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Abstract Magnetic susceptibility (x) is an easily de-
tectable geophysical parameter that can be used as a
proxy or semi-quantitative tracer of atmospheric indus-
trial and urban dusts deposited in topsoil. An enhanced
k value of topsoil is in many cases also associated with
high concentrations of soil pollutants (mostly heavy
metals). High-resolution magnetic screening of topsoil
in areas of high pollution influx is a useful tool for de-
tection of pollution “hot spots”. General and regional
screening maps with a grid density of 10 or 5 km have
been performed on the basis of forest topsoil measure-
ment only. The purpose of this study was to perform
high-resolution magnetic screening with different grid
densities in both forested and agricultural areas (arable
land). Our large study area (ca. 200 km?) was located
in a relatively more polluted region of the central part
of Upper Silesia, and a second (small) one (ca. 100 m?)
was located in the western part of Upper Silesia, with
considerably lower influx of pollution. In the frame-
work of this study, we applied a statistical comparison
of data obtained in forested areas and on arable land.
The arable soil showed statistically significantly lower
k values, the result of “physical dilution” of the arable
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layer caused by annual ploughing. Thus arable soils
must be avoided during high-resolution field measure-
ment. From semivariograms, it was clear that the spatial
correlations in forest topsoil are much stronger than in
arable soil, which suggests that a denser measurement
grid is required in forested areas.
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1 Introduction

Magnetic susceptibility (x) is a measure of the degree to
which a substance can be magnetized when subjected
to a magnetic field (Thompson and Oldfield, 1986). In
the case of soil, the « value is ultimately related to the
concentration and composition (size, shape and miner-
alogy) of magnetic material contained within the sam-
ple. Magnetic susceptibility measurements are a non-
destructive and cost-effective method of determining
the presence of iron-bearing minerals within the soil.
The magnetic susceptibility of topsoil is in most cases
related to the concentration of iron oxides of anthro-
pogenic origin, which constitute a significant part of
atmospheric industrial and urban dusts and aerosols.
Moreover, these iron oxides are known to serve as car-
riers of various pollutants such as heavy metals (Hullet
et al., 1980; Hansen et al., 1981). Thus, magnetic
screening of soil provides information over and above
that provided by conventional contamination detection
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and monitoring methods, and can reduce analyti-
cal costs through a more effective sampling strategy
(Strzyszcz, 1993; Strzyszcz et al., 1994; Heller et al.,
1998; Kapika et al., 1999).

Strzyszcz (1993; 1995), Strzyszcz et al. (1996) and
Heller et al. (1998) studied the magnetic susceptibility
of soils in different regions of Poland and defined spe-
cific areas characterized by enhanced magnetic suscep-
tibility values (see also the references given therein).
Increased magnetic susceptibility correlates well with
high iron oxide emissions produced by power plants,
by the steel and cement industries, and associated with
major urban areas, particularly in the Silesian province.
The central part of this area, covering some 1,500 km?,
is host to probably the greatest density of industrial
pollution sources in Europe. Magnetic susceptibility in
forest soils of the Silesian province, measured in differ-
ent soil horizons (litter layer, fermentation and humic),
could be closely linked to sources of pollution nearby
(Strzyszcz et al., 1996).

The magnetic study of topsoil was usually based on
forested areas. In contrast to arable soil, forest soil pro-
files preserve their natural structure. In general forest
soils have well-developed uppermost soil horizons (O,
Ah), which serve as a filter in which industrial and urban
pollutants (including heavy metals and anthropogenic
magnetic particles) are concentrated. In vertical forest
soil profiles the highest x value is usually observed just
below the litter (Ol), in fermentation and humic sub-
horizons (Of, Oh) (Heller et al., 1998).

