400 °C leading to a peak
at about 540 *C.

(1) A rapid susceptibility drop, at high temperature,
which is estimated by both the tangent method
and second-derivative method at 585 °C. However,
the well-defined linear segment in the calculated
mverse susceptibility- temperature curve shows this
drop to start at 575-580 °C.

E

1 —

0.4

7

(iv) Irreversible susceptibility behaviour upon cooling
showing the presence of a single characteristic tem-
perature equivalent to that in (iii).

The IRM data indicate a magnetite-like phase, as
does the mitiation of paramagnetic behaviour at 575
580 °C mterpreted to correspond to the Curie tempera-
ture of 578 °C for pure magnetite (Dunlop and Ozdemir,
1997). Further support for magnetite comes from the
Verwey transition observed at —155 °C during the
low-temperature warming (Fig. 8). The susceptibility
enhancement between 400 and 540 °C (Fig. 8a) is the
Hopkinson effect related to a magnetite-like phase
(Dunlop and Ozdemir, 1997).

Similar features are observed also in the curve for
soil sample Hx7 (Fig. 9). The soil samples behave
somewhat differently than the road dust in terms of
the characteristic temperatures, with irreversible suscep-
tibility upon recycling below 450 °C (Fig. 9a). Despite
noise, there is a well-defined linear segment in the in-
verse susceptibility-temperature curve starting at 340
350 =C (Fig. 9a). This is interpreted as decomposition
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Fig. 9 (a) Thermal variation of low-field magnetic susceptibility for urban soil sample (Hx7, from 10 an depth). (b) Plots of the inverse
susceptibility data derived from the first heating and second heating curves in {a). Two mineral phases of differing Curie and decomposition
temperatures of about 580 and 3350 °C are evident.
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of maghemite, present initially or produced upon heat-
ing. Such mineralogical interpretation of this low-tem-
perature nise o soil and road dust susceptibility 1s
consistent with the experimental data of Kosterov
(2002). In temperatures above 450 °C, a Curie tempera-
ture of 580 °C i1s shown by the inverse susceptibility-
temperature data, as well as the two tangents estimate
(Fig. 9b). Hence, magnetite is the major ferrimagnetic
constituent in the soil samples.

Analysis of susceptibility-temperature runs and [RM
acquisition curves (not shown here) obtamed from some
brick pieces, points to a close link between the phase
with 340-350 °C decomposition temperatures and the
intermediate-coercivity phase with By of 182 mT.
These features are inferred to be diagnostic of a maghe-
mite-like phase, which is responsible for the unstable
susceptibility behaviour upon heating. The maghemite
formation might be explained in terms of the rather
low temperatures achieved durning the preparation of
bricks i the kilns, such that formation of stable mag-
netic phases such as magnetite and hematite was not
complete (Jordanova et al., 2001).

4.3. Microscopic and chemical characterisation of mag-
nefic constifuents

Microscopy of the magnetic extract from the road
dust reveals basically two morphologies of gramns (Fig.
10). Firstly, euhedral to anhedral crystalline grains de-
rived from rock sources and secondly spherical grains.
These two types are respectively related to lithogenic
and anthropogenic inputs, with the latter formed by
combustion processes. Spherules of diameter 2-40 um,
were abundant in the dust from road surface as well as
from road-side tree-leaves, but absent in the soil samples
from sites distant from roads (the results from leaves
and soils are not detailed here). Therefore, the most
likely source of these spherules 1s the road traffic. These
spherules are inferred to be produced in exhausts of
vehicles, as shown in the Tibingen study, although some
of the larger particles, with diameter of tens of microns,

Table 1

Sample R11 _

|

Fig. 10, Magnetic grains observed by scamming electron microscopy
from a magnetic extract from road dust (sample R11), The numbered
grains were analysed by energy dispersive X-ray technigques and their
chemistry is shown in Table 1), There are two distinct types of grains;
spherules of anthropogenic origin { grans 3 and 13) and non-spherical,
euhedral to subhedral grains of lithogenic origin (grains 3, & 9, 14-16).

may be too large to be explained in this way (Knab
et al,, 2001). Judgng from the ron content, the litho-
genic grains with content of FeOy,, of about 96.6 wt.%
(or 75.1 wt.% of Fe) in average are practically indistin-
guishable from the spherules (Table 1),

Energy dispersive X-ray analytical data (wt.%5) on magnetic mineral grains constituting the road dust

Grain no* Anthropogenic grains Lithogenic grains

3 13 3 9 14 15 16
Element
Fe 74.85 T548 T6.63 7325 73.82 75.90 7533 75.67
Al 068 0,59 0,30 1.04 1.02 0.31 044 0.59
Si 0.76 .84 0,40 123 1.0% 0.83 1.05 0.72
Co .64 052 0.62
0 2308 2310 2267 23156 1346 2296 2317 23.02
Total 100,01 100,01 100,00 100,00 100,01 100,00 99,99 100,00

* Locations of analysed points corresponding to these numbers are given in Fig. 10,

130



[8] Environmental magnetic approach towards the quantification of pollution in Kathmandu urban area, Nepal

P. Gautam et al. | Physics and Chemiztry of the Earth 20 { 2004 073034

5. Discussion and conclusions

Magnetic susceptibility measurements on ground and
s01ls 10 the urban and suburban areas of the Kathmandu
Valley, reflect the effect of pollution related to vehicular
emissions as well as ubiquitous and irregular distribu-
tion of construction materials in the soils. Microscopy
reveals both lithogenic magnetic grains and anthropo-
genic magnetic spherules of which the latter are derived
from vehicular emission (Knab et al., 2001). The pres-
ence of lithogenic magnetite is clearly shown by octahe-
dral and rounded to angular magnetic grains. The
predominance of minerals with a Curie temperature of
575-580 °C in both road dust and soils points to mag-
netite as both lithogenic mineral grains and spherules
of anthropogenic origin. The magnetic spherules and
lithogenic grains are practically indistinguishable in
terms of FeOyy wt.%. Elevated top-soil susceptibilities
in the suburban and peripheral parts seem to be due
to the emissions from the brick-kilns. Based on these
findings, it 1s suggested that a soil magnetic susceptibility
map covering the whole Kathmandu urban area and its
peripheries could be prepared and used for rapid identi-
fication of pollution “hotspots™ that can be further de-
tailed by additional rock-magnetic as well as other
non-magnetic environmental studies. Judging from the
possibilities of these measurements as providing both
non-destructive and rapid application, the magnetic sus-
ceptibility technique deserves inclusion into the environ-
mental screening and  monitoring  system  of  the
Kathmandu urban area.
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