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Abstract

Lu H.-Y. (2014): Characterization of extractable metals from the aquifers with arsenic contamination in the
Tsengwen Creek, Taiwan. Soil & Water Res., 9: 66-76.

Arsenic contamination in groundwater is a common groundwater problem worldwide. To manage groundwater
resources effectively, it is crucial to determine the arsenic source. Taiwan’s Tsengwen Creek watershed is one of
the known areas for groundwater arsenic contamination. Water-rock interactions are evaluated on a regional
scale. A conceptual hydrogeological framework is first established based on groundwater hydrochemistry. The
local aquifer system can be categorized into high-arsenic deep aquifer and low-arsenic shallow aquifer. The
average geochemistry of sediments indicates that arsenic and heavy metals are not significantly enriched in the
deeper aquifer on the scale of the whole watershed. Therefore, arsenic contamination in the deeper groundwa-
ter of the Tsengwen Creek watershed is not simply source-controlled. However, the Fe-Mn oxides in sediments
contain slightly more arsenic in the deep aquifer. The long residence time of groundwater could magnify the

enrichment and cause natural arsenic contamination in the deep aquifer.

Keywords: BCR sequential extraction procedure; groundwater hydrochemistry; sediment geochemistry

Arsenic is a highly toxic metalloid. Arsenic in-
gestion not only increases the risk of developing
cancer of the skin, internal organs, and lungs but
also causes a peripheral vascular gangrene disease
known as black-foot disease (TSENG et al. 1961;
Lu 1990). Arsenic contamination of groundwater
and its health impact on people has been reported
worldwide. Additionally, given that approximately
70% of the world’s population lives in coastal areas,
the demand for agricultural, industrial, and domestic
water use is much higher there than in inland areas
and more sources of contamination are present due
to increased human activities. Under such conditions,
groundwater resource management has become more
critical in balancing the extreme non-uniform rainfall
distribution in both spatial and temporal domains.

In this study, the Tsengwen Creek watershed is ex-
amined because it is known for high arsenic content
problems in groundwater (e.g. TSENG et al. 1961;
Lu 1990; L1 et al. 2011). Extensive efforts have been
made to understand the geochemical transformation
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of arsenic in the groundwater of the Chianan Plain
(e.g. L1u et al. 2003; WANG et al. 2007; SELIM REZA et
al.2012). These studies demonstrate very important
results based on groundwater hydrochemistry and
sediment geochemistry. In general, the low redox
state and high content of humic substance were
suggested to be the mechanism for arsenic contami-
nation in groundwater. However, the aquifer system
of the Tsengwen Creek watershed is characterized
by relatively low hydraulic conductivity values (Lu
et al.2008). Under these circumstances, it is crucial
to evaluate water-rock interactions on a regional
scale. In this study, the sediment geochemistry and
groundwater hydrochemistry were examined with
statistical analyses on the basis of aquifer average
and individual samples.

MATERIAL AND METHODS

Regional geology. The Tsengwen Creek is located
in southwestern Taiwan and ranks as the fourth long-
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Figure 1. Topographical map of the
Tsengwen Creek watershed show-
ing the sampled localities

G - groundwater, S — sediment
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est and largest river. The river starts in the mountain
areas of Central Taiwan (Figure 1). It drains an area
of about 1177 km?. Sedimentological studies have
reconstructed the geographical evolution of the
Tsengwen Creek alluvial plain (Hs1EH & KNUEPFER
2001). During the last glacial period (> 15 000 years
ago), most of the study area was exposed (Figure 2a).
The aquifers deposited in this period range from 120 to
250 m in depth and have relatively higher conductance.
After the last glacial maximum, most of the Tsengwen
alluvial plain was inundated after the global sea-level
change as shown in Figure 2b. An extensive aquitard
was deposited above the glacial aquifer system during
the post-glacial period. This sea-level transgression
ended about 7000 years ago but the coastal plain still
experienced a lagoon to estuarine environment for
thousands of years (Figure 2c). This depositional en-
vironment subsequently resulted in a shallow aquifer
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system with a relatively poor conductance. As shown
in Figure 2d, until the 18 century, the historic record
shows the coastal line retreating at a high rate toward
the Taiwan Strait. The Tsengwen alluvial plain is now
again exposed to above sea level.