On-site mapping of soil magnetic susceptibility was
used as a proxy, simple, fast and cost effective method
for measurement of the spatial distribution of pollution
in the framework of the MAGPROX Project (Magiera
et al.,2003). In this project, the field method of topsoil
magnetic screening was applied in combination with
use of the Geographic Positioning System (GPS) for
automatic and precise mapping of susceptibility distri-
bution, in order to determine the magnetic “hot spots”
(Schibler et al., 2002). The whole study area was ca.
200, 000 km?. A general screening map of magnetic
susceptibility was compiled with an average grid den-
sity of 10 km. The study was performed in forested
areas. The measuring sites were located within 2 km
from the grid node, preferentially in old forests with
stands of coniferous trees. The measurement was done
at least 50 m from the forest margin, from any road and
from any potential sources of pollution. On such a large
scale, some local magnetic “hot spots” were probably
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omitted. Identified ‘hot spots’ of topsoil magnetic sus-
ceptibility can be considered to be potentially contam-
inated areas, and must be investigated more precisely
to outline the exact shape and range of the anomaly. In
the second stage of the study, high-resolution mapping
with a measurement grid of 1 x 1 km was used. How-
ever, in such a dense grid it is impossible to locate the
measurement sites only in forested areas. The aim of
this study was to make a statistical comparison between
k measurements obtained in forested areas and those
obtained on arable land field located close by, the two
areas being under equal influence from industrial and
urban emission and being subject to the same degree
of dust deposition.

2 Description of areas, methods, and materials
studied

The study area was located in Upper Silesia (in southern
Poland). Two areas of different scale were selected for
this study. The large area (ca. 200 km?) was located
in the southern edge of the Upper Silesian Industrial
Region, which is the largest “magnetic hot spot” in
Central Europe (Magiera et al., 2002, 2003). The area
was selected on the basis of results obtained during the
earlier regional study in the grid of 5 x 5 km (Magiera
etal.,2003). The measurement sites were located in the
administrative territory of 5 Silesian cities: Mikolow,
Katowice, Tychy, Laziska Gorne and Orzesze (Fig. 1).
The area has different levels of pollution and consists
of industrial areas, urban areas, rural areas and forest.
The small area was located 30 km north-west of the
western edge of the large area, in Rudziniec Forestry
where the total dust deposition level and topsoil mag-
netic susceptibility are considerably lower. There were
2 separate areas of 50 m? (forested area and arable land)
located close to each other (300 m apart), and covered
by a high-density (20 x 20 m) measurement grid.
The measurements for the large area were performed
in a 1-km grid directly in the field, on the soil sur-
face, using the Bartington MS2 (Magnetic Susceptibil-
ity System) with an MS2D loop sensor that was fully in-
tegrated with a GPS external sensor (Trimble Pathfinder
Pro XRS). Thus, each MS2 measurement value is as-
sociated with GPS coordinates, and accuracy is greater
than 10 m. Ten to fifty measurements were done in
1 grid point (a square 2 x 2 m) The number of single
measurement was dependent of variability of « value
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Fig. 1 Localization of 515

study areas on the map of
south-western Poland.
Rectangle shows large study
area and black circle shows
small study area. The lower
part of the figure is a
topographic map of the
large study area with main
urban areas. The following
urban areas are marked on
the map: O — Orzesze, L —
Laziska, M — Mikolow, T —
Tychy, K — Katowice.
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in grid point area. Slopes (over 5%), rock outcrops and
areas of visible surface erosion were avoided as far as
possible. In forest, the minimum distance from the tree
trunk was 1 m. Measurement was done without any
surface preparation, except for cutting of high grass or
removal of twigs.

The same measurement methodology was used in
the small area however, the measurement grid was con-
siderably more dense (ca. 20 x 20 m?). Due to the
higher variability of k values in forested areas as, many
as 104 single measurements were performed in the for-
est of small area, whereas only 28 grid points were
located on arable field. In the large area, 93 measure-
ment sites were located in forested areas and 58 on
arable land.

To perform the comparison between x measure-
ments obtained in forested areas and on arable soil the
analysis of basic statistical parameters (means, medi-
ans, standard deviations, range, skewness and kurtosis)
were used together with standardised semivariance as
a geostatistical measure of spatial continuity (Webster
and Olivier, 1990).

