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Abstract This work analyzed metal concentrations and
potential sources of sediment pollutants in the Tamsui
River, Taiwan, by instrumental neutron activation analysis.
The Tamsui River, the second longest of Taiwan’s three
major rivers, flows through metropolitan Taipei City in
northern Taiwan and is renowned for its preserved man-
grove wetlands. In total 11 elements Al, As, Br, Cs, Fe, La,
Mg. Mn, Na, Sc, and Ti were identified in 24 samples taken
from three sites upriver, the mangrove area and estuary
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during the spring of 2004. Specifically, the most abundant
Al metal concentration was 15.6-0.92 mg/g adopted as
standard reference in this study. Only few sites had As at
the statistical meaning (>DL). Furthermore, arsenic con-
centrations fluctuated at roughly 0.67 & 0.09 mg/kg based
on variations in background counts in various y-ray spectra.
Elemental concentrations of these elements were compared
with those in other nations, and discussed in the context of
enrichment factors calculated for elements using the earth
crust of various sediments as references, based on ele-
mental values of Al.

Keywords Sediments - Metals - Tamsui River -
Mangrove - Instrumental neutron activation analysis -
Enrichment factor

Environmental hygiene in metropolitan Taipei, Taiwan, has
attracted considerable attention over the last 30 years. The
population of Taipei has increased to nearly six million,
roughly one-quarter of Taiwan’s total population. Local
anthropogenic sediments are the result of environmental
hygiene, extremely high vehicle traffic, and industrial
emissions. However, a lack of adequate sewage systems and
other related facilities means that approximately 70% of
industrial and domestic waste flows into the Tamsui River,
the second longest of Taiwan’s three major rivers, which
drains into the Taiwan Strait. Contaminants and metals are
slowly deposited along the shorelines of the river. Addi-
tionally, metal contamination typically occurs upriver, and
in the mangrove area and estuaries. Data for metal con-
centrations in the Tamsui River are scarce and generally
restricted to certain analytical methods. Metals in mangrove
environments have garnered increased attention as sediment
in this forest is both a sinks and source of pollution in the
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Tamsui River. Many studies have analyzed metal concen-
trations in sediments along the river shorelines. Complex
pre/post treatment of conventional samples has led
researchers to develop widely applicable methods for
qualifying metal concentrations that have increased preci-
sion. Numerous spectroscopic techniques such as instru-
mental neutron activation analysis (INAA) (Chen 2006;
Mubiana and Blust 2006; Dinescu et al. 2004; Chen et al.
2003; Chen and Pan 2001; Waheed et al. 2001; Al-Jundi
2000), atomic absorption spectroscopy (AAS) (Machado
et al. 2002; Aloupi and Angelidis 2001; Fang and Hong
1999; Tam and Yao 1999; Lee et al. 1998; Kao and Chang
1998), inductively coupled plasma mass spectrometry (ICP-
MS) (Jingchun et al. 2006; Sharma et al. 1999; Schuhmacher
et al. 1997), and X-ray Absorption Spectroscopy (EXAFS)
(Wang et al. 2003) can measure heavy metal concentrations
in sediment. Applying INAA, as utilized herein, can bridge
the gap between precise measurement and easy preparation,
and satisfy modern environmental hygiene criteria. The
INAA, which rapidly and accurately determines concen-
trations of many metals, is a non-destructive and multi-
elemental method, without the problems associated with
dissolution of complex samples, and without possible con-
taminations associated with sample pretreatment (Chen and
Pan 2001). Accordingly, this work evaluates the concen-
trations of 12 metals from 24 different locations along river
shorelines, and elucidates the relationships among these
metal based on various sampling positions. Although many
studies have analyzed sediment, few have focused on
metropolitan Taipei. Arsenic in ground-water is a well-
documented risk factor for Blackfoot disease in southern
Taiwan (Chen 2006; Wang et al. 2003). The Environmental
Protection Agency (EPA) of the Republic of China, Taiwan
(ROC) recommends that arsenic levels in drinking water not
exceed 50 pg/L (EPA 1997). The Erh-jen River in Taiwan
and its estuary have high metal contamination (Chen 2006;
Wang et al. 2003). Manganese and iron are common in
industrial effluent and other anthropogenic sources of con-
tamination in sediment in mangrove areas (Tam and Yao
1999). However, in excess amounts, these elements, espe-
cially As, Mn, and Fe, are toxic to plants, and enter water
systems through surface run-off and leaching (Lee et al.
1998). This is the first study to evaluate arsenic concentra-
tions in a mangrove area and is very important to establish
baseline data for metal concentrations such that pollution
along the Tamsui River can be assessed.