Sampling and pre-treatment of samples. Two
kinds of samples were collected: groundwater and aq-
uifer sediments. Groundwater samples were collected
from 7 sites around the watershed of the Tsengwen
Creek (Figure 1) during July 2010. The samples and
their depths are listed in Table 1. Prior to collecting
water samples, at least three well casing volumes of
water were purged. After purged, the groundwater
was extracted and immediately filtered through a
0.45 pm glass fibre paper. For cation analysis, the
samples were acidized to pH < 2 with ultrapure nitric
acid. The samples for anion analysis were stored at
4°C and shipped to the laboratory within 12 h.

[ ] under sealevel
[ ] partially under sea level
I above the sea level

- basement

3000 years ago 300 years ago

Figure 2. Geographical evolution of the
Tsengwen Creek alluvial fan: (a) > 15 ka,
(b) 7 ka, (c) 3 ka, and (d) 0.3 ka; the solid
circle denotes locations of sediment samples
(HsieH & KNUEPFER 2001)
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The aquifer sediments were sampled from 3 sites
along the groundwater flow path from the east to the
west coast (Figure 1). A total number of 49 sediment
samples were taken only within the aquifers being
monitored. Each sample was obtained by cutting
rock core samples of 5 x 1 cm. In the laboratory,
the thin skin of all samples was carefully removed
with a ceramic knife. The original samples were then
dried in an oven at 105°C for 3 h and were mildly
grounded with an agate mortar so as to pass through
a 200-mesh sieve.

BCR SEP. X-ray diffraction analysis (XRD) is the
most popular method to identify mineralogical as-
semblage of soils. However, it is difficult to obtain
quantitative results if the amounts of minerals were
minor. Alternatively, BCR SEP was designed with a
three-step extraction procedure to determine the
extractable trace metals in soil and sediment (e.g. URE
et al. 1992; WHALLEY & GRANT 1994). This method
is also applicable to quantitatively determine the ex-
tractable arsenic in soils (e.g. BaiG et al. 2009). The
BCR SEP procedure aims to fractionate metals into the
operationally defined components of acid extractable
(exchangeable and carbonates), reducible, oxidizable,
and residuals in soil. In this study, an improved BCR
3-step procedure was followed as per RAURET et al.
(1999). The extraction procedure starts with 1 g of
pre-treated original material. During the first step,
metals from exchangeable and carbonate phases were
extracted with 40 ml of 0.11 mol/l acetic acid at room
temperature for 16 h. Step 2 used reagent solution of
0.5 mol/l NH,OH-HCI, which was adjusted to pH = 2
with nitric acid. The samples were extracted with 40
ml of this reagent at room temperature for 16 h. In
step 3, 30% H,O, adjusted to pH = 2—3 with nitric acid
was used to break down organic matter. The residue
was subsequently extracted with 50 ml of 1.0 mol/l
NH,OAc (pH = 2.0) for 16 h. The residue of the three-
step sequential extraction represents mineral phases
that are hard to be released; therefore, the final step
of BCR SEP, was not conducted in this study.

Chemical and statistical analyses. In the field,
groundwater properties were measured using Horiba
D-54 for temperature, pH, electrical conductivity
(EC), and oxidation reduction potential (ORP). In
the laboratory, the original water samples were used
to determine anions by a Dionex ICS-90 (Dionex,
Sunnyvale, USA) whereas cation analysis was con-
ducted on acidized water samples with Perkin Elmer
ICP-OES 4300DV (Perkin Elmer, Waltham, USA)
(ppm level) and Agilent 7500cx ICP-MS (Agilent,
Santa Clara, USA) (ppb and ppt levels). The precision

was determined with the standard deviation of three
individual runs, and must be better than 10%. The
accuracy was evaluated by repeated measuring the
extracted solution of the certified reference sediment
CRM601 (IRMM, Geel, Belgium) in every 10 sample
measurements. The unqualified results in between
two repeated measurements would be discarded.

