
ABSTRACT

In this study, the ionic composition of volcanogenical-
ly derived particles and their temporal and spatial
distributions have been investigated to evaluate the
impact of the volcanic eruption on the local ecosystem
and residents. To this end, an intensive field study
was conducted to measure the size-segregated par-
ticulate matters at the east part of Sakurajima in
Japan. Fractionated sampling of particles into ¤PM10,
PM10-2.5, and PM2.5 was made by a multi nozzle cascade
impactor (MCI). The concentration of various ions
present in the size-resolved particles was determined
by Ion chromatography. The time dependent 3-dimen-
sional Volcanic Ash Forecast Transport And Dispersion
(VAFTAD) model developed by the NOAA Air Resourc-
es Laboratory (ARL) indicated that the sampling site
of this work was affected by the volcanic aerosol
particles plume. The temporal distributions of sulfate
and PM2.5 during the field campaign were significant-
ly variable with important contributions to particle
mass concentration. The chlorine loss, suspected to
be caused by acidic components of volcanic gases,
occurred predominantly in fine particles smaller than
10 μm.

Key words: Sakurajima, Volcano, Size-resolved par-
ticle, Ionic component, Chlorine loss

1. INTRODUCTION

Sakurajima (31�35′N, 130�39′E) (Fig. 1) is a volca-
nic island located in the bosom of Kagosima bay of
Kyusyu, Japan. Sakurajima is one of the most active
volcanoes in Japan. It has erupted several times in
recent history. The maximum eruption of volcanic aero-
sol particles emitted from Sakurajima volcano amount
to 29×106 t in 1985. The most abundant gas typically

released into the atmosphere from volcanism is water
vapor, followed by carbon dioxide and sulfur dioxide
(Iino and Terada, 2003; Luria et al., 1996). Volcanic
eruption also releases small amounts of other trace
components, including hydrogen, hydrogen sulfide,
hydrogen chloride, carbon monoxide, hydrogen fluo-
ride, and helium.

The effects of volcanogenic SO2 on residents and
the environment vary widely depending on (a) the
quantity of its emission from crater; (b) the range of
its injection (e.g., into the troposphere or stratosphere);
and (c) the regional or global meteorological conditions
that control its disperse (Bates et al., 1987). These SO2

can be carried to the ground in the form of acid rain or
snow after being converted into sulfuric acid (H2SO4).
Acid rain has been implicated in contributing to forest
degradation. There is good reason to believe that acid
rain has induced long-term changes in the chemistry
of some sensitive soils. The impact of acid rain on
forest in Sakurajima was realized, as nearly all trees
growing at the downwind section in the Mt. Sakurajima
dried up. 

About half of the acidity in the atmosphere falls back
to earth through dry deposition as gases and dry parti-
cles. The particles containing sulfuric acid can also be
settled down as dry deposition. Thus, it is informative
to study the combined composition of gases and parti-
cles for volcanogenic pollution and their impact on
local area. However, to date, few studies on particulate
matter, especially the size-segregated particulate mat-
ters, have been carried out in this volcanic region (Kino-
shita, 2000; Kinoshita and Togoshi, 2000). Hence,
relatively little is known about the composition of size-
resolved particles and their relationship to gaseous
materials. As a primary goal of this study, we report
the chemical properties of the size-resolved particles
collected nearby the volcanic crater of Sakurajima,
Japan. 
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2. EXPERIMENTAL AND METHODS

2. 1  Sampling of Size-resolved Particles 
For the sampling of ambient particles, a three-stage

multi nozzle cascade impactor (MCI®) (Tokyo Dylec
Co.) was operated at a height of about 80 m above sea
level of Kurokami observatory (31�35′N, 130�40′E)
(Volcanic activity research center of Kyoto University)
at the east part of Mt. Sakurajima in Kagoshima. This
size-resolved particle collection system operated at a
flow rate of 20 L min-1 for 24-h interval from 18-29
November, 2005.

