Asian Journal of Water, Environment and Pollution, Vol. 12, No. 2 (2015), pp. 1-11.

Environmental Magnetism of Roadside Soil
Contamination in the Restricted Bijyodaira Area of
Mt. Tateyama, Toyama, Japan

Kazuo Kawasaki*, Keiji Horikawa and Hideo Sakai

Section of Earth and Environmental Systems, University of Toyama
Toyama-shi, Toyama, Japan. 930-8555
< kkawasak(@sci.u-toyama.ac.jp

Received January 26, 2015, revised and accepted March 3, 2015

Abstract: Environmental magnetic techniques have been shown to be highly useful for investigating roadside
pollution in Europe, North America and Asia. However, no studies have reported such magnetic monitoring in
Japan. Here we report environmental magnetic results along the Tateyama-Kurobe Alpine route at the Bijyodaira
area of Mt. Tateyama in Toyama, which is part of the Special Protection Zone of the Chubu Sangaku National Park.
In-field susceptibility measurements from 17 sites (297 points) as well as in-laboratory susceptibility measurements
from six sites (75 surface and auger core soil samples) show higher susceptibilities near the roadside and a positive
correlation between the susceptibility and heavy metal contents. Also, the concentration of the magnetic minerals
and associated heavy metals near the surface shows less vertical downward migration of these materials below
15 cm from surface. Rock magnetic analyses indicate that: (a) the major magnetic minerals are pseudosingle- and
multi-domain magnetite and/or titanomagnetite; (b) the closer the road side, the more anthropogenic magnetite
is present; and (c) most pollutants derived from the vehicles are deposited within a few metre distances from the
road through the area. Overall, the results show that environmental magnetic techniques are suitable for studying
pollution associated with vehicle traffic elsewhere in Japan.

Key words: Environmental magnetism, magnetic properties, roadside soil contamination, national park, Japan.

Introduction

Environmental magnetic techniques have been shown to
be highly useful for investigating industrial pollutants
and other atmospheric aerosols (e.g. Evans and Heller,
2003; Magiera et al., 2006). Beckwith et al. (1990)
reported a magnetic investigation of pollution in an
urban highway environment in London, England, and
concluded that the dominant source of the pollution
is closely associated with motor vehicles. Matzka and
Maher (1999) collected leaves from roadside trees in
England and found that leaves from rural settings were
ten times less magnetic than those collected near busy
urban roads. Conversely, Kletetschka et al. (2003) found
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that forest-facing tree-bark shows a higher magnetic
susceptibility value than road-facing tree-bark when
collected close to a highway and interpreted this
observation to be due to more moisture on the forest-
facing tree trunk. Magnetic susceptibility measurements
of topsoil have proven to be a highly efficient method to
study traffic pollutants along roadsides (e.g. Hoffmann et
al., 1999; Gautam et al., 2004; Schmidt et al., 2005; Shi
and Cioppa, 2006). Similarly, magnetic investigations
of road dust collected by ground sweeping with a
brush have shown the effective method to investigate
the spatial and temporal distribution of anthropogenic
materials in urban areas (Kim et al., 2007; Kim et
al., 2009; Yang et al., 2010). However, no systematic
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magnetic investigation on the spatial distribution of
magnetic properties along roadsides has been done in
Japan. Torii (2005) pointed out two major reasons for
this paucity: (a) there are lots of volcanos in Japan that
supply great amounts of magnetically-enhanced fly ashes
that blind out the pollution-originated magnetic signals;
and (b) the dense population in Japan causes substantial
amounts of magnetic noise. Here we present the first
environmental magnetic studies for Mt. Tateyama in
Toyama, which is part of the Special Protection Zone
of the Chubu Sangaku National Park in Japan (Figure
1A). Our aims are to show that environmental magnetic
investigations can be an effective tool in Japan and to
evaluate the roadside pollution derived from vehicles.