The Tamsui River is 159 km long and has a flood area of
2726 km®. The Tamsui River flows through central
metropolitan Taipei, Taiwan’s largest city with a popula-
tion of roughly six million. Taipei is located in northern
Taiwan, and is surrounded by eight major satellite cities.
The river serves many roles; for example, the river is an
open and free sewage system for residences upriver. As an

urban river, the Tamsui River is, uniquely, an area for
natural preservation of almost 54 acres mangroves (Kao
and Chang 1998). This area primarily consists of Kandelia
candel (L.) Druce forest, and some other mangrove species,
such as Gruguiera Gymnorrhiza, Vitex rotundifolia, Wed-
elia biflora, and Bidens Bipinnata (L.). The river is home to
one of the best Kandelia candel (L.) Druce forests in
Taiwan, which is protected by the ROC government.
Mangrove ecosystems, which are intertidal, are reduced in
numbers gradually. These features promote the retention of
metals from inland freshwater drainage and tidal flushing
(Tam and Yao 1999). This river also supports short-range
transportation (~ 15 km) near the Tamsui estuary. Many
bridges cross this river, connecting northern and southern
parts of Taipei City. This convenient transportation system
facilitates communication among satellite cities and pro-
motes garbage dumping along the river shorelines.

Materials and Methods

Sediments were obtained from 24 positions using a Teflon-
coated Ekman Dredged along either side of the Tamsui
River during March to May in 2004 (25°11'N, 121°30E to
25°05'N, 121°22'E). The precise sampling positions were
depicted in Fig. 1. The labels in the figure were clearly
grouped among three sites referring to the human activities,
that is, upriver, mangrove area and estuary, respectively.
The sediments were collected from 35 to 45 cm deep
beneath the river bed and then dried in an oven until a
constant weight was achieved, then ground with a pestle
and mortar and screened using a 300 pinhole/in sieve (Tam
and Yao 1999). Each treated sediment sample, weighting
160 £ 10 mg, was packed into a 3 x 3 cm?® polyethylene
(PE) bag to be irradiated with neutrons (Chen and Pan
2001). An empty PE bag of identical size was employed as
a blank correction. Each bag was subsequently wrapped in
“clean” PE to prevent contamination before irradiation.
Samples of sediments and reference materials were pre-
pared in triplicate to minimize statistical uncertainty (Chen
and Pan 2001).

These samples were irradiated in a zero-power reactor at
LungTan (ZPRL) with a neutron flux of 7.5 x 10!
n-cm 2 s~ (Tsao and Pan 2000). The activated samples
were divided into those that were irradiated for a short
period (5 min) and those that were irradiated for a long
period (20 h). Radiations from the briefly irradiated sam-
ples were counted after they had been cooled for 5 min.
Radiation from the 10 £ 3 mg nickel powder irradiated
together with each of the samples was also counted to
correct the neutron fluctuation during irradiation. Radiation
from the samples and reference materials irradiated for a
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long time was counted in two stages, according to the
radionuclide decay property in the activated sample.
Radiation from one group of samples was counted for
4,000 s after a 3 tol5 day decay period; while the other
was counted for 20,000 s after 15 days (Chen and Pan
2001; Waheed et al. 2001; Tsao and Pan 2000). The acti-
vated sample was analyzed by a y-ray detecting system that
consisted of a high purity germanium (HPGe) detector with
a 15% relative efficiency and a multi-channel analyzer
(MCA). The efficiency of the HPGe detector was deter-
mined with a series of y-energy using calibrated standards
for 6°Co, 133Ba, 137Cs, and '">?Eu. Additionally, the results
were calibrated to 160 £ 10 mg reference material IAEA
SL-7 (sediments from International Atomic Environmental
Agency) with the same geometry in irradiation rabbit. The
decay properties for the relevant radionuclide are listed in
Table 1 (Dinescu et al. 2004; Chen and Pan 2001; Al-Jundi
2000; Shirley and Lederer 1978).