As one of the multi-stage particle sampling instru-
ments, this MCI combined with the 1st and 2nd stages
having 12-orifice and back-up stage was employed to
measure the size distribution and mass concentration
levels of liquid and solid particulate matter. Particles
were sampled directly on substrate material arranged
behind the jet-nozzles of a cascade impactor. For the
collection of particle samples, the airflow was main-
tained at approximately 20 L min-1. Three-stage filters
were used for the collection of 3 particle-size fractions:
(1) the first stage: giant (¤PM10) (a 47 mm diameter,
non hole Nuclepore® polycarbonate filter), (2) the
second stage: coarse (PM10-2.5) (a 47 mm diameter, non
hole Nuclepore® polycarbonate filter), and (3) back-
up stage: fine (PM2.5) fraction (a 47 mm diameter, qu-
artz fiber filter). During the sampling period, the tem-

perature was around 6.4-18.7�C (average 12.9�C) with
relative humidity around 34-91% (average 63.1%). Dur-
ing sampling period the range of wind speed was 0.1-
7.8 m s-1 and it was generally blowing from the west
and southwest.

2. 2  Analytical Equipments and Methodology
After sampling, all filters were placed in clean poly-

ethylene petridishes and wrapped up with aluminum
foil for refrigeration until analysis. Blank filters were
handled in the same manner as the samples. For the
laboratory analysis, these filters were extracted with
deionized water by ultrasonic treatment. Ion Chromato-
graphy (IC) (Dionex DX-100) was used to determine
the concentrations of various ions present in the size-
resolved particles. Samples were analyzed for both
cations (sodium, ammonium, potassium, magnesium
and calcium) and anions (fluoride, chloride, nitrate,
phosphate and sulfate). 

2. 3  Data Validation
To assure the reliability of our measurement techni-

que, the quality assurance and quality control (QA/QC)
was conducted by analyzing a set of known standard
species. The data obtained by IC analysis were tested
for precision by checking the relative standard devia-
tion (% RSD) of each concentration of standard solu-
tion. In probability theory and statistics, the % RSD
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Fig. 1. Map showing the sampling site.



refers to the absolute value of the coefficient of varia-
tion expressed as a percentage. In Fig. 2, most ionic
components generally maintained low % RSD level.
This result indicates that the absolute values of standard
solutions did not vary significantly from each other.
However, relatively high % RSD values were seen in
the cases of fluoride (from 20 to 35%) and 0.5 ppm
ammonium (18.5%) standards. The regression plot
used for anion and cation balance, shown in Fig. 3,
clearly shows that these ionic measurements are highly
correlated, with the regression coefficient of 0.98.
Although the analytical processes of IC employed in
this study cannot determine the concentration of sev-
eral minor anions (e.g. carbonate, bicarbonate, and
water soluble organics like acetate, formate, etc.) the
sums of equivalent concentration of anions for several
samples are a little bit higher than those of cations. It
is therefore suggested that these minor anions includ-
ing their precursors were not significantly released
from volcanic systems, and then they did not act on
ion balance.

3. RESULTS AND DISCUSSION

To examine the transport and dispersion of the vol-
canic aerosol particles in the atmosphere, we ran the

time dependent 3-dimensional Volcanic Ash Forecast
Transport And Dispersion (VAFTAD) model developed
by the National Oceanic Atmospheric Administration
(NOAA) Air Resources Laboratory (ARL) developed.
The VAFTAD calculates transport and dispersion of
volcanic aerosol particles from an ash column extend-
ing from the volcano summit to the column top. This
model uses spherical particles of density 2.5×106 g
m-3 with diameter ranging from 0.3 to 30 μm (Heffter
and Stunder, 1993). The input data for model calcula-
tion are eruption time, coordinates (start point), and
height of source. The forecast meteorological fields
for VAFTAL model are routinely generated from Natio-
nal Centers for Environmental Prediction (NCEP)
daily runs of the Global Forecast System (GFS) model
and the North American Mesoscale (NAM) model. The
model computation of the visual ash cloud includes
the magnitude of the volcanic eruption as determined
by an algorithm based on the ash column top height
and column depth. A detailed model description of
the VAFTAD was given by Heffter and Stunder (1993).