Multivariate statistical analysis of water chemistry
has been successfully applied to elucidate hydrological
processes and hydrochemical evolution (e.g. ANAZ-
AWA & OHMORI 2005; IRAWAN et al. 2009). In this
study, cluster analysis (CA) was utilized to categorize
the hydrochemistry of groundwater in the Tsengwen
Creek watershed for the first-order approach. In ad-
dition, R-mode factor analysis (FA) is a technique
used for reducing variables (measured geochemical
constituents in this study) to a smaller number of
new factors. The new factors can be interpreted by
geochemical processes according to the similarity
among highly correlated variables (e.g. FARNHAM
et al. 2003; BOSNJAK et al. 2012). There are several
factor extraction methods — in this study, the factors
were extracted with Principal Components Analysis
and Varimax normalized rotation was applied to
achieve higher loadings of variables.

RESULTS AND DISCUSSION

General groundwater hydrochemistry. In general,
groundwater in the study area shows near neutral
to alkaline pH (6.68-8.75) and highly reduced redox
condition ranging between —417 to —66 mV as shown
in Table 1. These properties are common among
most of the groundwater samples. However, the
groundwater of the Tsengwen Creek watershed is
prominently characterized by high salinity, especially
in the shallow groundwater. The Na concentrations
of G2-1 and G7-1 are all over 15 000 ppm (Table 1)
and both sites are located at about 8 km inland (Fig-
ure 1). This is mostly caused by the presence of low
hydraulic conductivity, which resulted in entrapped
paleo-brackish waters. Seawater intrusion is not a
likely cause of saline water because the high-salinity
groundwater frequently occurred in unreachable
inland areas as mentioned. This is also confirmed by
the regional geology that most area of the watershed
had still been submerged under the sea until 300
years ago (HsiEH & KNUEPFER 2001).

CA on groundwater hydrochemistry. To establish
a hydrogeological framework based on hydrochemical
data, CA is an excellent tool for dividing data into
groups that have distinct chemical properties (e.g.
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Figure 3. Dendrogram from the cluster analysis (CA),
which is based on rescaled hydrochemical values in the
Tsengwen Creek

GUGGENMOS et al. 2011). A hierarchical clustering
algorithm was performed and the distances between
groups were calculated with Ward’s method. The
dendrogram from the CA separates the samples
into two groups based on EC in the first-order ap-
proximation (Figure 3). All groundwater of Group 1,
including G1-1, G2-1, G2-2, G4-2, G6-1, and G7-1,
was sampled in the mid- to downstream area from
depths shallower than 120 m. These samples share
the hydrochemical property of very high EC levels,
which is representative of infiltration from evapo-
rated seawater due to the lagoon environment 15 000
years ago in this area (HsieH & KNUEPFER 2001). By
contrast, the groundwater of Group 2 has relatively
low EC values. In this group, a subgroup of Group
2A can be identified with deep samples (> 200 m) in
the mid- to downstream area, which possibly pro-
moted the effect of cation exchange between Ca**
and Na-Clay. The other group (Group 2B) shows no
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considerable cation exchange but shares the lower
EC levels. CA can further be used to divide Group 2B
into Group 2B-1 and Group 2B-2 whereby Group
2B-1is characterized by the hydrochemistry of deep
groundwater in the upstream area (G3-2 and G5-2)
and Group 2B-2 by the hydrochemistry of shal-
lower groundwater in the upstream area (G3-1 and
G5-1). However, both subgroups contain very deep
groundwater (> 200 m) in the mid- to downstream
areas (G2-4, G4-3, and G7-2). This implies that some
samples taken at depth in the downstream area may
have experienced only limited seawater infiltration,
which is similar to samples taken further upstream.
Sample G4-1 in Group 2B-1 is expected to appear in
Group 1 with very high EC such as G4-2, the deeper
sample in the same site (Figure 3). It is believed that
the low EC of G4-1 results from dilution by modern
freshwater. However, this is just one of the possibili-
ties. More evidences would be needed to confirm
the derivation.

