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Abstract Magnetic biomonitoring techniques and in situ top-
soil magnetic susceptibility measurements have been shown
to be rapid, cost-effective, and useful methods for investigat-
ing roadside pollution. However, combustible vegetation in
samples makes it very difficult to use them in high-
temperature magnetic experiments although the thermal alter-
ation of spontaneous magnetization is a fundamental magnetic
property and can be used to identify reliably the magnetic
minerals. Here, we report the first magnetic biomonitoring
results of dust deposited on plant leaves along the Tateyama-
Kurobe Alpine route at the highly protected Midagahara wet-
land areas of Mt. Tateyama in Toyama, Japan. In-field mag-
netic susceptibility from 15 sites (161 points) shows higher
susceptibilities near the roadside. Dust deposited on the leaves
of Sasa kurilensis, or dwarf bamboo, has been wiped off at 12
sites (64 samples) with a commercial ethanol wipe sheet or
silica wool damped in ethanol and subjected to rock magnetic
analyses. Thermomagnetic remanence curves and low-
temperature behaviors for samples collected near the roadside
using silica wool show clearly that the main magnetic mineral
in the dust is partially oxidized magnetite. Further, detailed
rock magnetic analyses and elemental analyses of leaves in
the study area indicate that (a) the magnetic mineralogy on
leaves’ surface is consistent throughout the study area and (b)
higher saturation isothermal remanent magnetization intensi-
ties as well as higher concentrations of Pb, Fe, Cr, and Y are
observed near the roadside, i.e., the closer to the roadside, the

more anthropogenic materials, including partially oxidized
magnetite, are present. Also, microscopic observations show
the lack of spherical grains, indicating that dust on the road-
side leaves is derived from passing vehicle rather than indus-
trial process. Both rock magnetic and geochemical results
show that S. kurilensis would be an excellent candidate for
investigating air pollution. Also, the proposed wiping-off
method of collecting dust from plant surfaces is an effective
non-destructive method that can be applied even in highly
restricted collection areas, because detailed magnetic mineral-
ogy, including superparamagnetic minerals, could be deter-
mined with the use of silica wool for use in both high- and
low-temperature experiments.
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Introduction

Dust from vehicles is a major source of roadside pollution.
Dust particles from vehicles can range in diameter from 0.01
to 5000μm (Ninomiya et al. 1970); however, most urban road
dust ranges from 3 to 100 μm in diameter and dust from
vehicle exhaust from 3 to 30 μm (Thompson et al. 1984).
Evans and Heller (2003) imply that the iron-rich magnetic
material results from rusting of the bodywork, wear of the
moving parts, and ablation from the interior of the exhaust
system rather than from the fuel itself. Furthermore, these
fine-grained dusts falling onto plants may block stomata and
reduce photosynthesis (Farmer 1993). Also, substratum chem-
istry may be altered, causing changes not only to growth of
vegetation but also to animal communities.

Environmental magnetic monitoring methods have been
applied to various pollutions and shown as non-destructive,
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rapid, and cost-effective methods (e.g., Versteeg et al. 1995;
Heller et al. 1998; Desenfant et al. 2004; Wang and Yong
2005; Karimi et al. 2011). This is because many industrial
processes generate airborne magnetic materials, and therefore,
magnetic data can be used as primary information of industrial
contaminants. Topsoil magnetic susceptibility measurements
have been shown to be highly useful for investigating the
traffic pollutants along roadsides (e.g., Hoffmann et al.
1999; Schibler et al. 2002; Schmidt et al. 2005; Lu and Bai
2006; Canbay et al. 2010; Wang et al. 2013). Similarly, envi-
ronmental magnetic studies on road dusts that have been di-
rectly collected by the ground sweeping method have been
shown to be an effective method to determine the spatial and
temporal distribution of anthropogenic materials (Kim et al.
2007, 2009; Yang et al. 2010). Recently, Bućko et al. (2011,
2013) reported environmental magnetic results for packed
snow deposited along a roadside. They concluded that this
snow provides an effective way to study the spatial distribu-
tion of pollution derived from passing vehicles. Atmospheric
pollution related to traffic has been studied also by magnetic
biomonitoring techniques using tree leaves (e.g., Schadlich
et al. 1995; Matzka and Maher 1999; Pandey et al. 2005;
Maher et al. 2008; Hansard et al. 2012; Rai 2013; Rai et al.
2014), tree bark (Kletetschka et al. 2003) and tree rings
(Zhang et al. 2008). Recently, Hofman et al. (2013) showed
that biomagnetic monitoring using tree leaves can be used to
assess small-scale spatial distribution of atmospheric dust
based on different tree crowns with various heights. In most
such studies of vegetation, leaves are removed and studied
directly in the laboratory although Flanders (1999) reported
that wiping off the surface would be an effective method to
study fly ash from fossil fuel power stations. Magnetic prop-
erties of such vegetation are often determined by a combina-
tion of susceptibility, hysteresis parameters, isothermal rema-
nent magnetization (IRM), and/or anhysteretic remanent mag-
netization (ARM). Zhang et al. (2008) conducted low-
temperature experiments on tree bark and tree trunk samples
collected near a smelting factory in China and found
pseudosingle (PSD) to multidomain (MD) magnetite as well
as superparamagnetic (SP) magnetite in them. Despite the fact
that thermomagnetic measurements of the high-temperature
dependence of saturation magnetization and/or magnetic sus-
ceptibility are fundamental and effective methods to deter-
mine magnetic mineralogy, vegetation samples contain com-
bustible organic components, and so, these techniques are
generally avoided. In this study, we have met our first objec-
tive and report the first thermomagnetic remanence curves for
dust deposited on plant leaves along a roadside.