Methodology

Site Description

Mt. Tateyama is located in eastern Toyama prefecture,
Japan. The Midagahara and Dainichidaira areas within
the Mt. Tateyama area joined the Convention on
Wetlands of International Importance, especially as
Waterfowl Habitat in 2012. Mt. Tateyama has been
known as one of the major sacred mountains in Japan
and therefore the area has been relatively undisturbed
since ancient times. In addition, the area is restricted to
vehicular traffic and other construction as a part of the
Special Protection Zone. The only available road at Mt.
Tateyama is the Tateyama-Kurobe Alpine sightseeing
route opened in 1971. This route is only open from
mid-April to the end of November because of heavy
snowfall in the winter season. Only authorised vehicles
have been allowed to drive the route in order to protect
the environment since it was opened. The Tateyama-
Kurobe Kanko Inc. is the major public transport
company on the route and it has been changing the buses
to low-emission hybrid diesel engines since 1999. So
far 24 of its 38 buses have been replaced. However, a
considerable number of non-hybrid diesel engine buses
of other companies take the route as well as utility cars
that maintain facilities for tourists and construction
(Kume et al., 2009). The number of vehicles is recorded
by the Toyama prefecture’s public road corporation. The
number of tourist buses in 2012 was 2589.

Several investigations have been reported that
evaluate the effects of vehicles on the surrounding
environment (Kawano, 1999; Kume et al., 2009).
Kawano (1999) reported that most Fagus crenata,
or Japanese beech, trees near the route suffered from
visible injury and other symptoms of decline that were
not caused by pests or disease. Kume et al. (2009)

reported on the effects of air pollution on the growth of
mountain trees in the Bunadaira area of Mt. Tateyama.
They concluded that the decline of Fagus crenata
trees along the route was not caused significantly by
the air pollution emitted from the passing buses. They
suggested that both regional and long-range transported
air pollution had affected the growth of these trees.
Recently, Horikawa et al. (2013) reported evidence of
historical changes in soil acidification in a Tateyama
cedar tree at Bijodaira, Mt. Tateyama. They concluded
that the significant increases of Ca concentrations
accompanied the local road building activities along
the Alpine route. Our study area is in the Bijodaira area
and is between the Bijodaira station at 977 m above
sea level (asl) and Bunadaira at ~1197 m asl (Figure
1B). The annual precipitation at the Bijodaira area is
estimated to be 2000 to 3000 mm and the maximum
snow depth is ~3.5 m. The major vegetation is natural
Fagus crenata trees (Kume et al., 2009). Mt. Tateyama
is a composite volcano which began its activity in
the Pliocene. The entire Bijyodaira area consists of
andesitic flows (Harayama et al., 2000) and the soils are
classified as “mountain dark-brown coniferous-forest”
soils (Horikawa et al., 2013).

In-field Measurements

In-field volume magnetic susceptibility was measured
using a Bartington MS2-D magnetic susceptibility meter
and probe. The MS2-D probe can reach to a depth
of 10 cm (Lecoanet et al., 1999). The susceptibility
provides an estimate of the total magnetic content.
At each measurement point, five measurements were
done to ensure repeatability and representativeness. In
addition air measurements were made before and after
each measurement on topsoil to ensure compensation
for instrument drift. The in-field susceptibility of the
topsoil was measured at three sites in 2012 and 14 sites
in 2013 (Figure 1B). All measured sites except site A
are along the Tateyama Kurobe Alpine route from the
Bijyodaira station to the Bunadaira. Site A is a control
point which is ~120 m away from the roadside. Except
sites 4 and 6 where only soils are sampled, a survey line
was set up at the 14 remaining numbered sites (1-3, 5,
7-16) from 0 m up to 10 m from the road. Note that the
0 m point at each site is set at 0.8 m from the roadside
gutter to avoid the effect of gutter’s extremely high
susceptibility. For site B, a survey line was set up from
0 m to 25 m. Site C was set up to examine a dense grid
of measurements, i.e. the eight survey lines had a 0.5 m
spacing along the Alpine route (sites C-1 to C-8). For
site C, seven survey lines extended from 0 m to 5 m
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Figure 1: (A) Regional map with the solid box indicating the study area. (B) the Bijodaira

area is shown by grey hatches. Sites A to C were studied in 2012 and sites 1 to 16 were studied

in 2013. Solid circles and open circles denote the sites where only in-field measurements and

where both in-field and in-laboratory measurements were done, respectively. Open squares
denote sites where only topsoils were collected.

from the road and one line extended set from 0 m to 40
m. The spacing of survey points on each line were set
in three intervals in order to determine the distribution
of polluted materials derived from vehicles: (a) 0.25 m
spacing between 0 and 1 m; (b) 0.5 m spacing between 1
and 5 m; and (c) 1 m spacing between 5 and 10 m. For
sites B and C-1, additional measurements were carried
out at 15 and 25 m and at 20 and 40 m, respectively.

