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Total organic carbon and black carbon regulate the distribution of trace organic pollutants in sediments of the
Danshui River estuary and adjacent coastal areas of Taiwan.

Abstract

In order to understand the fate of pesticides in marine environments, concentrations of pesticides and different carbonaceous fractions were
determined for surface sediments in the Danshui River and nearby coastal areas of Taiwan. The major compounds detected were tetrachloro-
benzene, HCHs, chlordane, aldrin, DDDs, DDEs and DDTs. Total concentrations of pesticides in the sediments ranged from not detectable to
23 ngg~', with the maximum value detected near the discharge point of the marine outfall from the Pali sewage treatment plant. These results
confirm that pesticides persist in estuarine and nearby coastal environments of the Danshui River well after their ban. Concentrations of total
pesticides significantly correlate with concentrations of total organic carbon and black carbon in these sediments, suggesting that total organic

carbon and black carbon regulate the distribution of trace organic pollutants in fluvial and coastal marine sediments.
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1. Introduction

Anthropogenic contaminants, such as persistent organic
pollutants (POPs), are produced, and temporarily deposited
in riverine drainage basins, and subsequently transported
down-river over time, to end up, in ports, in estuarine and
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coastal sediments. The danger is that lipophilic POPs bioaccu-
mulate in marine organisms and are transferred up the food
chain. Thus, many of these POPs have been banned for two
decades because of concern about detrimental effects on eco-
system and human health. However, their residues still persist
in the environment due to their long half-life, about 20—30
years (Woodwell et al., 1971; Sericano et al., 1990).

Taiwan is located in a subtropical region of the world that
has remarkably distinct dry and wet seasons. In the dry sea-
sons, most of the pollutants (from point sources or non-point
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sources) are temporarily deposited in fluvial sediments (e.g.,
Jiann et al., 2005). During the wet season (often caused by
winter monsoon or summer/fall typhoons), both inorganic
and organic pollutants are further transported down-river to
the coastal marine environment, which can be defined as a
secondary transport process. As a consequence, secondary
transport processes of fluvial pollutants often result in pollu-
tion of coastal ecosystems and marine organisms. For
example, “green oysters”” have been documented to have
been caused by secondary copper pollution on the Taiwan
coast (Han and Hung, 1990; Lee et al., 1996; Lin and Hsieh,
1999).

The Danshui River is the largest river in northern Taiwan,
with a watershed area of 2726 km”?. The Danshui River
includes three branches: the Da-han River, providing fresh
water for agricultural crops, the Shin-dan River, containing
numerous tea farms in its upper watershed and providing
drinking water for citizens in Taipei and neighboring
counties, and the Keelung River, containing numerous indus-
trial plants in its drainage basin. Consequently, the Danshui
River receives different amounts of POPs and pollutants
from these three branches (Jiann et al., 2005), in addition
to fallout from atmospheric pollution. According to a recent
investigation, Doong et al. (2002a) reported that a variety of
organochlorine pesticide (OCP) residues still exist in the flu-
vial sediments of the Da-han River, suggesting that these
river sediments have been contaminated for decades. How-
ever, the distribution and fate of organochlorine pesticides
in estuarine and coastal marine environments in northern Tai-
wan is still poorly understood. Previous studies have shown
that POPs are strongly bound to organic matter, and recent
laboratory experiments have demonstrated that one of the
organic carbon fractions, in particular black carbon (BC), can
adsorb POPs to a larger extent than expected from total
organic matter concentrations (Jonker and Koelmans, 2002).
Analogous field investigations have been conducted for
PAHs and PCBs, but not for assessing the influence of BC
on the distribution of pesticides.

This research investigated the sedimentary distribution of
pesticides, including OCPs, as well as carbonaceous materials,
including total organic carbon (OC), black carbon and total
carbohydrates (TCHO, as a major hydrophilic component of
OC), in order to evaluate the sources of POPs and potential
contamination of the Danshui River estuary and nearby coastal
areas of Taiwan. It is expected that the results of this study will
increase our understanding of how organic matter in general,
and BC in particular, influence the distribution and sedimen-
tary distribution of organic contaminants.

2. Materials and methods
2.1. Sample collection

Surface sediment samples were collected in the lower Danshui River and
nearby coastal areas with a grab sediment sampler (Shiptex; Wildco Inc.) on
March 16, 2001 and November 5, 2004. The details of the sampling locations
are given in Fig. 1 and Table 1.