Few systematic magnetic investigations on the spatial dis-
tributions of such roadside pollution have been reported in
Japan (Kawasaki et al. 2015). This deficiency is due to (a) lots
of active volcanoes in Japan that supply great amounts of
magnetically enhanced fly ash and (b) the dense population

in Japan that causes a substantial amount of magnetic noise
(Torii 2005). Hence, the magnetic investigation of topsoil for
the spatial distribution of pollution may not become a conven-
tional method throughout Japan or similar volcanic region.
Conversely, plant leaves are likely less affected by volcanic
ash and/or background geology. Our second objective is to
demonstrate the efficiency of using magnetic biomonitoring
methods in Japan, especially at a highly protected area, based
on magnetic data, including in-field susceptibility measure-
ments and in-laboratory rock magnetic measurements, as well
as elemental data and microscopic observation. Magnetic
methods can only detect magnetic minerals in samples so that
subsequent geochemical analysis and microscopic character-
istics of the samples are conducted to evaluate if the observed
magnetic data can be used as proximal information for iden-
tifying the source and concentrations of heavy metals in the
study area.

Study area

Mt. Tateyama, 3035 m in elevation, is a part of the Chubu
Sangaku National Park in Japan, which is located in northern
part of the Northern Japanese Alps (Fig. 1). The studied
Midagahara areas are between ∼1600 and ∼1900 m in eleva-
tion. They became part of the Ramsar Convention on
Wetlands of International Importance, especially as a
Waterfowl Habitat in 2012. Mt. Tateyama is known as one
of the three sacred mountains in Japan, and thus, the area
has been relatively undisturbed since ancient times. In addi-
tion, the studied area is designated as a Special Protection
Zone and is restricted to vehicular traffic and other construc-
tions. The Tateyama-Kurobe Alpine sightseeing route is the
only available road at Mt. Tateyama. The road is open from
mid-April to the end of November when it is closed because of
the heavy winter snowfall. The route is travelled mostly by a
considerable number of non-hybrid buses as well as utility
vehicles that maintain facilities for tourists and for construc-
tion (Kume et al. 2009). The number of vehicles is recorded
by the Toyama prefecture’s public road corporation. In 2014,
30,976 tourists and transit buses used the road. The maximum
uses of leaded gasoline were during 1960–1965 in Japan.
Horikawa et al. (2013) reported that the amount of lead ob-
served in the Tateyama cedar tree is rapidly reduced after early
1980s in the Mt. Tateyama region.

Kawano (1999) reported that the highland wetlands at Mt.
Tateyama, including Midagahara area, were significantly
damaged by the construction of the Alpine route and hotels
between 1956 and 1964, especially in 1963 and 1964. The
effects of passing vehicles on the surrounding environment
have been reported for the Bijyodaira forest area at Mt.
Tateyama, which is about 1000 m below the Midagahara wet-
land area, by Kume et al. (2009). They examined the decline
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of Fagus crenata, or Japanese beech, trees along the route
between 1999 and 2006. They found that the decline was
not caused significantly by air pollution emitted from the pass-
ing vehicles but rather that tree damage and death were caused
mostly by regional and long-range transboundary air pollu-
tion. Horikawa et al. (2013) reported evidence of historical
changes in soil acidification around a Tateyama cedar tree in
the Bijyodaira area, which they related to significant increases
of Ca concentrations that accompanied the local road building
activities. Recently, Kawasaki et al. (2015) reported results of
an environmental magnetic study of roadside contamination
in the Bijyodaira forest area, and they concluded that anthro-
pogenic magnetite as well as heavy metal concentration such
as Zn has been deposited mainly within ∼2 m of the Alpine
road route.

