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bstract

Samples of total suspended particulate (TSP) matter were collected by using TSP samplers from certain areas representing the estuary of the
huoshuei River, Taiwan during monsoon and non-monsoon seasons in 2005. A total of 12 elements and nine inorganic ions were identified by
nductively coupled plasma atomic emission spectrometry (ICP-AES) and ion chromatography (IC), respectively. Enrichment factors explaining a
reponderance of the variance in the data were applied to the data sets. The results show that wind direction significantly affected the concentration
f TSP during the monsoon season; moreover, these concentrations were also markedly higher during the monsoon than during the non-monsoon
eason. Low enrichment factor (EF) values (1.18–2.88) were observed during the monsoon for Ca, Fe, Na, Ba, Cd, Co, Li, Mn, and Sr, reflecting
he importance of dust contribution by natural processes. Conversely, the EF values calculated for Ca, K, Ba, Co, Li, and Zn were relatively high

7.03–20.26) when observed during non-monsoon season, a phenomenon suggesting that they are mainly contributed from non-crustal sources.
he observations of relatively enhanced EF values during monsoon indicate that the changes in wind direction between monsoon and non-monsoon
easons are associated with the different contribution sources. The high concentration of TSPs observed in the ambient air is believed to be primarily
ue to surface soil particle emission from the riverbeds.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Particulate matter may be generated by natural processes
r through human activities, including soil dust, diesel trucks,
ower plants, wood stoves, and industrial processes [1–4]. Indi-
idual particles vary considerably in size, geometry, chemical
omposition, and physical properties. Ambient particulate mat-
er is one of six criteria pollutants, of which the effects on human
ealth and the environment vary with the physical and chemical
omposition of each.

Total suspended particulate (TSP) matter has received world-
ide attention, due to its potential impact on global climate

hange and its effects on human health worldwide. Many gov-
rnments and international organizations have set guideline

evels for average ambient particulate matter concentration. In
987, the US EPA replaced the TSP standard with a National
mbient Air Quality Standard (NAAQS) for PM10 in response
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nded particulate (TSP)

o research showing that these smaller particles present a greater
ealth risk due to their ability to penetrate deeper into the lungs.
ccording to the Taiwanese EPA air quality standards in an

mbient environment, the annual and daily average thresholds
f PM10 are 65 and 125 �g m−3, respectively; the daily average
hreshold of TSPs is 250 �g m−3. TSP concentrations remain
levated, despite the great efforts exerted by the Taiwanese gov-
rnment towards reduction by controlling the emission rates of
ocal pollutant sources.

The downstream extremities of the Jhuoshuei River are heav-
ly deposited with fine soil particles due to poor geological
onditions in the watersheds and concentrated rainfall during the
ummer season. These deposits are difficult to improve; hence
hey easily become a source of dust particle emissions during
he dry winter monsoon. There are certain indications that the
outhwestern riverbank area of the Jhuoshuei River (i.e., Yun-
in County) might receive elevated TSP matter via fugitive dust

mission from the riverbed [5].

In this study, we investigated the significance of TSP matter
s the cause of the air pollution in Yunlin County because large
uantities of soil particles are known to be emitted from the

mailto:cwlin@mail.dyu.edu.tw
dx.doi.org/10.1016/j.jhazmat.2008.01.015
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iverbed of the Jhuoshei River. Whether the monsoon season
ronouncedly affects the TSP concentration was also studied. A
alculation of enrichment factors was performed for all elements
n the experimental data sets to identify the emission sources of
SP and the effects of the monsoon on the TSP concentration

n Yunlin County.