Conceptual hydrogeological profile and arsenic
spatial distribution. According to the above discus-
sion of regional hydrogeology and CA, a conceptual
hydrogeological profile can be established as shown
in Figure 4, which demonstrates a two-layer aquifer
system. The system includes two aquifers separated
by an extensive aquitard deposited during the post-
glacial transgression period. A very high level of Na
concentration can be observed in the shallow aquifer
due to lagoon environment while the deep aquifer
has lower salinity (Figure 4). Figure 4 also shows the
arsenic spatial distribution along the hydrogeological
profile. All groundwater from the deep aquifer contains
arsenic of > 100 ppb. For the shallow groundwater,
the arsenic content generally decreases from up- to

G5
I aquitard
[ ] aquifer

(_Na: 27 ppm
As: 54 ppb

» (_Na: 105 ppm
As: 526 ppb

Figure 4. Conceptual hydrogeological
profile and arsenic spatial distribution
in the Tsengwen Creek
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Table 3. Hydrochemical comparison of groundwater in shallow and deep aquifers
Alkalinity Na Mg K Ca Mn Fe
Aquifer
(ppm) (ppb)
Shallow 278.6 12680.3 837.6 291.1 272.7 683.5 225.8
Deep 374.5 1637.9 88.7 32.0 69.0 64.5 759.8
Ratio* 1.34 0.13 0.11 0.11 0.25 0.09 3.37
Pvalue* 0.11 0.02 0.02 0.02 0.01 0.03 0.16
. Sr Li \Y% Cr Co Ni Cu
Aquifer
(ppm) (ppb) (ppt) (ppb)
Shallow 6.9 4.3 2.2 24 200 1.1 152.4
Deep 1.0 6.2 3.1 200 403 2.9 14.2
Ratio* 0.15 1.45 1.44 8.52 2.02 2.66 0.09
P value* <0.01 0.04 0.24 <0.01 <0.01 0.03 <0.01
Zn As Se cd Ba Pb U
Aquifer
(ppb) (ppt) (ppb) (ppt)
Shallow 2.4 30.3 20.1 nd 950 162 13
Deep 40.4 429.4 9.8 nd 396 96 4
Ratio* 16.77 14.16 0.49 - 0.42 0.59 0.31
Pvalue* 0.14 <0.01 0.08 - 0.27 0.33 0.03

*ratio of deep aquifer to shallow aquifer; *P value in ¢-test

down-stream and roughly shows a negative corre-
lation with salinity (Figure 4). Additionally, arsenic
content in the shallow aquifer is much lower than
that in the deep aquifer, which implies hydrogeologi-
cal layering indicating two distinct hydrochemical
environments. This was also evidenced by some
previous studies (LIN et al. 2006; SELIM REZA et al.
2012). This knowledge helps when compiling geo-
chemical properties of sediments for describing the
shallow and deep aquifers.

100

Table 3 lists the average values of hydrochemical
properties of shallow and deep groundwater. The
results show that most of the heavy metals are highly
enriched in the deep aquifer including: Zn, As, Cr,
Fe, Ni, and Co. Especially, the ratios comparing the
deep and shallow aquifers for Zn and As, which are
greater than 10. This is consistent with heavy metals
being trace elements in seawater. In addition, most
of elements enriched in seawater (alkaline and al-
kaline earth) dominate the shallow aquifer. Table 3

80 -

60 -

40

Relative amount (%)
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Mn Fe

Sr Li Be V Co Ni Cu Zn As Se
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Figure 5. Distribution of the average
metal contents of 49 sediments in three
fractions of BCR sequential extraction;
it should be noted that the contents of
Tl and Cr were not measured for the
oxidizable fraction due to the high
background component
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also gives the P values for independent samples
t-tests, which demonstrate that the geochemical
differences between shallow and deep water samples
are significant (P < 0.05) for most of metals. This
confirms that the two-layer hydrogeological system
is appropriate for studying the geochemical property
of aquifer sediments in the following.