Methods and results

In-field measurements

In-field volume susceptibility was measured using a
Bartington MS2-D susceptibility meter with a probe that can
reach to a depth of 10 cm (Lecoanet et al. 1999). At each
measurement point, five measurements were done to ensure
repeatability and consistency. Also, air measurements were
made before and after each measurement to ensure compen-
sation for instrument drift. The in-field susceptibility was mea-
sured at 15 sites along the Tateyama Kurobe Alpine route
from the Kobo area to the Midagahara area (Fig. 1). No pre-
cipitation was observed at the studied area for at least 3 days
before in-field surveys and samplings. A survey line was set
up with various lengths from the road (Table 1). Note that the
0 m point at each site is set at 0.3 m from the roadside gutter to
avoid the effect of its extremely high susceptibility. The spac-
ing of survey points along each line was set in four intervals in
order to determine the spatial distribution of pollution related
to vehicles: (a) 0.25 m spacing between 0 and 1 m, (b) 0.5 m
spacing between 1 and 5 m, (c) 1 m spacing between 5 and
10 m, and (d) 5 m spacing between 10 and 30 m (Fig. 2).

In-field susceptibility values vary by two orders of magni-
tude, ranging from 2.4 × 10−5 to 351.6 × 10−5 (SI). The

median susceptibility of all measurements points (N = 161)
is 19.0 × 10−5 (SI) (quart i les: Q1 = 9.0 × 10−5,
Q3 = 47.8 × 10−5). Higher susceptibility values than the me-
dian susceptibility were mostly observed within 1 m from the
roadside, except at sites 5 and 6 (Fig. 2). In addition, the
susceptibility decay curves of all sites except site 5 show rapid
decreases within 2 m from the roadside. High susceptibilities
between 2 and 5 m at site 5 are likely due to rock fragments,
and therefore, the result of site 5 is excluded from the follow-
ing discussion.

Sampling and initial susceptibility measurements

The study area is part of the Special Protection Zone of the
Chubu Sangaku National Park in Japan. Therefore, collecting
natural resources such as rocks, soils, plants, and tree leaves
are strictly prohibited in the area and permission is required to
collect such samples. Hence, non-destructive collecting
methods are required to study the details of the spatial distri-
bution of roadside pollution. In this study, the materials de-
posited on the leaves of Sasa kurilensis, or dwarf bamboo,
near the roadside have been collected by two different

Table 1 In-field
magnetic susceptibility
survey lines

Sites Length from the road (m)

1 5

2 20

3 5

4 30

5 10

6 15

7 10

8 10

9 10

10 5

11 5

12 5

13 4

14 15

15 5

Tateyama-Kurobe

Alpine Route

1800 m1700 m1600 m1500 m

Midagahara

12

3

45

10

11

12

14

13
15

9

8

25

26

27

20

21, 22

23

24

17, 19

76

16, 18

N

300 m

Kobo

In-field measurements

Sampling sites

37°N

136°E

Kyoto

Mt. Tateyama

138°E

Toyama

35°N

Fig. 1 A regional map of theMidagara area with the locations of the in-field susceptibility survey sites (black circles) and sampling sites (white circles).
Note the dashed area on small inlet shows the Northern Japanese Alps, which is designated as the Chubu Sangaku National Park
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sampling methods to investigate their magnetic properties;
i.e., the materials were wiped off with (a) a sheet of commer-
cial ethanol wipe paper having with a width of 19.4 mm and a
height of 13.2 mm for conventional environmental magnetic
analysis and (b) a silica wool damped by ethanol for hysteresis
loops and high- and low-temperature experiments. Because
this method does not involve collections of actual plant leaves,

permission is not required. The dwarf bamboo’s leaf generally
has an oval shape. A leaf with a major axis of ∼10 cm and a
minor axis of ∼3 cm in length at a height of ∼0.5 m from the
ground level was selected for this study. Ten such leaves were
wiped off with a single wipe sheet so that each sheet sample
contains the sum of ten leaves’ dust. The sample collection
was done at 12 sites that are located near the in-field measure-
ments (Fig. 1), resulting in 64 samples in total. Flanders
(1999) proposed the use of a paper tissue or towel that is then
rinsed in water. The magnetic materials were caught with a
powerful permanent magnet. Here, we directly put the Bdirty^
wipe sheet into a 7 cm3 non-magnetic plastic cubes to measure
its magnetic properties, because the use of a magnet after
rinsing out the samples highly likely misses the non-
magnetic superparamagnetic minerals as well as other weak
magnetic minerals that might be in samples such as hematite.
All magnetic measurements were conducted in the rock mag-
netic laboratories at the University of Toyama. Further, dust
samples collected by a wipe sheet were also used for scanning
electron microscope (SEM) observation and for electron
probe micro analyzer (EPMA) measurements.

Low-field volume susceptibility (k) was measured with an
Agico KLY3CS3 Kappabridge, and these values were divided
by mass to calculate the mass susceptibility (χ). The median
mass susceptibility of all 64 specimens is −2.27 × 10−6 (m3/
kg) (Q1 = −3.03 × 10−6, Q3 = −1.60 × 10−6), which is not
significantly different from the mass susceptibility of unused
wipe sheet of −2.56 × 10−6 (m3/kg). The results indicate that
the susceptibilities of any magnetic minerals deposited on the
leaves are too low to measure.