The Detection Limit (DL) calculated herein was defined
as follows (Chen and Pan 2001).

MDA(sample

)
CvK, 1
MDAy N (1)

DL(sample) =

@ Springer

Table 1 Radioactive decay properties of metals assayed in this work

Radionuclide T E,(keV) L, (y/decay)
Group 1
Al-28 224 m 1778.9 1.000
Mg-27 9.46 m 843.8 0.718
Mn-56 2.58h 846.8 0.989
Ti-51 5.80 m 320.0 0.948
Group 2
Ar-76 26.5 h 559.2 0.447
Br-82 353 h 776.5 0.833
Na-24 15.00 h 1368.5 0.999
La-140 40.2 h 1595.4 0.955
Sc-46 83.83d 889.2 1.000
Group 3
Cs-134 2.19y 604.7 0.984
Fe-59 45.0d 1098.6 0.565
Ni-65* 2.52h 1481.8 0.235

* The Ni-65 flux monitors were adopted for neutron flux measure-
ment in this work

y = year, m = month, d = day, h = hour
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Table 2 The evaluated results for each metal (mg/kg) in Taisui River

Element  Upriver Mangrove Estuary

Mean £ SD Median (range) Mean + SD Median (range) Mean + SD Median (range)
Al 39900 + 10000 36500 (58600, 27000) 36300 £ 2660 36300 (39800, 31700) 38600 £+ 16800 41500 (55700, 15700)
As 330 £5.21 0.88 (12.6, <DL) 9.78 + 2.53 9.40 (13.0, 7.32) 8.04 + 1.41 8.04 (9.04, 7.04)
Br 154 + 7.48 12.3 (28.6, 6.29) 233+ 5.6 24.8 (30.2, 14.2) 22.6 + 8.1 23.8 (30.9, 11.7)
Cs 6.88 + 1.85 7.83 (9.41, 4.05) 7.58 + 0.68 7.34 (8.54, 6.67) 7.04 + 0.74 7.29 (7.63, 5.96)
Fe 32200 + 4600 33900 (36500, 21200) 33100 £ 4300 33400 (37500, 24800) 34700 % 2600 34700 (37800, 31500)
La 23.7 £+ 16.1 27.1 (48.6, 10.4) 412 £ 3.0 42.5 (43.7, 34.9) 38.1 £ 0.9 37.9 (39.5, 37.4)
Mg 9300 £ 2200 9280 (14800, 6790) 9480 + 900 9710 (10600, 7770) 10470 £ 2120 11200 (12200, 7400)
Mn 316 + 82 323 (445, 208) 320 £ 82 340 (431, 185) 371 £ 123 419 (456, 191)
Na 11100 + 1400 11800 (14700, 8760) 13400 4+ 1400 13900 (14900, 10600) 14100 % 1800 12900 (14900, 11400)
Sc 5.12 £ 4.71 6.06 (12.5, 1.35) 103 £ 1.2 10.7 (11.6, 8.43) 11.0 £ 1.0 11.2 (12.2, 9.68)
Ti 2810 £ 450 2740 (3590, 2090) 2640 + 170 2690 (2800, 2260) 2630 £+ 760 2660 (3510, 1690)

The Minimum Detectable Amount (MDA), which was
derived according to Currie’s formula (Curie 1968), follows
the fluctuation of DL, where MDA ) is determined for
standard soil powder IAEA SL-7) and Cy is the elemental
concentrations of std (mg/kg). Ky are the concentration of
standard soil powder and the conversion factor of the
thermal neutron flux, respectively. According to this
definition, the MDA is derived as:

K - (2.71 +4.65V/B)