. Materials and methods

.1. Site descriptions

Changhua County, located in the west-central region of Tai-
an, has a population of 1.3 million people and covers an area
f approximately 1074 km2. Surrounded by mountains to the
orth, south, and east, the county faces the Taiwan Strait on
he west. Yunlin County, having an area of about 1290 km2, is
ocated in the south-central portion of western Taiwan and is
t the northern tip of Chianan Plain. Constituting the longest
iver in Taiwan, the Jhuoshuei River originates from a stream
n the highest peak of Mt. Hohuan in Nantou County and a
ubsidiary stream 187 km in length. The administrative regions
hrough which the stream passes include Nantou, Changhua, and
unlin Counties. In the near-coastal areas, the river separates
unlin County from Changhua County. The Formosa Industrial
ark, which contributes 1500 tonnes of TSP per year, is situated
ear the southwestern section of the river. Measurements were
onducted at seven locations within the estuary in Changhua
nd Yunlin Counties, Taiwan, as shown in Fig. 1. Site no. 1
Dacheng), called the upwind site during the monsoon season,
s located in Changhua County, being situated on the northern
ank of the Jhuoshuei River. Site numbers 2, 3, 4, and 5, desig-
ated downwind sites, are Mailiao-SC, Lunbei-FN, Mailiao-SJ,
nd Lunbei-FR, respectively. These sites are located in Yunlin
ounty, being situated on the southern bank of the river. The
umber 6 and 7 sites are surface-soil sampling sites located on
he dry riverbed.
.2. Sampling program

The collection of TSP samples was implemented during
oth monsoon (11/4N–11/10N; 11/28D–12/4N; D represents

a
t
m

ig. 1. Location of aerosol sampling sites in estuary of Jhuoshuei River, Taiwan. Nu
unbei-FN, Mailiao-FJ, Lunbei-FR, on-site soil sampling 1, and on-site soil samplin
Materials 157 (2008) 418–422 419

aytime; N represents nighttime) and non-monsoon seasons
7/30N–8/3D; 8/26N–8/30D; 9/20D–9/26D) at five sites (sites
os. 1–5) in both Changhua and Yunlin Counties. The air flow
ate was controlled at 1.2 m3 min−1 and the sampling was con-
ucted over a 12 h period, either from 08:00 to 20:00 h or 20:00
o 08:00 h. A total of 202 samples were collected by using a TSP
ampler (121 FT, Kimoto, Japan), each sample being collected
n a 20 cm × 25 cm quartz filter. To measure the TSP concen-
ration, all filters were weighed before and after sampling. All
rocedures were strictly quality-controlled to avoid any adverse
ffects on the samples. Detailed procedures regarding operating
onditions for samplers and QA/QC procedures can be found in
ur previous publication [6]. The samplers were located in posi-
ions that were 10–15 m higher than ground level where neither
bstacles nor emission sources such as incinerators or stacks
ere situated nearby.

.3. Chemical analysis

.3.1. Elemental analysis
In our study, inductively coupled plasma atomic emission

pectrometry (ICP-AES, Optimal 2000, MA) was used to iden-
ify a total of 12 elements (Al, Ca, Fe, K, Na, Ba, Cd, Co,
i, Mn, Sr, and Zn). The instrument operating conditions were
et according to the information recommended on the case
or the device. Certified standards (1000 mg l−1; Merck) were
sed for the determination of trace element concentrations in
he samples. Due to the sensitivity of ICP, all samples and
lanks were digested in closed beakers for 6–8 h at 75–85 ◦C
ith the addition of a 19 ml acid mixture consisting of boric,
itric, hydrochloric, and hydrofluoric acids with proportions of
0:5:2:2, respectively. After particles in the filter were com-
letely dissolved in the mixed acid solution, the new solution
as filtered, after which 50 ml of nitric acid was added (0.5N)

o decrease the acidity below 2%.