Saturation IRM

The relative amounts of magnetic minerals as well as the mag-
netic mineralogy and their effective domain size were tested
using stepwise isothermal remanent magnetization (IRM) ac-
quisition analysis of 13 specimens from sites 19, 21, 23, and
27, i.e. 4 specimens from the 0 m locations; 4 specimens from
the 2 m locations; 1 specimen from the 6 m location; 3 spec-
imens from the 10 m locations; and 1 specimen of an unused
sheet of wipe paper. The IRM analyses were done using a
Magnetic Measurements PM9 pulse magnetizer to magnetize
each specimen in 11 direct current (DC) field steps up to
900 mT. The value of 0.9 × J900 is used here as saturation
where J900 is the maximum remanence, saturation IRM
(SIRM), and intensity at 900 mT. The specimens were subse-
quently alternating field (AF) demagnetized in ten steps up to
80 mT. The rapid acquisition of IRM to saturation at 150 mT
for all specimens including the unused wipe sheet is typical of
MD magnetite (Fig. 3) (Symons and Cioppa 2000). The aver-
aged SIRM intensities normalized by leaf area are 248 × 10−7

(A = Am2/m2) at the 0 m locations, 85.9 × 10−7 (A) at the 2 m
locations, 51.9 × 10−7 (A) at the 6 m location, and 28.1 × 10−7
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Fig. 2 In-field volume susceptibility curves for a all survey lines, b sites
1–8 within 10 m from roadside, and c sites 10–15 within 10 m from
roadside. Legends on b,and c are same as the ones on a
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(A) at the 10 m locations. The SIRM intensity of unused wipe
sheet is 6.14 × 10−7 (A), which is ∼1/5th of the SIRM inten-
sities at the 10 m locations, indicating that the effect of wipe
sheet itself is minimal (Fig. 4).

Based on the initial test results, the rest of specimens were
given an IRM at 900 mT; then, the DC field direction was
reversed and the specimens were given an IRM at 300 mT
(IRM-300) to measure the S-ratio of the specimens. The S-ratio
(S300), which can vary from 0 to 1, is calculated according to
Bloemendal et al. (1992): S300 = {−(IRM−300 − SIRM) + 1}/2.
The S-ratio provides a measure of the relative amount of high-
coercivity antiferromagnetic minerals to low-coercivity ferro-
magnetic minerals; i.e., higher S300 values reflect higher pro-
portions of low-coercivity ferromagnetic minerals to high-
coercivity minerals. The averaged S-ratio value of all 64 spec-
imens is 0.99 ± 0.01 (Table 3), indicating that the predominant
magnetic minerals in the roadside dust are low-coercivity fer-
romagnetic minerals and not likely to be significantly different
among the specimens. In other words, the magnetic mineral-
ogy is likely similar regardless of the distance from roadside.

Based on the results of stepwise IRM acquisition tests and
S-ratio, magnetic minerals of all specimens are likely to have
the same PSD-MD magnetite-like phase, indicating that the
SIRM intensity can be used as a proxy of the relative amounts
of magneticminerals. The SIRM intensities show progressive-
ly higher intensities on going closer to the roadside (Fig. 4),
which is similar in trend to the in-field volume susceptibility
results. This result indicates that higher susceptibility values
observed for the in-field topsoil measurements were not
caused by the higher susceptible gravels and were caused by
dust from road.

Hysteresis loops

From hysteresis loops and backfield demagnetization curve
measurements, a saturation remanent magnetization (Mrs),
saturation magnetization (Ms), coercivity (Hc), and coercivity
of remanence (Hcr) can be obtained. Two ratios, Mrs/Ms and
Hcr/Hc, are illustrated on a Day plot that allows the ferrimag-
netic grain size to be estimated (Day et al. 1977; Dunlop
2002a, b). Hysteresis loops are generated by subjecting a sam-
ple to a direct magnetic field of 500 mT and by backfield
demagnetization as well as by stepwise IRM acquisition tests
up to 900 mT. The data were obtained for selected specimens
using a Lake Shore Cryotronics PMC MicroMag vibrating
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Fig. 4 SIRM intensity curves for dust samples collected by wiping off
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sample magnetometer (VSM) model 3900-04. The averaged
value of three measurements was used to determine a sample’s
hysteresis loop. The observed diamagnetic component after
∼100 mT of the sample taken at 0 m location is likely caused
by the sample holder and/or silica wool used for dust collec-
tion (Fig. 5a). The hysteresis loops of samples at >4 m from
roadside showed almost diamagnetism, indicating that there
are few magnetic minerals in the dust (Fig. 5b). Such hyster-
esis loops were too noisy to determine the necessary Mrs/Ms
and Hcr/Hc values after paramagnetic/diamagnetic correction,
and therefore, these data are not subjected to the Day plot
analysis. On a Day plot, most data points show an elongated
distribution within the PSD region (Fig. 6), indicating that
each sample contains a mixture of SD andMD particles rather
than PSD grain size only (Evans and Heller 2003).