Sampling

A total of 56 topsoil samples (0-1 cm depth) were
collected at selected sites (Figure 1B). Also two cores
with depths of 0.45 m and 0.5 m were collected at 1.5
m from roadside of site B and 0 m from roadside of
site C, respectively. The cores were collected using a
soil auger and divided into 5 cm lenghts, resulting 10
and 9 samples for sites B and C, respectively. A total
of 67 soil samples were measured to obtain their pH.
The soil pH (H,O) of the roadside samples at sites B
and C represent 4.5+0.4 (n = 2) and 5.3+0.2 (n = 7),
respectively. More detailed methodologies and results
for the soil pH (H,O) are reported in Horikawa et al.
(2013). All samples were dried in air and then coarse
grains, roots and leaves were removed by passing the
soil through a 1 mm sieve. Prepared soils were then
put into 7 cc non-magnetic plastic cubes. The cubes
were weighed before and after putting in the specimens.
All magnetic measurements of the 75 samples were
conducted in the rock magnetic laboratories at the
University of Toyama.

We conducted geochemical analyses of 40 samples
collected at sites B and C. Exchangeable base cations
(Na, Mg, Al, Ca, Mn, Ba, Sr, Zn, Cu and Cd) in the
soil samples were extracted using 1 mol/L, pH 7.0
ammonium acetate (Tamapure AA-100, Tama Chemical
Ltd) after running for ca. 14 h in a shaker at room
temperature with a mass to volume ratio of ca. 2.5 g:
ca. 35 mL (Chen et al., 2010). The diluted extracted
solution was measured using a quadrupole inductively
coupled plasma mass spectrometry (ICP-MS, HP4500,
Agilent Technologies) at the University of Toyama.

Results

In-field Susceptibility

In-field susceptibility values vary by two orders of
magnitude, ranging from —0.8 x 107 to 226.2 x 10 SI.
The median susceptibility was 20.9 x 10~ SI (number
of measurement points (N) = 297, quartiles: O, = 9.2
x 105, 0, = 38.9 x 107°). Higher susceptibility values
than the median susceptibility were mostly observed
near the roadside. The susceptibility decay curves
show rapid decreases within 2 m from the road for
most lines (Figure 2). The susceptibility for the control
point, site A, is 25.6 x 107 SI. The susceptibilities for
site B at 15 m and 25 m are 4.8 x 10~ SI and 6.6 x
107 SI, respectively. The susceptibilities for site C-1
at 20 m and 40 m are 16.0 x 10 SI and 5.0 x 107 SI,
respectively. At site C, high susceptibilities are also
observed between 2.5 and 4 m from the road.
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Figure 2: In-field volume susceptibility curves for all survey lines.

In-laboratory Measurements

Susceptibility

Room-temperature low-field volume susceptibility (k)
was measured with an MS2-B Bartington susceptibility
meter. Then the specimens’ volume susceptibilities were
divided by density to calculate the mass susceptibility
(x). Mass magnetic susceptibility measurements in the
laboratory on all collected samples were similar in
trend to the in-field volume susceptibility measurements
(Figure 3), indicating that higher susceptibility values
observed by in-field measurement were not likely due
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to measurement errors such as presence of higher
susceptible gravels.

The vertical profiles of mass susceptibilities are not
corresponding although they are trends (Figure 4). The
mass susceptibilities for site B increase with the depth.
Conversely the mass susceptibilities for site C increase
up to 15 cm and then start to decrease.