General results of BCR. A total of 49 sediment
samples were collected from 3 sites. By averaging
all samples for the three phases of BCR sequential
extraction, the distribution of metal contents in three
fractions was obtained (Figure 5). Figure 5 demon-
strates that the reducible phase is the major fraction
of the total extractable heavy metals including Fe, V,
Co, Ni, Cu, Zn, As, Se, and Pb. Especially notable is

that over 80% of As, Zn, V, and Se are extracted from
the reducible phase, which mainly bound to Fe-Mn
oxides in sediments. In the acid extractable phase,
only three elements, Mn, Sr, and Cd, are enriched.
These elements are possibly associated with dissolu-
tion of carbonates.

By using FA, the interdependencies among meas-
ured metals in sediments are evaluated and can be
subsequently used to group dependent metals into
factors of geochemical meaning (FARNHAM et al.
2003; BoSNJAK et al. 2012). The results of FA for
the three extractable phases are listed in Table 4.
Conclusively, three major factors can be observed
in all extracted phases: (1) divalent alkaline earths,
(2) transitional metals other than As and V, and

Table 4. Varimax rotated factor loading matrix of factor analysis (FA) on sediment geochemistry; significant loadings

are bolded and underlined

Acid extractable Reducible Oxidizable

Metal factor factor factor

1 2 3 4 1 2 3 4 1 2 3 4
Na 0.034  0.221 0.439 -0.223 0.599 -0.214 0.179 0.113 0955 -0.165 -0.042 0.171
Mg 0.140 0.834 0.061 0.096 0.772 -0.159 0.246 -0.165 0.640  0.284  0.145 0.492
K 0.014 0449  0.203 0.095 0.747 0.502 -0.028 -0.092 0.125 0.845 -0.180 -0.053
Ca -0.134 0.926 -0.048 -0.058 0.085 -0.061 0.978 0.038 0.949 -0.158 -0.021  0.206
Mn -0.048 0.871 0.139 0.078 0.385 0.346  0.611 -0.154 0.290 0.190 -0.173 0.841
Fe 0.227  0.065 -0.022 -0.014 0.751 0.373  0.075 0.379 0.443 0393 0.178 0.683
Sr -0.170 0.933 0.028 -0.115 0.079  0.087 0.966 0.104 0.932 -0.009 -0.002 0.224
\Y 0.897 -0.185 -0.137 -0.128 0.359 0302 0.182 0.838 -0.270 -0.133 0.826 0.065
Cr 0.219 -0.143 0.782 0.183 0.668 0.322 -0.116 0.480 - - - -
Co 0.875 0.034 0.315 0.114 0925 -0.110 0.034 -0.047 -0.093 0.808 0.037 0.401
Ni 0.934 0.033 0.140 0.142 0.860 -0.043 -0.003 0.135 -0.359 0.738 0.158  0.270
Cu 0.345 -0.062 0.542  0.401 0.686 0.579 0.058 0.138 0.867 0.270 0.153  0.003
Zn 0.835 -0.005 0.205 0.200 0918 0.129 0.160 0.144 0.091 0.862 0.030 -0.024
As 0.704 -0.355 -0.015 -0.145 0.033  0.023 0.001  0.920 0.551 0.108 0.671 -0.176
Se -0.035 0.120 0.759 0.019 0.424  0.715 0.099 0.123 - - - -
Cd 0.361 0.203 0.718 -0.359 0.226  0.097 -0.021 0.013 -0.699 -0.022 0.155 -0.115
Ba -0.138 -0.224 -0.144  0.081 -0.080 0.924 -0.017 0.169 0.927 0.011 -0.125 0.138
Tl -0.016 0.061 0.899 -0.007 - - - - - - - -
Pb -0.096 0.069 0.059 -0.851  0.210 0443 0.253 -0.299 0.665 0.208 0.059 0.518
U 0.019 0.228 0.480  0.540 0.179  0.739  0.090 0.121 0.132 0.795 -0.082 0.339
]\Z;EL 4.082 3.788 3.499 1.547 6.036  3.271 2.521 2.215 6.467  3.755 1.350  2.224
gi)lz:al 0.2041 0.1894 0.1750 0.0774  0.3177 0.1721 0.1327 0.1166  0.3804 0.2209 0.0794 0.1308