MDA =
¢-om-M-¢E)-L(E,)-S-D-C

(2)

where K represents the overall calibration factor during the
chemical process; B is the integrated number of back-
ground counts under the gamma peak of interest; ¢ is
the effective thermal neutron flux (n - cm_z/s); oy 1S the
thermal neutron cross section (cmz); M represents the
sample weight (g); ¢(E,) and I,(E,) represents the detection
efficiency and intensity of the y-ray, respectively; S; D
and C are related to the saturation factor, decay factor, and
countigg factor of the sample as 1 —e *; e *; and
I—e / 7, respectively. The counting errors increase up to
10% for a few elements such as As, Cs, Mg, and Ti. In this
case, it is due to primary to low concentrations of those
elements in some sediment which increase the fluctuation
of the counting statistics or because of strong background
interference from other radioactive y-ray. The analytical
errors of the results for most metals were within 15%
except the derived DL for arsenic fluctuated around
0.67 £ 0.09 mg/kg based on the related background counts
of each y-ray spectrum.

Analytical results will generate a database that will
facilitate the development of environmental strategies for
metals in sediment from Taipei City. Table 2 lists the
measured concentrations for each metal from each sampling
location and the average concentrations of 11 elements
determined by INAA in the sediment samples. Metal

concentrations were normalized to total mean concentra-
tions for each metal, and the normalized data were illus-
trated in Fig. 2. Table 2 demonstrated that upriver had the
largest statistic errors As (74%), La (47%) and Sc (53%). In
addition, La (2.62%) and Fe (7.8%) at the estuary had the
smallest statistic errors. The overall order of sediment metal
concentrations in the Tamsui River was Al > Fe >
Na > Mg > Ti > Mn > La > Br > Sc > Cs > As. Com-
parisons of maximum, minimum, mean and range of con-
centrations of all elements indicates that concentrations
vary widely; that is, they were not uniform throughout the
Tamsui River and varied from position to position among
locations, suggesting that the sources of most elements are
anthropogenic. The largest deviations from average metal
concentrations were for As (158%), Br (46%), La (68%)
and Sc (92%) upriver, As (26%) and Mn (25%) at mangrove
sites and Al (44%), Br (36%), Mn (33%) and Ti (29%) at the
estuary.

Sediment samples were collected from different posi-
tions on the Tamsui River. This study’s aim is to charac-
terize metal distributions in surface sediments and thereby
create a data-base for future geochemical studies for
monitoring these metal bioaccumulations. Concentrations
of the rare earth element, lanthanum were also measured
herein. As lanthanum in neither toxic nor essential to
environment, it has attracted little attention (Waheed et al.
2001). Lanthanum concentrations were 10.4-48.6 mg/kg,
and did not differ markedly in different sediment samples.

The aluminum concentrations were highest in upriver
site than elsewhere, ranging from 27000-58600 mg/kg. In
addition, concentrations of As, Br, Cs, Fe, La, Mn, Na, and
Sc were significantly less in upriver than elsewhere, indi-
cating that these metals are markedly affected by local
hygiene. (cf. Fig. 2) Concentrations of Na, (11100 £
1400 mg/kg) at the A11-AlS, and B0O3-B09 sites were
lower than others as sea-water was diluted by upstream

@ Springer
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Fig. 2 Comparison of 11 metal contents in sediments of the Tamsui
River among three sampling sites. (Normalized to a total mean of 3
subjects)

fresh-water and the amount of salt (NaCl) in sea water
declined accordingly. Moreover, the continuous reduction
in Na concentrations from the estuary to those upriver
verified measurement consistency; thus, no systematic
error was evident [cf. Fig. 1].