The percentage frequency-dependent susceptibility
(tep = 1000 5 — App) (Up) (Xpp = 460 Hz and j
= 4600 Hz) indicates the presence of grains lying at
the stable single domain (SD)/superparamagnetic (SP)
boundary. For the SP/SD grain sizes, ., lies in the
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Figure 3: Mass susceptibility curves for top soils.
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Figure 4: Vertical profiles of mass susceptibilities for sites
B (0) and C (e®). The cores for sites B and C were taken at
distances of 1.5 m and 0 m from the roadside, respectively.

range of 7-14%, while for the multidomain (MD)
grains y ., is <5-6% (Dearing et al., 1996). Almost
all measured samples (97%) have less than 6%
of frequency-dependent susceptibility, indicating
that the soils at the study area are not dominated
by frequency-dependent SP grains (Maher, 1988).
In addition, 76% samples have less than 2% of
frequency-dependent susceptibility, indicating the
dominance of frequency-independent coarse MD
or PSD grains in the soils.

Hysteresis

From hysteresis loops and backfield demagnetization
curve measurements, two ratios, M /M  and H_/H,
can be obtained and illustrated on a Day plot (Day et
al., 1977; Dunlop, 2002a; Dunlop, 2002b). The Day
plot allows the ferrimagnetic grain size to be estimated.
Hysteresis loops were generated by subjecting a
small sample to a large magnetic field H_, = 500
mT. Hysteresis loops and backfield demagnetization
as well as isothermal remanent magnetization (IRM)
were obtained for selected specimens using a Lake
Shore Cryotronics PMC MicroMag AGM model 3900.
Thirty representative specimens, each with the weight
of ~10 mg, were chosen for the hysteresis analyses
and subsequent IRM acquisition tests. The averaged
value of three measurements was used to determine
specimen’s hysteresis loops. On a Day plot, most data
points fall in the pseudosingle-domain (PSD) region
whether close to or far from the road (Figure 5). There
are two possibilities for this result: (a) dominance of
PSD grains, or (b) a mixture of multi-domain (MD)
and single-domain (SD) grain size. However, H_ values
of all samples are less than 12 mT, and SD magnetite
has higher H_ values than MD minerals (Evans and
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Figure 5: Day plot for the selected topsoil samples.

Heller, 2003), indicating that larger grains (PSD/MD)
are dominant in the soils. The IRM test shows that
all measured samples are entirely saturated by ~300
mT, indicating that the main remanence carrier is MD
magnetite (Figure 6) (Symons and Cioppa, 2000).

Temperature Dependence of Susceptibility

The thermal alteration of spontaneous magnetization
is a fundamental magnetic property because it depends
only on a ferromagnet’s composition and crystalline
structure (Dunlop and Ozdemir, 1997). This property
can be used to identify reliably the magnetic minerals
carrying the magnetism of specimens in their diagnostic
temperature range and preferable atmosphere. The
susceptibility dependence on temperature curves for 12
selected specimens from room temperature to 700°C
were measured on an AGICO Kappabridge KLY-3 with
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Figure 6: IRM acquisition curves for representative
samples of: (I) 0 m at site 5; (I) 0 m at site 11; (IIT) 9

m at site 5; and (IV) 5 m at site 11. J, intensity value
at 500 mT.



6 Kazuo Kawasaki, Keiji Horikawa and Hideo Sakai

A B
1+ 1k
0.8 -
g 0.6
04+
TN
02r \
0 L 1 1 L A . 0 . . . : . Pl
0 200 400 600 0 200 400 600

Temperature (°C) Temperature (°C)

Figure 7: Temperature dependence of susceptibility curves

for example samples: (A) 0 m at site 4 and (B) 5 m at site

4. Solid and dashed lines show heating and cooling curves,

respectively. The curves were measured with the samples
in an Ar atmosphere.

a CS-3 high-temperature furnace in an Ar atmosphere.
Well-defined Curie temperatures were observed at
~540 and ~580°C for the soil samples, indicating both
titanomagnetite and magnetite, respectively as the
predominant magnetic carriers. A continuous intensity
decrease to ~400°C is observed for the soils taken at >5
m from the roadside, indicating titanomagnetite (Figure
7). The sudden intensity increase around 450-500°C
records the oxidation in the oven of iron sulphides such
as pyrite to magnetite (Dunlop and Ozdemir, 1997).