In this study the VAFTAL model was run four episod-
ical days (24 Nov., 26 Nov., 27 Nov., and 28 Nov.)
when showed relatively high PM2.5 during whole mea-
surement period. Fig. 4 shows an example 8-panel
chart of the forecast visual ash cloud beginning at 0900
local time on 24 Nov. 2005. As displayed in Fig. 4,
the time dependent (6 h after eruption (top) and 12 h
after eruption (bottom)) volcanic aerosol particles
cloud dispersion is shown. The VAFTAD simulation
result (FL SURFACE-550) indicates that the volcanic
aerosol particles plume bounded for the east part of
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Fig. 2. Relative standard deviation of ionic species in each
step of standard solution. 

Fig. 3. Regression scatter plots of sum of anions versus sum
of cations in PM2.5.
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Sakurajima for a while after eruption and then it moved
toward to the Pacific Ocean. The visually described
transport and dispersion of the volcanic aerosols also
gives nearly the same results for other simulated model
output. Thus, the present sampling site appeared to be
affected by the volcanic aerosol particles plume. 

Fig. 5 presents the temporal variations of sulfate
and PM2.5 and their ratio (sulfate to PM2.5: indicated

as bars) measured at Sakurajima during an intensive
field measurement. The range of PM2.5 concentration
was between 8.9 and 46.1 μg m-3 with an average of
22.1 μg m-3. On the other hand, sulfate concentration
varied from 2.3 to 10.9 μg m-3 with an average of
6.94 μg m-3. Both sulfate and PM2.5 monitored during
an intensive campaign showed a strong temporal varia-
tion. The time resolution of PM2.5 data collection allow-
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Fig. 4. VAFTAL model output of the forecast volcanic visual ash cloud erupted on Nov. 24, 2005. FL range means the upper
and lower flight level. The right column panels are the composite layer, from the surface to FL550.

Fig. 5. Time series variation of the ratio of sulfate to PM2.5 and concentrations of sulfate and PM2.5 measured at Sakurajima.
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ed us to identify episodes and to determine the eruption
trends. The time series fluctuation of sulfate was mod-
erately comparable to that of PM2.5. The ratios of sul-
fate to PM2.5 ranged between 19.8% and 56.3% with
an average of 33.43%. Therefore, PM2.5 mass concen-
tration appears to be affected by the formation of sul-
fate thorough an eruption of the Sakurajima volcano.
The ratio of sulfate to PM2.5 found in this study is com-
parable to those of other background and urban areas.
Moon et al. (2005) measured the chemical species in
fine particulate matter at Gosan, Korea, one of the
most representative background sites in the East Asia.
The authors reported that the concentrations of PM2.5

and sulfate were 21.3 and 3.39 μg m-3, respectively
to yield the SO4/PM2.5 ratio of 15.9%. Likewise the
fine particles collected recently at an urban site in
Korea showed average value of 38.9 μg m-3 (PM2.5)
and 7.63 μg m-3 (sulfate) and their ratio of 19.6%.
(Park and Lim, 2006). The ratio of sulfate to PM2.5

obtained in the volcanic site is thus higher than those
of remote and urban sites. 

Most fine sulfates occur due to the oxidation of
sulfur dioxide gas. In humid atmospheres, oxidation
typically occurs in clouds where sulfuric acid is form-
ed within water droplets. If there is inadequate ammo-
nia in the atmosphere to fully neutralize the sulfuric
acid, then the resulting aerosols become acidic. 

As mentioned earlier, although a small amount of

hydrogen fluoride is released into the atmosphere from
volcano, quantification of fluoride concentration in
particulate matter should be meaningful to thoroughly
examine volcanic activity. An intake of excess fluorine
can act as a significant cause of death and injury in
livestock during ash eruptions (Sutton and Elias, 1993).
It also promotes acid rain effects downwind of volca-
noes like HCl (Symonds et al., 1994). As the ocean
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Fig. 6. Concentrations of nss-fluoride and nss-sulfate in size-resolved particulate matter colleced at Sakurajima.
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water generally contains a very small amount of sulfur
(0.27 wt%) and fluoride (1.3×10-4 wt%), non-sea-
salt (nss) components were estimated in here. Fig. 6
shows the concentrations of nss-fluoride and nss-sul-
fate as a function of particle size. Their concentrations
were also compared with the reference sites. As shown
in Fig. 6, the concentrations of nss-F- and nss-SO4