Thermomagnetic curves

Thermomagnetic curves were obtained in the temperature
range from 30 to 680 °C using the vibrating sample magne-
tometer (VSM) in a He atmosphere under 100 mT DC field.
Since the wipe sheets used for dust collections are flammable,
silica wool damped by ethanol was used to collect dust on
leaves at study area for thermomagnetic experiments.
Thermomagnetic experiments have been carried out with
helium gas rather than conventional argon gas. Helium gas
has much higher thermal conductivity than argon gas, which
helps the samples to quickly reach the setting temperature in
the furnace. In addition, the pause length after each tempera-
ture increment is set at 5 s between 30 and 600 °C and 10 s
between 600 and 680 °C, respectively, with 1 °C temperature
increment. These settings minimize unwanted thermal lags in
the specimen (Fig. 7) although one cycle of the thermal ex-
periment from the 30 to 680 °C heating process and back
down from 680 to 150 °C takes ∼2.5 h. Each Curie tempera-
ture is estimated by following the differential method of Tauxe
(1998), which seeks the peak of data by differentiating twice.
The differential method is easier to calculate with a computer
although the determined Curie temperature seems to be slight-
ly lower than the Curie temperature determined using the
intersecting tangent method of Grommé et al. (1969). A
well-defined Curie temperature was observed 595 °C for the
0 m samples from the roadside (Fig. 8a–c), which identifies
maghemite as the predominant magnetic mineral. Conversely,
the samples were collected from further than 4 m from the
roadside fall to give an obvious Curie temperature because
of the interference from noise caused by trace amounts of
magnetic minerals although the rough Curie temperature is
also around 600 °C (Fig. 8d, e). The reversible thermomag-
netic curves indicate that there was little inversion from
maghemite to hematite during the heating experiments
(Fig. 8a).
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The low-temperature behaviors of the dust samples were
measured for further identification of magnetic minerals. Two
samples taken at 0 m distance from the roadside at sites 20 and
23 were subjected to the low-temperature measurements using
a Quantum Design magnetic property measurement system
(MPMS) XL. Each sample was magnetized in 150 mT DC
field at 5 K and monitored during zero-field heating to 300 K.
Magnetization decreases rapidly from 5 to ∼45 K and then
decreases weakly to moderately around ∼95 and ∼110 K for
sites 20 and 23, respectively (Fig. 9), indicating that the main
magnetic minerals in the dust on the leaves are oxidized mag-
netite rather than magnetite (de Boer and Dekkers 1996;
Dunlop and Özdemir 1997; Kosterov 2003).

Based on the thermomagnetic curves, themainmagneticmin-
eral in the dusts on leaves is likely oxidized magnetite or mag-
netite with the presence of maghemite. The determination of the
Curie temperature for maghemite is generally difficult due to its
metastability; i.e., maghemite has a strong tendency to convert
into hematite at temperatures greater than 430 °C (e.g.,
Banin et al. 1993; Dunlop and Özdemir 1997; Gehring et al.
2009). However, the thermal stability of maghemite from either
basaltic rocks, loess sediments, or an iron ore is reported to be at
∼600–610 °C (de Boer and Dekkers 1996; Spassov et al. 2003;
Chevrier et al. 2006). Here, our thermomagnetic experiments for
the dust on leaves collected by silica wool with ethanol
clearly identify the magnetite with the presence of maghemite
rather than magnetite only without conversion into hematite
(Fig. 8). In addition, the low-temperature behavior of dust
samples showed smaller decrease of magnetization than
previously reported results from polluted tree wood (Zhang
et al. 2008) in a wider temperature range from 95 to 115 K,
indicating that the dominant magnetic mineral is oxidized
magnetite (Fig. 9). Also, the relatively rapid decreases of
remanence from 2 to 50 K indicate the presence of SP grain
(Lovley et al. 1989). These results indicate that wiping off a leaf’s
surface with silica wool can be an effective method to collect and
then identify the magnetic minerals using high- and low-
temperature experiments. In addition, our results show that

titanomagnetite found in the soils at the Bijyodaira area
(Kawasaki et al. 2015) is not observed in the dusts on the leaves,
indicating that these dusts have not been significantly contami-
nated by dust from the weathering of the bedrocks. Thus, leaf
dust is an excellent candidate for studying the distribution of
anthropogenic pollutants along the roadside.