2.2. Sample analysis

The grain size in the sediments was measured by wet sieving and pipette
analysis as described by Hsieh (1995). The collected samples were transferred
to the laboratory and frozen (~ —20 °C) until analysis. Freeze-dried sediment
samples were first heated at a relatively low temperature (60 °C), after 2—3
treatments with 2 N HCI to remove inorganic carbon. Total organic carbon
(TOC) concentrations were determined using a Perkin—Elmer Series II
CHNS/O analyzer, Model 2400. Total carbohydrate (TCHO) content was mea-
sured based on the method of Hung et al. (2003) and the analytical uncertainty
of TCHO method ranged from 5% to 9%. Black carbon (BC) content in the
sediment samples was determined by first treating the finely ground sediments
three times with 2 N HCL. A 10—15 mg of each sample was then heated at
375 °C in an oxygenated atmosphere for 18 h using a Barnstead Thermolyne
Furnace (Model 6000) (Gustafsson et al., 2001). An NIST diesel soot standard
(SRM-2975, purchased in 2005) was combusted under identical conditions as
the sediment samples, and measured by two different laboratories at Texas
A&M University (79.1 +2.1%, n = 6) and at National Taiwan Ocean Univer-
sity (78.3 £ 1.3, n=6). The BC content of the SRM-2975 was somewhat
higher (i.e., 79%) than the value of 68% reported by Gustafsson et al.
(2001), suggesting that our BC values may slightly (by about 10%) overesti-
mate the BC content of our sediment samples, if the BC contents in both
batches of NIST SRM-2975 reference materials are similar. However, it is
also possible that the two batches of NIST SRM-2975 standards contained
somewhat different black carbon contents, as NIST does not certify their
SRM-2975 standard for its black carbon content. In addition, the SRM-2975
standard was processed by the CTO-375 method in two different labs and
the BC content was measured by two different elemental analyzers. Thus,
our measured BC content of the SRM-2975 standard should be reliable. It is
thus worthwhile to test the carbon content of individual SRM-2975 batches
in the future.

Pesticides in the freeze-dried samples were extracted according to Wade
et al. (1988). Briefly, about 10 g freeze-dried sediment were ASE (accelerated
solvent extractor, DIONEX)-extracted with methylene chloride. The solvent
was concentrated to approximately 20 ml in a flat-bottomed flask equipped
with a three-ball Snyder column condenser. The extract was then transferred
to Kuderna-Danish tubes, which were heated in a water bath (60 °C) to
concentrate the extract to a final volume of 2 ml. During concentration of
the solvent, dichloromethane was exchanged for hexane.

Extracts were then fractionated by alumina:silica (80—100 mesh) open
column chromatography. Silica gel was activated at 170 °C for 12h and
partially deactivated with 5% (v/w) distilled water. Approximately 20 g of
silica gel was slurry packed in dichloromethane over 10 g of alumina. Alu-
mina was activated at 400 °C for 4 h and partially deactivated with 1% dis-
tilled water (v/w). Small activated Cu pellets were added to the top of the
column to remove sulfur. The dichloromethane was replaced with pentane
by elution, and the extract was applied to the top of the column. The
extract was eluted from the column with 200 ml of 1:1 pentane—dichloro-
methane (pesticide/PCB fraction). The fractions were then concentrated to
1 ml using Kuderma-Danish tubes heated in a water bath at 60 °C. Finally,
the solution was transferred to a vial, with addition of extra small activated
Cu pellets to remove any remaining sulfur compounds before pesticides’
analysis.

Quality assurance for each set of 20 samples included a procedural
blank and a matrix spike, both of which were carried through the entire
analytical scheme as samples and two appropriate standard reference mate-
rials (SRM-1939a, SRM-1941b). The determined and certified results are
shown in Table 1, indicating that the analytical method in this study can
accurately determine pesticides in estuarine and marine sediments. The
duplicated measurements for blank, blank spike and matrix spike were
conducted in this study and the sediment samples were only conducted as
a single measurement. The standard deviation in blank spike and matrix
spike for pesticides had an average value 7.8% and 5.2%, respectively.
The surrogate 4,4'-dibromooctafluorobiphenyl (DBOFB) was added to the
samples prior to extraction and used for quantitative analysis. The chlori-
nated pesticides were analyzed by gas chromatography in the splitless
mode using an electron capture detector (ECD). A 30 m x 0.25 mm LD.
fused silica column with a 0.25 pm DB-5 bonded phase (JW Scientific,
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Fig. 1. Sediment sampling stations in the Danshui River and nearby coastal zone of Taiwan.