— not included in FA due to too many records below the detection limit
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(3) As and V. The factor of divalent alkaline earths
is associated with the carbonate minerals in the acid
extractable phase (Factor 2). In other phases (Fac-
tor 3 in reducible phase and Factor 1 in oxidizable
phase), the alkaline earth belongs to different factors
and this may be caused by cation substitution and/or
impurity of minerals. The metals Co, Ni, and Zn
generally belong to the factor of transitional metals
(Factor 1 in acid extractable and reducible phases
and Factor 2 in oxidizable phase). These metals share
similar ionic potential, which is defined as the ratio
of electric charge to the radius. In reducible phases,
this factor is obviously controlled by the dissolution
of Fe-Mn oxides and more transitional metals (Fe, Cr,
and Cu) are included in this factor. The factor of As
and V can be found in all extractable phases. It can
be explained by similar ionic potential for As and V.

Water-rock interaction. Based on the hydrogeo-
logical framework established by CA (Figure 4), the

sediment samples can also be grouped into shallow
and deep aquifers and the mean geochemical proper-
ties of three BCR extractable fractions are accordingly
calculated as shown in Table 5 to evaluate the cumu-
lative water-rock interaction during the long-term
groundwater transportation. In the acid extractable
phase, the alkaline and alkaline earth metals are highly
enriched in the shallow aquifer because the area had
been submerged under the seawater until 300 years
ago (Figure 2d). The metals bonding with carbonate
minerals (Mn, Pb, and Cd) are also enriched in the
shallow aquifer due to the carbonates but As and the
other transitional metals show no significant differ-
ence between the two hydrogeological units (ratio
» 1 and P > 0.05 as demonstrated in Table 5). In the
reducible and oxidizable phases, the effect of lagoon
environment becomes less important and most of
geochemical ratios are centralized to about 1.0 (Ta-
ble 5). This means that the sediment geochemistry

Table 5. Geochemical comparison of three sediment BCR extractable phases between shallow aquifer and deep aquifer

Acid extractable Reducible Oxidizable

Metal shallow deep ratio (P)* shallow deep ratio (P)* shallow deep ratio (P)*
Na (ppm) 1741 320 0.18 (< 0.01) 27 15 0.56 (< 0.01) 525 521 0.99 (0.36)
Mg (ppm) 619 417 0.67 (0.03) 434 322 0.74:(0.05) 455 451 0.99 (0.34)
K (ppm) 191 120 0.63 (0.03) 73 58 0.80 (0.23) 86 93 1.09 (0.30)
Ca(ppm) 5377 5103 0.95 (0.43) 1619 1890  1.17(0.17) 782 783 1.00 (0.33)
Mn (ppm) 161 116 0.72 (0.06) 73 60 0.82 (0.31) 39 40 1.03 (0.32)
Fe (ppm) 112 75 0.67 (0.06) 3355 3781 1.13 (0.22) 1 624 1577 0.97 (0.46)
Sr (ppb) 19 621 16304  0.83(0.26) 4 606 5158 1.12 (0.27) 4290 4734 1.10 (0.23)
Li (ppb) 166 215 1.29 (0.14) 1186 866 0.73 (0.03) 949 1110 1.17 (0.23)
V (ppb) 24 34 1.42 (0.23) 2701 3693 1.37 (0.05) 538 506 0.94(0.17)
Cr (ppb) 124 118  0.96 (0.41) 1257 1657  1.32(0.08) - - -