The identification of the magnetic minerals derived by ve-
hicular exhaust is a controversial problem. Based on
Mössbauer studies, the major magnetic mineral of atmospher-
ic particles collected with stational particle matter collectors is
either maghemite or partially oxidized magnetite (Tong et al.
2001; Muxworthy et al. 2002, 2003; Petrovský et al. 2013).
Similarly, high- and low-temperature behaviors of street dusts
collected by a plastic hand broom in China showed that the
main magnetic mineral of such dust is MDmagnetite with the
presence of maghemite and Fe particle, although these dusts
are likely delivered from various anthropogenic activities such
as vehicular traffic, residential fossil fuel buring, and smelting
plant (Zhang et al. 2012). Conversely, magnetic minerals of
atmospheric particles directly collected from automobiles in-
clude magnetite, goethite, or hematite rather than maghemite
(Weber et al. 2000). Therefore, Muxworthy et al. (2002) in-
ferred that the different sampling strategy may cause different
magnetic mineralogy. The main difference between stational
collectors and direct sampling is time. In this study, the plant
leaves worked similarly to stational collectors and the ob-
served thermomagnetic curves show clearly the presence of
either maghemite or partially oxidized magnetite. Iron parti-
cles would easily oxidize to maghemite while resting on the
leaves for many weeks being exposed to weathering.
Therefore, the dominant magnetic mineral of our dust samples
is likely magnetite with the presence of a superficial
maghemite layer.

Geochemical analysis of bulk leaves

We collected leaves of the S. kurilensis at sites 25, 26, and 27
to measure trace metal concentration in bulk leaves (Fig. 1).
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The central parts of each leaf were used for the geochemical
analysis. The dried leaf samples of ∼50–100 mg each were
digested in 5 mL of trace metal grade concentrated HNO3 and
0.1 mL trace metal grade concentrated HF (TAMAPUREAA-
100 from Tama Chemical Ltd., respectively) under reflux at
70–120 °C for 3 h and then dried at 130 °C. These samples
were diluted with 2% HNO3 for measurement. Elemental
analysis was performed by an ELEMENT 2 (Thermo

Scientific) sector field inductively coupled plasma-mass spec-
trometer (SF-ICP-MS).

We measured Fe, Pb, Cr, Y, Cu, and Cd concentrations in
bulk leaf samples for six samples at three sites (Table 2).Metal
concentrations were determined by internal standard (Rh and
Bi) calibration, and calibration standards were prepared from a
certified reference material of JB-1a (Geological Survey of
Japan (GSJ)) at five concentration levels. The correlation co-
efficient (r) values of each element calibration curve were
more than 0.99.

Even though the number of the geochemical data for bulk
leaf samples is not sufficient to discuss the details of heavy
metal contents, there was the robust trend that Fe, Pb, Cr, and
Y concentrations were consistently higher in the leaves of the
S. kurilensis grown near roadside compared to the locations 4–
6 m away from the roadside (Table 2). Further, Pb/Fe ratios,
indication of the relative amounts of Pb against Fe, show
consistently higher values near roadside compared to the lo-
cations 4–6 m away from the roadside, indicating that Pb was
more concentrated in the leaves of the S. kurilensis grown near
the roadside than Fe. Maher et al. (2008) reported environ-
mental magnetic results combined with geochemical analyses
of birch leaves in Norway and found that the SIRM values and
leaf Pb concentrations show stronger correlation than the Pb
and Fe correlation. They concluded that Pb is associated with
the magnetic Fe particulates that arise from vehicle
combustion/exhaust processes rather than vehicle ablation or
abrasion. Although our bulk data cannot discriminate the con-
tribution of those metals from soil and dust deposited on the
leaf surface, the observed data clearly show that the roadside
environments are exposed to traffic pollutant.

Microscopic characteristics

Scanning electron microscope (SEM) observations were per-
formed on the magnetic extracts from the dirty wiper sheets to
identify the magnetic materials derived from passing vehicles.
Themagnetic extracts were collected by a neodymiummagnet
because a sheet of ethanol wipe paper is easily dried up, and
the materials on the wipe paper smoothly come out. The com-
positions of magnetic extracts were determined using a JEOL
JXA-3230 electron probe micro analyzer (EPMA). The SEM
observations were obtained using either a Hitachi Miniscope
TM3030 or EPMA. Microscopy analyses of 26 grain samples
reveal basically one morphology of grains, angular/aggregate
particles that have diameters of ∼5–150 μm (Fig. 10). The
EPMA analyses of 19 points showed a variety of chemical
compositions (Fig. 10), such as C, O, Fe, Al, Cu, Zn, Ti, Ni,
Ca, B, Na, V, Mg, P, K, Cl, Co, Mn, Pb, and Si. The results
indicate that the elements distributed heterogeneity on the
grains. However, C, Fe, O, and Al are found on all 19 ana-
lyzed areas, suggesting that these elements are abundant and
present universally on the study areas. The presence of Fe and
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O on all analyzed area indicates that the most angular/
aggregate particles in the dust contain iron oxides.