Samples obtained from sections A03—-A10 were located
on right side of the mangrove area along the Tamsui River
at Chuwei (Kao and Chang 1998) [cf. Fig. 1]. Some studies
determined that twisted roots and intricate gnarls of
Kandelia candel (L.) Druce can contain small amounts of
minerals (Kao and Chang 1998; Huang and Chen 1995). As
the mangroves are close to urban Taipei City, the metal
concentrations in the mangrove area reflect anthropogenic
pollution (Machado et al. 2002; Tam and Yao 1999).
Specifically, arsenic was found principally in this area
(A03-A05), ranging from 13.2 to 7.32 mg/kg. Notably, As,
Br, Cs, and La were found the highest concentrations than
those of other sites. Other elemental concentrations, such
as those for Al, Fe, Mg, Mn, Sc, and Ti, were consistent at
different sites. Additionally, the Al concentration ranged
from 31700 to 39800 mg/kg; the maximum concentration
was at site A06. The Na concentrations in sediment were
roughly 19% that of measured in 1998 by Kao and Chang
(Kao and Chang 1998). The A0S position was close to the
estuary and had a higher arsenic concentration (12.99 mg/
kg) than that at other locations, which more remote and
generally undisturbed by humans.

Positions AO1 and A02 and BO1 and B02, are located on
the Tamsui River estuary[cf. Fig. 1]. However, the evalu-
ated concentrations of most nuclides were not different
between two sides of Tamsui River. Metal concentrations
on the right (AO1 and A02) and left (BO1 and B02) side of
Tamsui River deviated randomly from the mean concen-
tration [cf. Table 2]. Iron concentrations in sediment were

@ Springer

31500-37800 mg/kg; concentrations of Mg, Mn, Na, and
Sc were higher in estuary area than those at other sites.
Several factors that may have increased metal bioaccu-
mulations upriver to levels higher than other sites would be
expected based on the degree of environmental contami-
nation. Metal sources are typically industrial waste, dis-
charged sewage effluent and harbor activity. Moreover, the
distribution of arsenic varied markedly among sample
locations. Thirteen of the 24 sample sites contained almost
no As or less than the DL. Only 11 locations had As
concentrations that fluctuated widely from 0.80 to
12.99 mg/kg with a range of over 16.2 times the difference
between the minimum and maximum concentration. Most
large As concentrations were around A02-A05 in the
mangrove area. Schuhmacher et al. demonstrated that the
most likely mean concentration of As in uncontaminated
soils was 7.6 mg/kg (Schuhmacher et al. 1997). There was
preferentially arsenic contamination at A02—-AQ5 and A15
sites, meaning that these positions contribute significantly
to increase arsenic contamination risk. Additionally, these
sampling sites included ferry landing sites and public
transportation stations at Tamsui. Thus, pollution can affect
residents and tourists and is a public health issue.

The enrichment factor (EF) is a dimensionless indicator
of the status of metal pollution (Aloupi and Angelidis
2001; Waheed et al. 2001; Sharma et al. 1999; Lee et al.
1998). If the source of an element is only the earth’s crust,
the EF for that element will be unity. The Al concentration
in sediment is primarily due to natural weathering pro-
cesses and has been utilized to normalize metal contents
(Waheed et al. 2001; Sharma et al. 1999; Lee et al. 1998).
The concentration of Al can be measured accurately
using INAA by identifying the radionuclide **Al with
1778.9 keV y-line. According to the Handbook of Chem-
istry and Physics, the metal EF of the earth’s crust can be
expressed as follows: (Lide 2006-2007);

EFa = (CX/CAl)sediment/ (Ce/Cai )background 3)

where (C/Calsediment 1S the ratio of concentrations of
element X to the Al concentrations as the reference nuclide
(X) metal of the sediment in this work, and (C,/Ca)pack-
eround 18 the same ratio in the background. Background
values were acquired for earth crust not exposed to
industrial pollution (Lide 2006-2007). As background
values for metal at the study area do not exist, this study
adopted the following values for the earth’s crust; Al,
8.24 x 10* mg/kg; As, 1.8 mg/kg; Br, 2.4 mg/kg; Cs,
3 mg/kg; Fe, 5.63 x 10* mg/kg; La, 3.9 x 10" mg/kg; Mg,
2.33 x 10* mg/kg; Mn, 9.50 x 10* mg/kg; Na, 2.36 x 10*
mg/kg; Sc, 2.2 x 10" mg/kg; Ti, 5.65 x 10° mg/kg
respectively. However, an EF value exceeding unity sug-
gests concentrations exceeding those of the earth’s crust,
indicating possible pollution or chemical fractionation of
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Table 3 Results of EF analysis for metals in different sampling sites