2-

exhibit not only strong particle size dependence but
also dissimilar variation among three-step particle size
to each other. The content of nss-F- was dominantly in
PM10-2.5, while that of nss-SO4

2- in PM2.5. Although
nss-F- had negligible concentration relative to nss-
SO4

2-, the occurrence of high nss-F- level in PM10-2.5

may be ascribable to a pale yellow gas attached to
fine ash particles during eruption. Fluorine also com-
bines with metals to make fluorides (e.g., sodium flu-
oride and calcium fluoride). Nss-F- in PM2.5 in the
present study can be compared with those of rural and
industrial areas in Ohio, U.S (Bates et al., 1987). The
median level of nss-F- in PM2.5 collected at Athens, a
rural area located approximately 105 km southeast of
Columbus, Ohio, was 0.007 μg m-3. On the other hand,
that of Koebel located in the industrial center of the
city consisting of foundries, plastic facilities, gravel/
quarrying operations, and other manufacturing indu-
stries was 0.051 μg m-3 (http://www.epa.state.oh.us/
dapc/atu/Section2 Chapter2.pdf). In fine fraction parti-
cles smaller than 2.5 μm, nss-F- concentration mea-
sured in the present work is relatively higher than that
of rural site ((a) in Fig. 6). In contrast, in comparison to
urban site ((b) in Fig. 6), it is very low. Human acti-
vities releasing fluorides into the environment are
mainly the combustion of coal (containing fluoride

impurities) and other manufacturing processes (steel,
copper, nickel, glass, brick, ceramic, glues and adhe-
sives). Especially, aluminum smelters are sources of
fluorides in various particle sizes (cryolite, aluminum
fluoride, calcium fluoride, chiolite). In the case of nss-
SO4

2- in PM2.5, the level of present study (7.64 μg m-3)
is overwhelmingly higher than those of rural ((c) in
Fig. 6) and industrial ((d) in Fig. 6) areas in Ohio, U.S.

The relative contributions of the five components
to the size-segregated particles were examined. In Fig.
7, the percentages of their mass loading in each size
range are exhibited. The amount of sea salts was deriv-
ed from Na++ concentration in aerosol and the Na++ to
total salt ratio of 0.306 in sea water (sea salt==3.27×
Na++). Although in order to estimate the amount of soil
fraction in aerosols, aluminum was generally selected
as a tracer material of soil, the soil fraction in the pre-
sent study was calculated by calcium concentration in
ambient particles and the ratio of calcium to aluminum
of reference (Gregory et al., 1982). As explained already
in the result of Fig. 5, the ratio of SO4

2- to PM2.5 esti-
mated in the present study is higher than those of rural
and urban sites. This high ratio of SO4

2- to PM2.5

might be caused by sulfate originated from the phase
shift of SO2 in volcanic gases. It is also possible to
infer that a high contribution SO4

2- to PM2.5 can reflect
the positive artifact of quartz fiber filters which can
effectively absorb SO2. As might be expected, sea salt
and soil fractions mainly contribute to the mass loading
of coarse particles larger than 2.5 μm.

Among the acidic compounds detected in volcanic
gases, SO2 and NOx can participate in the chlorine loss
to make the content of particle Cl- in the atmosphere
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Fig. 8. Plotting of the measured vs. theoretical chlorides to estimate the chlorine loss. *[Cl-]loss (%)==([Cl-]est.-[Cl-]mea.)/[Cl-]est.