.3.2. Ion analysis

Ion chromatography (IC) (model DX 120, Dionex, CA) is

high-performance version of ion-exchange chromatography
hat has become the preferred method for routine analysis. This

ethod has typically been applied in cation and anion analy-

mbers 1, 2, 3, 4, 5, 6, and 7 represent sampling sites at Dacheng, Mailiao-SC,
g 2, respectively.
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Table 1
TSP concentration during monsoon and non-monsoon seasons

Sites Monsoon season Non-monsoon season

Sample count Mean (standard deviation) Sample count Mean (standard deviation)

No. 1 27b 129.74 (54.14) 29c 90.61 (41.34)
No. 2 27b 191.40 (187.12) 29c 98.16 (36.19)
No. 3 27b 203.28 (156.29) 29c 118.80 (48.95)
No. 4 7d 190.84 (119.05) 7e 119.99 (36.48)
No. 5 7d 192.65 (31.27) 7e 82.60 (20.32)
No. 5 6f 813.43 (881.26) 0 –
Downwind sitesa 68a 194.54a 72 104.89

Concentration unit: �g m−3.
a “Downwind sites” include four sites (nos. 2–5), excluding data collected during 12/2D–12/4N.
b Sampling during monsoon seasons (11/4N–11/10N; 11/28D–12/4N).
c Sampling during non-monsoon seasons (7/30N–8/3D; 8/26N–8/30D; 9/20D–9/26D).
d Sampling during 11/7N–11/10N (monsoon).
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during the monsoon. This observation suggests that the wind
direction significantly affects the TSP concentration at each
site.
e Sampling during 9/23D–9/26D (non-monsoon).
f Sampling during 12/2D–12/4N (monsoon).

es in many previous studies [7,8]. In our study, nine inorganic
ons (Na+, NH4

+, K+, Mg2+, Ca2+, Cl−, NO2
−, NO3

−, and
O4

2−) were analyzed by IC. Before analyzing the ion com-
ositions, the solid suspended particulate matter in the filter
aper was removed into the extracting liquid by ultrasonic shake
xtraction. In the composition analysis of anions, 9 mM Na2CO3
as used as the eluent to drive the samples at a flow rate of
.0 ml min−1.

.4. Enrichment factors

Analysis of the enrichment factor (EF) was introduced in
he 1970s. This method, an indirect tool, can be utilized to dif-
erentiate between metallic pollution originating from human
ctivities and from natural processes and to assess the degree
f anthropogenic influence [9–12]. The formula to calculate
Fs can be generalized as Chester and Stoner proposed in 1973

13]:

F(El)crust = [El]sample/[X]sample

[El]crust/[X]crust
(1)

here (El) is the concentration of the chemical element
nder consideration, and (X) is the concentration of the
eference element [14]. Aluminum is frequently used as

reference element on the basis of the assumption that
ts anthropogenic sources to the atmosphere are negligible
8,15–17].

If the value of EF approaches 1, the earth’s crust is the pre-
ominant source. EF values of chemical elements in the range
f 1–5 suggest no significant contribution of anthropogenic
ources to the ambient level of these elements. Operationally,
hen given the local variation in soil composition, an EF value
reater than 5 suggests that a significant portion of the ele-

ent has been contributed from non-crustal sources [18]. As

he EF value increases, the non-crustal-source contribution also
ncreases. EF values of chemical elements higher than 10 indi-
ate anthropogenic-source origins [1,4,19].
. Results and discussion

.1. Spatial variations of particulate matter components

Table 1 indicates that the average TSP concentrations are
n the range of 129.7–813.43 �g m−3 during the monsoon and
2.6–119.9 �g m−3 during the non-monsoon season. It appears
hat the average TSP concentration during the monsoon is gen-
rally higher than during the non-monsoon season. The highest
SP concentration observed during December 2–4 is attributed

o the strong wind during monsoon. In addition, the aver-
ge TSP concentration is the lowest at no. 1 (129.74 �g m−3)
nd the highest at no. 5 (813.43 �g m−3) during the mon-
oon. The apparent difference in concentration between these
wo sites is believed to be site-specific, no. 1 being upwind
nd no. 5 downwind. In contrast, the average TSP concen-
ration is lowest at no. 5 (82.6 �g m−3) and highest at no. 4
119.9 �g m−3) during the non-monsoon season. Moreover, the
ind direction is not stable during the non-monsoon season;
owever, it is quite stable and primarily from north to south
Fig. 2. TSP concentration during monsoon and non-monsoon seasons.
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ig. 3. Comparison of TSP concentration for downwind and upwind sampling
uring monsoon season.