Semivariance was expressed in the graphical form
of semivariogram, where semivariance () is half the
expected squared difference between values of suscep-
tibility at a distance of separation (lag, /) calculated
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Magnetic susceptibility (x10-5 S1 units)
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Longitude

in both distance and direction (Isaaks and Srivastava,
1989; Webster and Olivier, 2001). The experimental
semivariance y (h) is calculated as:

N(h)

1
y(h) = =———= > [k(x;) — k(xi + DI,
i=1

2N(h)

where h is the lag (in pixels) over which y (semivari-
ance) is measured, N is the number of observations used
in the estimate of y (h), and k is the value of the variable
of interest at spatial position x;. The value k(x;+h) is
the susceptibility value at lag i from x.

Semivariance is roughly summarized by three
characteristics:

sill — the plateau that the semivariance reaches. The
sill is the amount of variation explained by the spatial
structure

range of the influence (correlation). The distance at
which the semivariance reaches the sill

nugget effect — the vertical discontinuity. The nugget
effect is a combination of sampling error and short-
scale variations that occur at a scale smaller than the
closest sample spacing. The sum of the nugget effect
and sill is equal to the variance of the sample.
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Fig. 2 Detailed map of
topsoil magnetic
susceptibility distribution (k
x 1073 ST units) on large
study area, based on all data
obtained in a measurement
network of 1 x 1 km. Urban
areas are as in Fig. 1.
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The empirical standardized semivariograms (which are
referred, to hereafter briefly to as semivariograms) were
calculated from the susceptibility measurements.

3 Results and analyses

All data obtained in the large study area were compiled
on the map of « distribution (Fig. 2). The measured val-
ues of k were in the broad range between 0 and 150 x
1073 ST units. The lowest values were found in forested
and agricultural areas between Tychy and Mikolow,
and in agricultural areas north of Orzesze and Laziska.

Three large “hot spots” are located in western and cen-
tral part of the study area, close to Laziska Gorne and
Mikolow. The “hot spot” areas are associated with in-
dustrial sources of pollution — the Laziska iron works
and power plant, which are located between Laziska
Gorne and Orzesze, as well as the local industry and
urban areas of Mikolow. The results look slightly dif-
ferent if one compares two separate maps compiled for
forested areas and arable soil (Fig. 3). The magnetic
“hot spots” are visible only on the map compiled on
the basis of forest soil data. This raises the question
of whether the measured « value of topsoil is only the
result of accumulation of magnetic particles or if the

Fig. 3 Detail maps of
topsoil magnetic
susceptibility distribution
(k x 107> SI units) based
on a) —-measurement only in
forested areas; b)
—measurement only on
arable land. are as given in
Fig. 1.
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Fig.4 Detailed maps of topsoil magnetic susceptibility distribution (x x 107> STunits) on the small study area based on: a) measurement

in forested area, b) measurement on arable land.

different land use influences the results obtained and
also to what extend the forest and arable data are com-
parable.

The forested and agriculture areas investigated were
rather large and isolated from each other, which raises
some doubt as to whether there were the same condi-
tions of deposition over whole area under study.

For this reason, the similar measurements of top-
soil k value were also performed on additional small
areas, where the pollution influx, soil type and geolog-
ical background was the same.

In the vicinity of Rudziniec, where the small study
area was located, the forest topsoil « values observed
were in the range of 5 — 50 x 107> ST units. The spatial
variability in this area is considerably high, especially

if we compare the values for arable land (Fig. 4). On
arable land the « values measured were very stable, in
the range 15—20 x 107> SI units.