Element Upriver Mangrove area Estuary
As 3.73 12.3 9.53
Br 12.0 22.0 20.1
Cs 442 5.73 5.01
Fe 1.12 1.33 1.31
La 1.24 2.40 2.09
Mg 0.81 0.92 0.96
Mn 0.68 0.77 0.83
Na 0.96 1.29 1.18
Sc 0.47 1.07 1.07
Ti 1.01 1.06 0.99

Data with EF values larger than 1.5 are presented in bold type

sediments. Most elements have an EF close to unity,
indicating that the element concentrations are close to those
of the crust, verifying the absence of anthropogenic
activity. Averaged EFs of three sampling sites are pre-
sented in Table 3. Table 3 presents the average EFs of
three sampling sites; the EF values >1.5, are in bold type.
Only Br in the mangrove and estuary had an EF > 20, and
As and Cs EFs were > 1.5 indicating that metal concen-
trations in sediment are strongly affected by human activity
and the local environment and may result from element
concentrations in disintegrated fragments. The high con-
centrations of As, Br and Cs in sediment can also be

attributed to uptake of these elements from soil polluted by
industrial and anthropogenic activities. The EF values for
Fe, Mg, Mn, Na, Sc and Ti were <1.5, indicating addi-
tional pollution may contribute to the additional amounts of
Al, and the decreasing ratio of these elements to the Al
concentration in sediment. A high EF value at the man-
grove sites indicates that the area is more polluted than
other areas. Industrial activity upriver may introduce these
metals into Tamsui River sediment, and are then trans-
ported to the mangrove and estuary sites. Sediment can
accumulate metals and other contaminants over time which
likely occurred in the mangrove area on the shore of the
Tamsui River. Thus the mangrove sediment acts as a sink
for heavy metals. Mangrove ecosystems favor the retention
of metals from freshwater drainage and tidal flushing.
The mean levels of metals in sediment samples were
similar to, or lower than, those found in recent studies of
metal pollution of sediment in different counties. However,
analytical data in this study indicated that Mn and Fe
concentrations in the mangrove area are slightly higher
than those in sediment in a mangrove area in Hong Kong;
these higher concentrations are primarily due to human
activities, indicating serious pollution of the Tamsui River
(Tam and Yao 1999). Conversely, the levels of these
metals in Tamsui River sediment are characteristic of
polluted sediment. The concentrations of As, Mn, and Fe in
this study are lower than those reported by Izquierdo et al.,

Table 4 Arsenic, Iron and Manganese concentrations determined in sediment by other researchers in other positions (dry weight, mg/kg)

Area (Country) As Fe Mn Reference

Upriver

Tamsui (Taiwan) 3.30 £5.21 32200 £ 4600 316 £+ 82 This work
Magdalena-Almejas (Mexico) 11 £7 N.D. N.D. Shumilin et al. 2005
Danube (Romania) 7.3 34000-40000 1110 Dinescu et al. 2004
Zarka river (Jordan) 2.2-5.29 8100-29000 181-613 Al-Jundi 2000
Tamsui (Taiwan) N.D. 27000-35000 362-1175 Fang and Hong 1999
Southern (Taiwan) N.D 14000-26000 186-635 Fang and Hong 1999
Mangrove

Tamsui (Taiwan) 9.78 + 2.53 33100 £ 4300 320 + 82 This work
Guanabara (Brazil) N.D. N.D. 71.3-273 Machado et al. 2002
Ckek Keng (Hong Kong) N.D. 20400 % 3000 2249 £ 18.0 Tam and Yao 1999
Sai Keng (Hong Kong) N.D. 20600 + 1200 65.8 £+ 8.6 Tam and Yao 1999
Estuary