Co (ppb) 539 408  0.76 (0.01) 2378 1817  0.76 (0.04) 550 656  1.19 (0.09)
Ni (ppb) 576 588 1.02 (0.12) 2777 2500  0.90 (0.24) 1574 1635  1.04(0.36)
Cu (ppb) 489 437 0.89(0.25) 2889 2996  1.04 (0.34) 2048 2429  1.19(0.18)
Zn (ppb) 1084 1036 0.96(0.09) 10200 10592  1.04(0.37) 1348 2231 1.66 (0.02)
As (ppb) 67 93 1.39 (0.23) 542 965 1.78 (0.07) 123 117 0.96 (0.38)
Se (ppb) 29 21 0.73 (0.14) 511 525 1.03 (0.32) - - -

Cd (ppb) 47 25 0.54 (< 0.01) 14 58 4.16 (0.16) 29 28 0.96 (0.32)
Ba (ppb) 2037 3022  1.48 (0.06) 6757 9673  1.43(0.08) 6 609 7767  1.18 (0.19)
Tl (ppb) 253 42 0.17 (0.02) - - - - - -

Pb (ppb) 3008 855  0.28 (0.02) 9 867 8209  0.83(0.15) 2307 2194 0.95 (0.42)
U (ppb) 26 27 1.06 (0.31) 62 66 1.07 (0.31) 37 58 1.56 (0.12)

*ratio of deep aquifer to shallow aquifer; P value in ¢-test given in brackets; — not calculated due to too many records

below the detection limit
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of the deep aquifer shows no significant difference
from that of the shallow aquifer on the scale of the
whole watershed. The arsenic contamination of the
deep groundwater in the Tsengwen Creek watershed
is not simply source-controlled and geochemical
reactions along the groundwater flow path must be
further evaluated. However, to compare the extract-
able arsenic among the three phases, the reducible
phase has the most abundant amount and has the
most distinct difference between two hydrogeological
units (ratio = 1.78 and P = 0.07 in Table 5); therefore,
arsenic is much possibly supplied by the dissolution
of reducible phase (Fe-Mn oxides) in the deep aquifer.
According to many previous studies (e.g. ANAWAR
et al. 2003; MCARTHUR et al. 2004), reducing geo-
chemical environment caused by dissolution of Fe-Mn
oxides is one of the most important controlling fac-
tors in the release of arsenic from sediments. In this
study, all groundwater is under strong reducing con-
dition. In addition, although arsenic is only slightly
enriched in the sediments of deep aquifer, the very
long residence time of groundwater may magnify
the enrichment and reconfirm the derivation from
geochemistry of aquifer sediments. In other words,
the long residence time of groundwater could be a
necessary factor for the natural arsenic contamina-
tion in the Tsengwen Creek watershed.

CONCLUSION

The results of inductively coupled plasma mass
spectrometry analysis show a layered distribution of
arsenic in groundwater. The deep aquifer was con-
taminated by high contents of arsenic. Accordingly,
a conceptual hydrogeological framework with shal-
low and deep aquifers is established and the average
sediment geochemistry of each extractable fraction
for the two aquifers can be calculated on the scale of
the whole watershed. The results demonstrate that
arsenic and heavy metals are not significantly enriched
in the deep aquifer. Therefore, the arsenic contamina-
tion of the deep groundwater in the Tsengwen Creek
watershed is not simply source-controlled. On the
other hand, the results of FA demonstrate that a fac-
tor with As and V can be observed in all extractable
phases due to similar ionic potential. However, the
reducible phase (Fe-Mn oxides) has the most abundant
arsenic in the sediments and relatively significant
enrichment of arsenic in the deep aquifer. With a
long residence time of groundwater in the study area,
the slight enrichment could be highly enhanced to
achieve the observed arsenic contamination. From

the above it follows that the major source of arsenic
very possibly results from the dissolution of Fe-Mn
oxides under a strong reducing condition, and the long
residence time of groundwater could be an important
and necessary factor.
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