When we compared statistical parameters, consid-
erable differences were observed between forested ar-
eas and arable ones. In the case of forested areas, the
mean and median values were considerably higher, ir-
respective of the size of study area (Table 1). In large
area, the standard deviations were much higher (28.3
ST units in forest and 18.5 SI units in arable land) than
in small areas (7.7 SI units and 1.6 SI units, respec-
tively). This observation can be explained by the sizes
of the areas investigated, and the higher variability of
dust deposition conditions in larger areas. The ranges
and standard deviations of data in forest areas were
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Table 1 The basic statistical parameters for distribution of x
value in forested areas and on arable fields

Forested  Arable Forested Arable
large area large area small area  small area

Count 93 58 104 41

Mean 42.5 335 27.7 17.7
Median 35.0 31.3 27.0 18.0
Standard 28.3 18.5 7.7 1.6

deviation

Minimum 6.0 2.6 6.0 15.0
Maximum 147.9 91.7 52.0 20.0
Skewness 1.7 1.0 0.6 —0.1
Kurtosis 3.0 1.2 0.9 —1.1

considerably higher than on arable land both for small
and large areas (Fig. 5a, b).

The positive skewness values indicate significant
right-skewed distributions of forest data in large areas
(Table 1, Fig. 5a). The skewness for arable land in large
areas and forest data on small areas are considerably
lower, but still positive. Only negative skewness val-
ues were observed for arable land in small area (Fig.
5b). As the right-skewed data distributions are com-
monly observed for soil pollution (Goovaerts, 1997),
the arable soil in the small area, where the pollution
influx is rather low, is dominated by natural magnetic
features.

The t-test for two populations with unknown and un-
equal variances (Kanji, 1993) was used to investigate
the significance of the difference between the means of
susceptibility measurements in forest and arable land
both for large and small areas investigated. In both

Forest ||u [ joo- @ o v e Forest

Arable soil f—{ o |—— oo Arable soil

0 20 40 60 80 100 120 140 160
Magnetic susceptibility (x10-* Si units)

cases, it was found that there is a statistically signif-
icant difference (at the 5% of level) between the means
of measurements made in forest and arable land. These
results suggest that land use has the important influence
on the surface x value measured.

Comparison of means (by t -test) showed that in the
case of large areas, the 95.0% confidence intervals for
the means of forests measurements were between 36.7
and 48.3 x 1072 SI units, and the 95.0% confidence
interval for means of arable soil measurements were
between 28.6 and 38.3 x 10> SI units. For small areas
the same confidence intervals were between 26.2 and
29.2 x 10~ SI units and between 17.2 and 18.2 x 107>
SI units for forests and arable soil, respectively.

From the above results, one can conclude that the
arable field has a relatively lower and more stable sus-
ceptibility signal than that measured for forest, irre-
spective of the size of the area investigated and grid
density.

The empirical standardized semivariances were also
calculated for all four regions (Fig. 6a and b, 7a and
b). As can be seen clearly from these figures, the
semivariances obtained depend on both the measure-
ment scale and the type of land use. They also seem to
be very sensitive to the type of vegetation and the type
of soil.

4 Discussion and conclusions

The summary of basic statistics shows significant
differences between the measurements on forested

© Median
O interquartie range
I Non-outlers
S 10 15 20 25 30 35 40 45 S50 SSo Outers
E * Extreme values
Magnetic susceptibility (x10° Si units)

Fig. 5 Box and Whisker Plot for « values: a) large area measurements, b) small area measurements.
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Fig. 6 The standardized
semivariance (divided by 1.30] " .
standard deviations) o
calculated for « values from - -
measurements on large area: *
a) forest, b) arable soil. The 0.08! - . .
black squares represent .
empirical values and solid [
lines show modeled values.
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areas and arable land; thus results from both types
of areas must be interpreted independently, and for
proper environmental interpretation of the magnetic
data the arable land must be distinguished clearly on the
map.

The cultivated soil showed statistically significantly
lower « values. These are the result of “physical dilu-
tion” of magnetic particles in the uppermost 20 cm of
arable layer, caused by annual ploughing. During high-
resolution screening the arable areas must be avoided,
even if the regularity of the measurement network will
be considerably lower.