Geochemical Analyses

Measured concentration data for 10 elements is shown
in Table 1. In this study, we mainly focus on zinc (Zn)
because it is one of the heavy metals embedded in tire
dust and traffic-related materials such as brake dust
and tire tread (e.g., Fukuzaki et al., 1986). For the soil
samples collected at sites B and C, the Zn concentrations
show significant correlations to some trace metals such
as Cd (R = 0.78), Ba (R = 0.70), and Cu (R = 0.68).
Further, the Cd-Zn and Cu-Zn plots also show that the
Zn concentrations of surface soils represent relatively
higher values compared to the deeper soil sediments,
indicating that Zn is enriched in the surface soils.
Surface soil sediments at <1 m from the roadside are
marked by higher concentrations in Zn compared to
the surface sediments farther away from the Alpine
route (Figures 9a and 9b). This decreasing trend of Zn
concentrations with the distance is observed at site B in
a transect from the roadside to the grove (0-25 m) and
shows a similar decay curve to the mass susceptibility
curve (Figure 8).
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Figure 8: Mass susceptibility and zinc concentrations for
surface soils at site B, showing corresponding variations.

Discussion

Vertical Profiles

The vertical distribution of susceptibility in soils is
important for discriminating between the anthropogenic
and lithogenic contributions to topsoil susceptibility.
Magiera et al. (2006) reported the anthropogenic
enhancement of susceptibility in topsoil and the
second enhanced layer below 15-20 cm depth due
to pedogenesis based on ~600 soil core profiles in
Central Europe. Kapicka et al. (2011) reported an
experimental study of the vertical migration of power-
plant fly ash into sands using magnetic methods and
they concluded that the fly ash particles when deposited
on fine sand could only move a few millimetres
under the surface even after repeated rain simulation.
Conversely, Sapkota et al. (2012) reported a controlled
experimental study using magnetite powder on soil
and concluded that magnetite could migrate vertically
downwards at a rate of ~14 cm/year due to rainwater
infiltration. Recently Lourengo et al. (2014) reported
magnetic and geochemical characterisation of six soil
profiles collected from polluted and unpolluted area
in Portugal and found that the magnetic enhancement
between 0 cm and 15 cm is related to the deposition
of industrial emissions and the synthesis of magnetite/
maghemite during pedogenic processes, including
biologically induced mineralization. They concluded
that the boundary between clean soil and polluted soil
is at the depth of 10-20 cm based on the susceptibility
and heavy metal variation. The vertical distribution
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of susceptibility for site B shows relatively higher
susceptibility within 0-5 cm from surface (Figure 4),
indicating that the anthropogenic materials are located
near the surface with minimal mixing or downward
migration. The increase of susceptibility from 25-30
cm is likely the results of influence of magnetically
enhanced parent rocks (Magiera et al., 20006).

Conversely, the mass susceptibility for site C
increases between 0 cm and 10-15 cm and then
gradually decreases below 10-15 cm (Figure 4). This
result is similar to previously reported susceptibility
distribution of polluted area (Lourenco et al., 2014). The
observed higher susceptibly is likely caused by more
influx of magnetic minerals related to vehicle emissions
because the core of site C is closer to the roadside. Our
results show that there is less downwards migration of
magnetic minerals or of the anthropogenic heavy metal
elements (Table 1; Figures 4 and 9a, b), indicating
that most anthropogenic materials are located in a
stable position near surface and the boundary between
polluted soil and unpolluted soil at the depth of 10-15
cm. Therefore, standard top-soil susceptibility mapping
of the Bijyodaira area using MS-2D probe that could
reach to a depth of 10 cm is highly likely to be reliable
and fully representative.