×100.
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less than that of the sea salt. The chlorine loss may be
caused either by the reaction of gaseous HNO3 with
NaCl in sea salt particles or by the reaction between
H2SO4 and NaCl in sea salt. Fig. 8 illustrates the mea-
sured versus theoretically estimated chlorides in size-
classified particulate matters. The estimated Cl- mass
concentration was theoretically calculated by [Na++

mass concentration×1.8]. As shown in Fig. 8, all
regression lines are far from the one-to-one line, sug-
gests that the estimated Cl- concentrations are higher
than the measured ones. This result indicates that chlo-
rine loss occurred actively. The ranges of chlorine loss
(%) in size-resolved particles were also calculated. It
ranged from 20.0-78.8% with an average 54.1% in
PM2.5, whereas relatively high chlorine loss (28.6-85.5%
with average 61%) was found in PM10-2.5. The chlo-
rine losses in PM2.5 and PM10-2.5 collected at Jeju Is-
land, Korea were calculated as 32.4% and 39.6%, res-
pectively (Moon et al., 2005). As a consequence, the
amount of chlorine loss calculated in the present stu-
dy was relatively higher than that of remote site with-
out volcanic activity.

Coarse particle fraction of sulfate in the atmosphere
mainly exists in the form of Na2SO4, MgSO4, and
CaSO4. Na2SO4 in coarse particles may be formed by
the absorption of gaseous SO2 in sea salt droplets due
to its oxidation to H2SO4 and release of gaseous HCl
from the sea salt;

2NaCl++H2SO4→Na2SO4++2HCl↑

A thorough investigation of sulfate in coarse particles
will be critical to understanding not only the existing
types of sulfate but also the chlorine loss by sulfuric
acid. Hence, the theoretically predicted concentrations
of sulfate in PM10-2.5, which showed the highest amount
of chlorine loss in Fig. 8, were compared with the
actually measured sulfate concentrations. Fig. 9 pre-
sents a scatter plot of PM10-2.5 sulfate between the mea-
sured and theoretically calculated values. The latter
was calculated by [concentration of counter ion×MW
of sulfate/MW of counter ion]. Here, the counter ions
are Na++, Mg2++, and Ca2++. MW denotes molecular
weight (in case of Na++, MW was multiplied by two).
As shown in Fig. 9, the theoretically calculated sulfate
concentrations from Na2SO4, MgSO4, and CaSO4 were
significantly overestimated. Moreover, their determina-
tion coefficient (0.41) was too low. On the contrary,
the theoretically estimated sulfate concentrations from
MgSO4 and CaSO4 had a relatively close relevance to
the measured sulfate concentrations with a relatively
good R square level (0.75). It can, therefore, reason-
ably be said that most sulfate in PM10-2.5 are explained
by MgSO4 and CaSO4. In other words, the Na2SO4

formed by the reaction between H2SO4 and NaCl in
sea salt can be disregarded. If it is the case, the chlorine
loss in PM10-2.5 may be caused mainly by HNO3 instead
by H2SO4.

4. CONCLUSIONS

In this study, an intensive field measurement was
conducted to elucidate the characteristics of size-clas-
sified ambient particles near the Sakurajima volcano
in Japan. The time resolution data of sulfate and PM2.5

concentrations with strong time serial variations allow-
ed us to identify episodes and to determine the eruption
trends during the intensive campaign. Sulfate concen-
tration, which accounted for 31% of PM2.5, seems to
reflect oxidation of volcanically derived sulfur dioxide
gas to sulfate particles. A comparison of the measured
and theoretically estimated chlorides in size-segregated
particulate matters suggested that the acidic compounds
detected in volcanic gases can be actively engaged in
chlorine loss. This chlorine loss, especially in PM10-2.5

fraction, is suspected to be caused by HNO3. Although
a limited data were discussed, the data from our inten-
sive field measurement helped us improve understand-
ing of several important phenomena regarding the
size-resolved particulate matters in volcanic region.
However, to cope with the disaster of a volcanic erup-
tion, it will be necessary to continue the monitoring
of not only particulate matters but also gaseous mate-
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Fig. 9. Scatter plot of the measured SO4
2- versus the theoreti-

cally calculated SO4
2--in PM10-25. Empty squares are estimated

SO4
2- in PM10-2.5 from Na2SO4, MgSO4, and CaSO4. Filled cir-

cles are estimated SO4
2- in PM10-2.5 from MgSO4 and CaSO4.
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rials.
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