Fig. 2 indicates that during the non-monsoon season, the TSP
oncentration at no. 4 and no. 3 is quite similar to that at the
o. 1 site (98.1 and 118.8 �g m−3, respectively, compared with
0.6 �g m−3). Furthermore, the average TSP concentration at
ll sites during the monsoon is significantly higher than during
he non-monsoon season. Specifically, the no. 1, no. 2, and no.
sites are 1.62, 2.23, and 2.24 times higher, respectively. More-
ver, Fig. 3 shows that during the monsoon, the average TSP
oncentration at the downwind sites (nos. 2–5) is significantly

igher than at the upwind site (no. 1), i.e., no. 2, no. 3, no. 4, and
o. 5 sites are approximately 50% higher, respectively. Conse-
uently, we suggest that the existing sources are located between
he upwind and downwind sites. Moreover, these sources signif-

t
t
t
s

Fig. 4. Enrichment factors for elements (

Fig. 5. Enrichment factors for elements (sam
Materials 157 (2008) 418–422 421

cantly affect TSP concentration at the downwind sites during
he monsoon.

.2. Identification of emission sources via enrichment
actors

In this study, several chemical elements and Al, which is
sed for calculating EF values, were extracted from the surface
oil in the riverbed of the Jhuoshuei River. Fig. 4 shows that
he EF values for the elements (Ca, Fe, Na, Ba, Co, Cd, Li,

n, and Sr) sampled during the monsoon at five sampling sites
ange from 1 to 5, except for K and Zn. These values imply
hat there is no significant contribution from other sources (e.g.,
nthropogenic); however, the enrichment of these elements is
ttributed to a soil origin (i.e., dust from the riverbed) during the
onsoon.
Fig. 5 indicates that the EF values for Fe, Na, Cd, Mn, and

r sampled during the non-monsoon season at the no. 1, no.
and no. 3 sites range from 1 to 5, implying that the enrich-
ent of these elements is from a soil origin. Elements such as
a, K, Ba, Co, Li, and Zn, with EF values greater than 5, sug-
est that the enrichment of these elements is mainly contributed
rom non-crustal sources. The EF values in Fig. 4 for most of
he trace elements sampled during the monsoon are lower than

hose in Fig. 5 during the non-monsoon season. This observa-
ion indicates that the change in wind direction from monsoon
o non-monsoon seasons also led to the different contribution
ources.

sampling during monsoon season).

pling during non-monsoon season).
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On the basis of the TSP concentration analysis, we believe
hat certain sources markedly affect the TSP concentration in
unlin County during the monsoon but not significantly dur-

ng the non-monsoon season and that these sources are located
ithin Changhua and Yunlin Counties. Moreover, the enrich-
ent factors indicate that these sources are natural, being

rimarily derived from soil dust. The monsoon usually occurs
etween October and December, which is still the dry season.
uring this dry season, the water level in the Jhuoshuei River
ecreases while the dryness of the riverbed soil increases. Addi-
ionally, during the monsoon, the wind direction is usually from
orth to south and with significant speed. The result is that a large
mount of soil dust is transported from the Jhuoshuei River to
unlin County by the monsoon winds, thereby leading to the
igh concentration of TSP. It should be noted that the concen-
ration of TSP during the non-monsoon season is insignificantly
ncreased because the wind direction during this season is not
table.

. Conclusion

In this study, the particulate-matter monitoring indicated that
he average TSP in Yunlin County was significantly greater than
he Taiwanese EPA guideline level. The average concentrations
f TSP at the downwind sites during the monsoon were signifi-
antly higher than those at the upwind site; however, there was no
ignificant difference between the average concentrations of TSP
t all sampling sites during the non-monsoon season. The wind
irection is frequently from north to south during the monsoon,
hereby significantly affecting the TSP concentration. Fugitive
ust emitted from surface soil from the Jhuoshuei River was
he main cause of the elevated concentration of TSP during the

onsoon.
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