The Relationship between Susceptibilities and
Distance from the Road

Mass susceptibility measured on soil samples in
the laboratory is consistent with in-field volume
susceptibility (Figures 2 and 3), indicating that in-field
susceptibility measurements are an effective method
to provide primary information for the distribution
of roadside dust without any surface destruction
in the Bijyodaira area. All sites except site 5 have
similar susceptibility decay curves, i.e. the peaks of
susceptibility values appear within 0.25 m from the
road and the values show rapid decay between the
peak and 2 m from the road. The results imply that the
susceptibility values decrease to almost basal values at
>5 m. The median mass susceptibility for the 17 samples
collected >5 m from the roadside is 13.8%6.4 (x 107
m?3/kg). This background threshold value should prove
useful for identifying regional pollution in the Bijodaira
area. In addition, the zinc content in the soil shows
a positive correlation with susceptibility (Pearson’s
correlation coefficient, » = 0.606, P < 0.05) (Figure
8). Hence the magnetic susceptibilities of the topsoils
likely provide a reliable proxy for the distribution of
anthropogenic pollutant from vehicles. Also the results
indicate that the anthropogenic pollutants are deposited

mainly within <2 m from the road and do not flow into
the surrounding forests. These results are coincident
with previously reported results that the anthropogenic
materials derived by automobiles are deposited within
5 m with the peak between 0 m and 1 m (Hoffmann et
al., 1999). Conversely, the site A control point shows a
higher mass susceptibility of 41.7 (x 10”7 m3/kg) than
the defined background threshold value. Since this site
is located ~120 m away from the roadside, the effect
of pollutant derived from vehicles should be negligible.
The higher susceptibility of control point could be the
results of natural spatial variability in susceptibility and
may be caused by the effect of regional and/or long-
range transport of air pollution.

Kim et al. (2012) reported magnetic properties
of atmospheric particles from an air sampler station
in Korea and concluded that the temporal variation
of magnetic concentration is likely caused by the
increases of anthropogenic particulates derived by
Asian dust storm. Coastal areas along the Sea of Japan,
including Mt. Tateyama, have been exposed to large
amounts of atmospheric acidic pollutants delivered
by the westerly jet stream and northwesterly winter
monsoons (Nagashima et al., 2007; Watanabe et al.,
2011). Although such acidic pollutants may play an
important role for the magnetic susceptibility of soils in
the forest, we have only the one data, which is certainly
not enough to discuss the effect of air pollution from
long-range transportation from the Asian continent.
Nonetheless, the similar spatial distributions of mass
susceptibility at all sites except control point, i.e., the
higher susceptibility near the roadside and its decrease
with distance from the roadside (Figure 3) indicate that
these acidic pollutants from regional or faraway sources
have little effect to the topsoil near the roadside and
the natural spatial variability in susceptibility is not
significant along the topsoil within ~40 m from the
roadside. In addition, Magiera et al. (2006) suggested
that the susceptibility measurements can detect the
anthropogenic effect of soils developed on basaltic
rocks. Our results show that anthropogenic effect from
vehicle traffic can be observed in soils developed on
andesitic flows at least near the roadside area.

Magnetic Minerals

Based on the IRM acquisition, Day plot, frequency-
dependent susceptibility and the temperature dependence
of susceptibility tests, the main magnetic minerals in
the soils are PSD-MD magnetite and titanomagnetite.
Titanomagnetite is commonly found in igneous and
metamorphic rocks. Given that the entire Bijyodaira area
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is underlain by andesitic flows (Harayama et al., 2000),
a reasonable conclusion is that the soil’s titanomagnetite
originated from the weathering of the lava flows.
Magnetite is also abundant in most other igneous
rocks. However, because the common anthropogenic
magnetic minerals include magnetite (e.g. Evans and
Heller, 2003), both natural and anthropogenic origins are
possible for the magnetite in the soils of the Bijyodaira
area. The cooling curves for the temperature dependence
of susceptibility yielded irreversible enhancement of
the susceptibility after heating, suggesting that new
magnetic minerals with higher susceptibility values
have been created during the heating processes (Figure
7a, b). The averaged susceptibility value of the six
selected samples with higher susceptibilities of >20
(x1077 m3/kg) after the heating and cooling process is
1.6+0.5 times greater than before heating. Conversely,
the averaged susceptibility value of the six selected
samples with weaker susceptibilities of <20 (x10”7 m?/
kg) after heating and cooling process is 4.441.7 times
greater than their values before heating.