Separation distance {m)

The information on spatial correlations is essential
for the design of efficient sampling schemes, especially
when the dust deposition is investigated in a large area,
e.g. on a regional scale. This information can help one
to make appropriate sampling decisions on the basis of
cost-benefit criteria. The assessment of spatial depen-
dences also helps in our understanding of the processes
that occur during dust deposition in different areas.

In the range of natural x values (below 30 x 107>
SI units), the measurements in forested and arable
areas were almost equal. This suggests that the nat-
ural magnetic background in topsoil is independent
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Fig. 7 The standardized

semivariance (divided by 118 -
standard deviations) -
calculated for « values from ® - -
measurements on large area: 2 .
a) forest, b) arable soil. The .88"
filled squares represent
empirical values and solid i =
lines show modeled values.
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of vegetation cover. The noticeable differences were
observed for anthropogenic values (over 30 x 1073
ST units). This is a result of different deposition condi-
tions and different agrotechnical activity in forest and
open areas.

The semivariograms obtained were thoroughly mod-
eled using positive-definite models as shown in Figs. 6
and 7. The exception was semivariogram for sus-
ceptibility measurements in small forest area. This
was too complicated for accurate modeling. One can
see that the types and parameters of semivariograms

@ Springer

Separation distance {m)

reflect both the scale of observations and type of land
use.

In the case of measurements in large area the expo-
nential model was the best — both for forest and arable
soil measurements. The range of influence determined
from semivariogram modeling was distinctly greater
for forest area data (about 3—4 km) than for arable land
(about 1-1.5 km). This means that large-scale spatial
correlations between susceptibility measurements have
longer extent in forest than in arable land. Thus, spatial
correlations should be taken into account when making
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magnetic susceptibility measurements, especially on a
regional scale. From the above considerations, it fol-
lows, that grid size of spatial sampling in investigation
on aregional scale in agricultural areas should be much
denser than in forest ones.

The semivariance parameters, in particular the range
of influence, should be incorporated into the suscep-
tibility measurement analysis together with the basic
statistical parameters. For example, the information on
range of influence may be fundamental when suscep-
tibility measurements are used as ‘“soft data” in co-
kriging analysis together with “hard data” e.g. geo-
chemical measurements (Deutch and Journel, 1998;
Webster and Olivier, 2001).

The semivariances calculated from small area mea-
surements differ much more and show higher nugget
effects in the semivariance compared to those calcu-
lated from large area measurements. The semivarince
calculated from forest measurements has clear peri-
odic form behavior (a hole effect), which often appears
when repetitive or cyclic patterns are studied. Such
semivariograms have been reported earlier when for-
est investigations were carried out (e.g Kirwan et al.,
Zawadzki et al., 2005). The observed cyclicity of semi-
variance probably reflects periodic dust deposition in
forest stands caused by the arrangement of trees (or tree
groups). The semivariance calculated from arable soil
measurements is more regular and exhibits longer spa-
tial continuity. In this case, the spherical model with
range of influence equal to the ca. 70 m model was
used to fit the semivariogram. It reflects a much more
homogeneous distribution of dust deposition, which is
the result of systematic ploughing of the field. The re-
sults obtained from small area measurements (e.g. in
forest stands or in the arable land) suggest that during
short-scale measurements, random variations in local
environmental conditions become important giving rise
to the nugget effect.

From the above considerations, one can conclude
that the dust deposition of anthropogenic origin can be
studied using in-field susceptibility measurements on a
the regional and local scale. The level of anthropogenic
pollution depends on the type of land use and generally
speaking it is much higher in forested areas than in the
arable land.

The large-scale spatial correlations in susceptibil-
ity measurements are generally stronger in forested
areas than in arable land, which is caused by the

accumulation properties of forest soils. At the same
time, more variable forest environment means that
short-scale susceptibility variations are higher in for-
est than in arable land. This problem, which is
important for pollution monitoring of large area
using magnetic screening techniques requires further
investigation.
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