Discussion

Observed in-field volume susceptibilities rapidly decrease
with the distance from the roadside. This is similar in trend
to the leaves’ SIRM intensities. Further, the geochemical anal-
ysis of the leaves shows that Fe, Pb, Cr, and Y concentrations
that were used in a wide variety of car materials, such as
bodywork, brake system, and catalytic converter, were consis-
tently higher in the leaves of the S. kurilensis grown near
roadside compared to the locations 4–6 m away from the
roadside (Table 2). Unlikely the Fe, Pb, Cr, and Y
concentrations, Cu and Cd concentrations increase with the
distance from the roadside. These elements can be either
industrial or natural in origin. Herawati et al. (2000) reported
the Cu and Cd levels in soil in Japan, including Hokuriku
district where the study area is located, China, and
Indonesia. They found higher Cu and Cd values in Japanese
soil and suggested that the historical mines in Japan would
likely have a significant impact on soils. These Cu and Cd
elements might have delivered by passing vehicles in the past
or regional transportation from near historical mines such as
the Kamegai deposit that is located about 14 km SW of the
study area and was active between 1567 and 1926. These
elements were likely remnant after being washed away by

rain, and therefore, they do not show similar in trend to the
other heavy metals or magnetic properties.

The SEM observations show that the major morphology of
grain is angular/aggregate particles. The lack of spherical
grains implies that the dusts on the roadside leaves are likely
derived from vehicle emissions rather than industrial process-
es (Kim et al. 2009; Bućko et al. 2010). The non-spherical
particles can be generated via exhaust emissions, braking sys-
tems, and abrasion or corrosion of engine and body material
(Matzka and Maher 1999; Lu et al. 2011). These materials
contain magnetite-like particles that are agglomerated with
Cu, Pb, and Zn (Hoffmann et al. 1999; Bućko et al. 2010).
The EPMA analysis indicates that Fe and O are distributed
universally in the samples, suggesting that Fe can be candi-
dates as a trace element for pollution investigation in this
study area; i.e., the use of iron oxide minerals is reasonable
for monitoring regional pollution in the area.

The observed susceptibilities and SIRM fluctuations are
consistent with the mass susceptibilities as well as with the
heavy metal contents in the topsoil of the Bijyodaira forest
area at Mt. Tateyama as reported by Kawasaki et al. (2015).
This result indicates that the in-field susceptibility measure-
ments on a wetland area are an effective method to provide
primary information on the distribution of roadside dust with-
out any surface destruction in the Mt. Tateyama region. In
addition, the SIRM intensities show more clearly the intensity
decay distribution from the roadside than do the observed in-
field susceptibilities or the mass susceptibilities at Bijyodaira,
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Table 2 Heavy metal
concentrations of Sasa kurilensis
leaves from selected sites

Sites Distance from
roadside (m)

Fe (μg/
g)

Pb (μg/
g)

Cr (μg/
g)

Y (μg/
g)

Cu
(μg/g)

Cd
(μg/g)

Pb/Fe

25 0 148.68 0.65 0.372 0.022 5.444 0.026 4.372E−03
25 4 119.05 0.20 0.257 0.011 7.094 0.020 1.714E−03
26 0 199.29 0.51 0.444 0.025 7.070 0.008 2.572E−03
26 4 156.39 0.40 0.304 0.021 7.654 0.010 2.531E−03
27 0 217.06 1.17 0.502 0.026 5.355 0.007 5.372E−03
27 6 177.66 0.37 0.376 0.020 7.220 0.026 2.058E−03
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indicating that the leaves of the S. kurilensis are less affected
by the regional geology than topsoil.

Based on thermomagnetic remanence curves, low-
temperature behaviors, and SIRM acquisition tests, the main

magnetic minerals in the leaf dust are oxidized magnetite. Day
plots for the leaf dust fall in the PSD magnetite range.
However, the hysteresis values of maghemite or oxidized
magnetite do not differ seriously from those of magnetite of
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Fig. 10 Representative results of SEM photographs (a, b) and EPMA spectrums (c, d) of magnetic particles separated from selected dust samples
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similar grain size (Dunlop 2002b). The S-ratios are almost
same value for all specimens and nearly 1.0, indicating that
the magnetic minerals are likely consistent not only from site
to site but also by distances from the roadside (Table 3). The
crossover point of the SIRM acquisition and subsequent AF
demagnetization curves yields a unique point for each sample
that provides additional magnetic information (Symons and
Cioppa 2000). All observed crossover points fall on similar
region on PSD-SD magnetite/maghemite area (Fig. 11). In
details, the samples taken at 0 m from roadside fall on PSD-
SD region, samples taken at 10 m from roadside fall on SD
region, and samples taken at 2 m from roadside fall on the
middle of these two sets, indicating that the closer to the road,
the coarser the oxidized magnetite present. In other words,
magnetic grain size decreases with distance from the road.
Therefore, it is likely that the dusts on the leaves in our study
area are derived from the same source, which is probably the
exhaust of passing vehicles.