These contrasting results indicate that the soils
with higher magnetic susceptibility have suffered less
formation of new magnetic minerals on heating and
cooling than the ones with weaker susceptibility. The
significant peak around 500°C (Figure 6B) is likely
caused by either the neoformation of magnetite through
the transformation of iron-containing silicates and/or
clays (Dunlop and Ozdemir, 1997) or transformation
of goethite reacting with organic matter and being

reduced into maghemite (Hanesch et al., 2006). The
weaker magnetic susceptibilities are found far from the
roadside. Thus the anthropogenic magnetic minerals
such as magnetite are less likely to be present in these
samples and, therefore, the amounts of natural iron-
containing silicates or goethite in the soil are relatively
much greater than in the soil near the roadside. The
significant difference of these ratios observed in the
temperature dependence of susceptibility indicates that
the dominant magnetic mineral in soils near the roadside
is anthropogenic magnetite, and thus this property
could be useful for distinguishing between polluted
and unpolluted soils. Sheng-gao et al. (2005) reported
an environmental magnetic study of vehicle emission
particulate samples taken from exhaust pipes and they
concluded that the main magnetic mineral in the samples
was MD magnetite with a notable absence of SP grains.

In addition, Yang et al. (2010) reported that the main
magnetic carrier of road dust collected by sweeping with
a brush is a coarse grained magnetite. The magnetic
grains of our samples are mostly PSD to MD in size with
relatively few SP grains, suggesting that anthropogenic
magnetic minerals are more abundant and dominant than
the natural magnetic minerals formed by pedogenesis
(Mullins, 1977). The iron-rich magnetic materials result
from rusting of the bodywork, wear of the moving parts
and ablation from the interior of the exhaust system
(Evans and Heller, 2003). The Zn concentration shows
a positive correlation with the magnetic susceptibility
and the major sources of Zn would be tire tread and
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brake lining abrasion (e.g. Fukuzaki et al., 1986; Huhn
et al., 1995). These emissions are still important even
though vehicles with low-emission hybrid diesel engines
become major. The maximum uses of leaded gasoline
were during 1960-1965 in Japan and the amount of lead
found in the Tateyama cedar tree is rapidly reduced
after early 1980s in the Bijyodaira area (Horikawa et
al., 2013), resulting in more clear correlation between
Zn and magnetic susceptibility than between Pb
concentration and susceptibility.

Conclusions

There is a positive correlation between susceptibility
and heavy metal concentration in our soil samples.
Vertical profiles of magnetic susceptibility indicate
that any deposited anthropogenic pollutants are
likely to be concentrated near the surface and are
not significantly transported vertically downward
below 15 cm from surface. The results of in-field
susceptibility measurements along the Tateyama
Kurobe Alpine route are similar to the corresponding
in-laboratory susceptibility measurements, indicating
that in-field measurements are useful for estimating
for the distribution of roadside dust in the Bijyodaira
area without any destruction of the habitat. The
observed distributions of susceptibility show a higher
susceptibility near the roadside that is most likely
from passing vehicles, and these pollutants are mainly
deposited within 2 m of the roadside. Based on rock
magnetic tests, the main magnetic minerals in soils are
PSD-MD magnetite and titanomagnetite with the few
SP grains.

The magnetite can be both natural and anthropogenic
in origin. However, anthropogenic magnetite is the
dominant magnetic mineral in the soils near the
roadside that have a distinctively higher susceptibility.
In addition, the different susceptibility ratios produced
by thermochemical alteration during the temperature-
dependence of susceptibility tests for soils close
to and far from the roadside could be useful for
determining whether a soil is polluted or unpolluted.
The test indicates the relative amounts of anthropogenic
magnetite, which is unaltered by heating, and of natural
iron-containing silicates and/or goethite that are reduced
to generate new magnetite and/or maghemite during
heating. More importantly, this study has shown that
environmental magnetic methods are effective and
inexpensive techniques for studying soil pollutants in
Japan and, therefore, that they should be considered for
application elsewhere in the country.
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