Tamsui (Taiwan) 9.04 £ 0.90 34700 + 2600 371 £ 123 This work

Western Scheldt (Belgium, polluted) N.D. 4318 £ 250 86.6 4.3 Mubiana and Blust 2006
Eestern Scheldt (Belgium, unpolluted) N.D. 4229 £+ 291 133 + 4.6 Mubiana and Blust 2006
Antarctic (Marine) 5.2 13000 365 Waheed et al. 2001
Tamsui (Taiwan) N.D. 27000-35000 362-1175 Fang and Hong 1999
Odiel Salt Marsh (Spain) 81 +4 40200 + 2200 563 + 50 Izquierdo et al. 1997
Bay of Cadiz Salt Marsh (Spain) 9+£1 7600 £ 290 363 £ 41 Izquierdo et al. 1997

N.D: not determined
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who analyzed the sediment on the southern Atlantic Coast
of Spain (Izquierdo et al. 1997). Experimental results in
this study are in good agreement with those obtained by
studies of the Jiulong River, Fujian in southern China
(Jingchun, et al. 2006) (Table 4). Experimental results also
agreed well with those obtained by Kao and Chang (Kao
and Chang 1998), who measured metal concentrations
along the Tamsui River and acquired a similar conclusion
using a chemical analysis technique (Kao and Chang
1998). Furthermore, Fe concentrations in the estuary were
in good agreement to those measured in southwestern
Taiwan in 1998 (Lee et al. 1998). Thus, INAA as adopted
herein was an accurate and reliable technique for envi-
ronmental metal analysis. High concentrations of Mn and
Fe were likely derived from heavy industrial activities
during the past decades that were located around the
Tamsui River, which flowed through Metropolitan Taipei.

Metals in sediments have received increased attention in
recent years due the growing awareness of environmental
issues. The most abundant Al metal concentration was
15.6-0.92 mg/g adopted as standard reference in this study.
Arsenic concentrations were 12.99-0.80 mg/kg. Only few
sites had As at the statistical meaning (>DL). The con-
centrations of Mn and Fe at the mangrove sites were high;
therefore, the inhabitants of Taipei City and surrounding
residential areas are exposed to high levels of pollutants and
at increased health risk. The experimental results in this
study agreed well with those obtained by previous studies,
thereby proving that INAA was an accurate and reliable
technique for environmental analysis. Discharged industrial
and domestic waste into the Tamsui River has elevated
concentrations of As, Fe, and Mn in river sediment. Finally,
analytical data in this study can assist the Taipei govern-
ment in developing a Tamsui River management strategy to
limit the spread of metals and protect public health.

Acknowledgments The authors would like to thank the staff
members of the zero-power reactor at LungTan for their supports of
this work without reservation, and also thank the National Science
Council for financially supporting this research under Contract No.
NSC 89-2212-E-014-022.

References

Al-Jundi J (2000) Determination of trace elements and heavy metals
in the Zarka River sediments by instrumental neutron activation
analysis. Nucl Instrum Methods Phys Res B 170:180-186

Aloupi M, Angelidis MO (2001) Geochemistry of natural and
antropogenic metals in the coastal sediments of the island of
Lesvos, Aegean Sea. Environ Pollut 113:211-219

Chen HW (2006) Gallium, Indium, and Arsenic pollution of
groundwater from a semiconductor manufacturing area of
Taiwan. Bull Environ Contam Toxicol 77:289-296

Chen CY, Pan LK (2001) Trace elements of taiwanese dioscorea spp.
using instrumental neutron activation analysis. Food Chem
72:255-260

@ Springer

Chen CY, Wei YY, ChangLai SP, Pan LK (2003) Bromine and iodine in
Chinese medical herbs determined via epithermal neutron activa-
tion analysis. J Radioanal Nucl Chem 257(2):405-410

Curie LA (1968) Limits for qualitative determination and quantitative
determination. Anal Chem 40:586-593

Dinescu LC, Steinnes E, Duliu OG, Ciortea C, Sjgbakk TE, Dumitriu
DE, Gugiu MM, Haralambie M (2004) Distribution of some
major and trace elements in Danube Delta lacustrine sediments
and soil. J Radioanal Nucl Chem 262(2):345-354