The results of rock magnetic analysis, morphology, and
elementary analyses demonstrate that (a) the leaves of the
S. kurilensis plant near roadside are a good candidate for
collecting air pollution dust derived from vehicles and (b)
the potential inefficiencies involved in wiping the plant leaves
are minimized by using wipe sheets, thus providing an effec-
tive method to study such pollution. Hoffmann et al. (1999)
reported that the anthropogenic materials derived from pass-
ing traffic are deposited within 5 m with the peak concentra-
tion between 0 and 1 m from the roadside. Our results show
the peak of SIRM intensity to be at 0 m at all sites except for
site 16, where the peak appears at 0.5 m, with rapid intensity
decay by 2 m. This result indicates that the anthropogenic
pollutants do not travel far from the roadside into the sur-
rounding wetland even though there are few trees to act as a
barrier to the pollutants. Coastal areas along the Sea of Japan,
including Mt. Tateyama, have been exposed to large amount
of atmospheric acidic pollutants caused by Asian dust, which
are delivered by the westerly jet stream and northwesterly

winter monsoons (Nagashima et al. 2007; Watanabe et al.
2011). Such acidic pollutants could be the source of the ob-
served magnetic minerals in the area (Kim et al. 2012).
However, the similar spatial distributions of (a) the amounts
of magnetic minerals, i.e., the higher SIRM intensities near the
road side and its decrease with distance from the road, and (b)
the grain size decreases with distance from the road as well as
the distribution of heavy metal contents throughout the study
area indicate that atmospheric acidic pollutants from long-
range transportation from the Asian continent have little effect
to the dust on the leaves in the area. In addition, lack of spher-
ical grains implies that regional industrial processes such as
the coal-fired/fuel oil-fired power plant at Toyama city located
∼45 km northeast of Mt. Tateyama are minimal. Thus, this
study shows that it would be reasonable to use magnetic pa-
rameters for estimating the spatial distribution of heavy metals
from vehicular exhaust in Japan where environmental mag-
netic investigations on roadside pollution are usually avoided
due to many active volcanoes and dense population (Torii
2005).

Conclusions

Based on thermomagnetic remanence curves, low-
temperature behaviors, SIRM acquisition tests, crossover
plots, and Day plots, the main magnetic minerals in the leaf
dust are coarse-grained magnetite with the presence of a su-
perficial maghemite layer and SP minerals.

The in-field susceptibility measurements along the
Tateyama Kurobe Alpine route at the Midagahara wetland
area are similar in trend to the corresponding SIRM measure-
ments from dust on dwarf bamboo leaves and to the previous-
ly reported results from the nearby Bijyodaira forest area. Our
results show that in-field measurements are useful for estimat-
ing the spatial distribution of roadside dust even in a wetland
area. S. kurilensis, or dwarf bamboo, are distributed in wide
areas over East Asia, and they grow both adjacent to and far
from the roads; i.e., these bamboo plants cover enough area to
investigate the detailed spatial distribution of pollution.

Table 3 S-ratio of wipe paper samples

Distance from
roadside (m)

Number of
specimens

Averaged S-
ratio

Standard
deviation

0 12 0.99 0.01

0.5 9 0.99 0.00

1 10 1.00 0.01

1.5 2 1.00 –

2 10 0.99 0.00

3 3 0.98 –

4 2 1.00 –

5 10 0.99 0.01

6 1 0.99 –

10 5 0.97 0.02

10 100

0.1

0.5

4 30
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Magnetic field (mT)

J

J
900
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roadside

2 m

10 m

Fig. 11 Crossover plots of selected samples. The magnetite-type plot of
Symons and Cioppa (2000) is used since the coercivity of magnetite is
close to the one of maghemite (Peters and Dekkers 2003)
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The observed SIRM distributions show that the maximum
intensities are adjacent to the roadside. Similarly, the closer the
road, the higher the Fe, Pb, Cr, and Y concentrations observed.
Therefore, the observed SIRM distributions and in-field sus-
ceptibility likely refer to the amounts of heavy metals. These
results indicate that most of the pollutants are likely deposited
within 2 m of the roadside at Mt. Tateyama. In addition, cross-
over plots and Day plot analyses indicate that the magnetic
grain size decreases with distance from the road, indicating
that the main source of anthropogenic materials in the dust is
likely delivered by passing vehicle rather than regional or
faraway sources. Hence, the observed coarse magnetic min-
erals are likely formed by the oxidation of metallic Fe particle
derived from vehicle exhaust. The universal distribution of Fe
on analyzed grains by EPMA supports that the Fe is a suitable
trace element for pollution investigation in the area.

Also, when the dust samples are prepared by wiping off the
leaves with silica wool damped by ethanol, the samples are
suitable for both high- and low-temperature experiments,
allowing to identify not only magnetic mineralogy but also
SP grain size that cannot be caught by a neodymium magnet.
Wiping off the leaves’ surface of dwarf bamboo with ethanol
wipe sheet is a cheap, non-destructive, and effective method
for collecting the dust deposited on leaves because the poten-
tial inefficiencies involved in wiping the plant surface are
minimal. Therefore, the method should be considered for en-
vironmental magnetic application elsewhere where such bam-
boos or similar plant leaves are available.
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