Environmental Protection Agency, Taiwan (1997) The guideline of
drinking water quality. Available: http://w3.epa.gov.tw/epalaw/
docfile/090030.doc (in Chinese)

Fang TH, Hong E (1999) Mechanisms influencing the spatial
distribution of trace metals in surficial sediments of the south-
western Taiwan. Mar Pollut Bull 38(11):1026-1037

Huang YH, Chen SC (1995) Anatomical responses in Kandelia
candel (L.) druce seedlings growing in the presence of different
concentrations of NaCl. Bot Bull Acad Sin 36:181-188

Izquierdo C, Usero J, Gracia I (1997) Speciation of heavy metals in
sediments from salt marshes on the southern atlantic coast of
Spain. Mar Pollut Bull 34:123-128

Jingchun L, Chongling Y, Macnair MR, Jun H, Yuhong L (2006)
Distribution and speciation of some metals in mangrove
sediments from Jiulong River Estuary, People’s Republic of
China. Bull Environ Contam Toxicol 76:815-822

Kao WY, Chang KW (1998) Stable carbon isotope ratio and nutrient
contents of the kandelia candel mangrove populations of
different growth forms. Bot Bull Acad Sin 39:39-45

Lee CL, Wang TC, Hsu CH, Chiou AA (1998) Heavy metal sorption by
aquatic plants in Taiwan. Bull Environ Contam Toxicol 61:479-504

Lide DR (2006-2007) CRC Handbook of chemistry and physics, 87th
edn. Taylor & Francis, New York, pp 14-17

Machado W, Silva-Filho EV, Oliveira RR, Lacerda LD (2002) Trace
metal retention in mangrove ecosystems in Guanabara Bay, SE
Brazil. Mar Pollut Bull 44:1277-1280

Mubiana VK, Blust R (2006) Metal content of marine mussels from
Western Scheldt Estuary and Nearby Protected Marine Bay, The
Netherlands: impact of past and present contamination. Bull
Environ Contam Toxicol 77:203-210

Schuhmacher M, Meneses M, Granero S, Llobet JM, Domingo JL
(1997) Trace element pollution of soils collected near a
municipal solid waste incinerator: human health risk. Bull
Environ Contam Toxicol 59:861-867

Sharma VK, Rhudy KB, Koenting R, Vazquez FG (1999) Metals in
sediments of the upper laguna madre. Mar Pollut Bull
38(12):1221-1226

Shirley VS, Lederer CM (1978) Table of isotopes. Wiley-interscience
Publishing Co, New York

Shumilin E, Rodryguez Meza GD, Sapozhnikov D, Lutsarev S, de
Nava JM (2005) Arsenic concentrations in the surface sediments
of the Magdalena-Almejas Lagoon Complex, Baja California
Peninsula, Mexico. Bull Environ Contam Toxicol 74:493-500

Tam NFY, Yao MWY (1999) Three digestion methods to determine
concentrations of Cu, Zn, Cd, Ni, Pb, Cr, Mn, and Fe in
Mangrove Sediments from Sai Keng, Chek Keng, and Sha Tau
Kok, Hong Kong. Bull Environ Contam Toxicol 62:708-716

Tsao CS, Pan LK (2000) Verification of the neutron flux of a modified
zero-power reactor using a neutron activation method. Nucl Sci
Eng 135:64-72

Waheed S, Ahmad S, Rahman A, Qureshi IH (2001) Antarctic marine
sediments as fingerprints of pollution migration. J Radioanal
Nucl Chem 250(1):97-107

Wang HC, Wang HP, Peng CY, Liu HL, Huang HL (2003) X-ray
absorption spectroscopic studies of As-Humic substance in the
ground water of the Taiwan Blackfoot Disease Area. Bull
Environ Contam Toxicol 71:798-803


http://w3.epa.gov.tw/epalaw/docfile/090030.doc
http://w3.epa.gov.tw/epalaw/docfile/090030.doc

	Metal Concentrations in Sediments of the Tamsui River,  Flows Through Central Metropolitan Taipei
	Abstract
	Materials and Methods
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