Inc.) provided component separations. The chromatographic conditions for
the pesticides’ analysis were 100 °C for 1 min, then 5 °C/min to 250 °C,
hold for 1 min, and then 10 °C/min to 300 °C and a final hold of 5 min.
The internal standard, 2,4,5,6-tetrachloro-m-xylene (TCMX), was added
prior to GC/ECD analysis to monitor the recovery of surrogates, which
ranged from 87% to 96%. The QA/QC procedures included analysis of ma-
trix spikes, duplicates, laboratory blanks and certified reference material
(Wade and Cantillo, 1994). The method detection limits (Table 2) for
each analyte was determined as the Student’s ¢ for 99% confidence level
times the standard deviation of seven replicate measurements of the same
low level sample or spiked sample following the EPA method detailed in
40 CFR Part 136, Appendix B.

3. Results and discussion
3.1. Distributions of organic carbon species and pesticides

Concentrations of total organic carbon (TOC), black carbon
(BCO), total carbohydrates (TCHO), and ancillary parameters
(grain size and ratio of silt/clay) in surface sediments are given
and discussed in Hung et al. (2006), and are shown in Table 1.

Concentrations of total and individual pesticides, including
tetrachlorobenzene, HCHs, chlordane, aldrin, DDTs, in the
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Sampling locations, average grain size, organic carbon (TOC), black carbon (BC), total carbohydrates (TCHO) and total (3") Pesticides in sediments of the Dan-
shui River and nearby coastal zone of Taiwan

Station Longitude (°E) Latitude (°N) Grain size (mm) TOC (n=2) % BC (n=2) % TCHO (%) > Pesticides (ng g’l)
Al 121.4867 25.0950 n.a. 0.97 +£0.08 0.08 £0.01 0.061 7.24
A2 121.4983 25.0733 n.a. 0.84 +0.06 0.08 £0.01 0.048 10.72
K1 121.4750 25.1150 n.a. 1.48 £0.07 0.12£0.02 0.117 20.75
T2 121.4483 25.1300 n.a. 0.77 £0.04 0.07 £0.01 0.055 9.91
T4 121.4350 25.1633 n.a. 0.73 £0.07 0.06 +£0.01 0.036 6.03
T5 121.4200 25.1700 n.a. 0.99 4+ 0.09 0.05 £0.00 0.018 13.02
Bl 121.3417 25.1425 0.11 0.29 +0.03 0.05 £0.00 0.009 3.21
B2 121.3620 25.1500 0.04 0.54 +0.07 0.08 £0.01 0.019 10.17
B3 121.3875 25.1800 0.20 0.27 £0.04 0.05 £0.01 0.003 3.52
B4 121.3967 25.1967 0.15 0.59 +£0.03 0.07 £0.01 0.014 2.78
Cc2 121.3917 25.2133 0.27 0.37 £0.02 0.05 +0.00 0.021 2.95
DI 121.3480 25.2050 0.06 0.86 + 0.06 0.10 £0.01 0.080 5.30
D2 121.3563 25.2122 0.06 0.53 £0.03 0.09 +0.01 0.049 4.49
D3 121.3655 25.2200 0.10 0.54 4+ 0.03 0.08 £0.01 0.057 448
D4 121.3722 25.2262 0.05 0.78 £0.07 0.11 £0.01 0.060 5.87
D5 121.3548 25.1983 0.16 0.33 +£0.05 0.06 £ 0.00 0.064 3.17
D6 121.3722 25.2138 0.05 0.75 £0.06 0.09 +0.01 0.061 5.46
D7 121.3777 25.2205 0.14 0.46 +£0.04 0.09 £0.01 0.030 3.35
D8 121.3597 25.1932 0.03 1.20+0.11 0.11+£0.02 0.077 9.44
D9 121.3773 25.2088 0.23 0.29 +0.03 0.04 £0.00 0.031 1.43
D10 121.3833 25.2150 0.03 0.91 £0.05 0.10+0.01 0.075 7.49
DI11 121.3648 25.1882 0.03 0.80 +£0.04 0.09 £0.01 0.061 9.05
D12 121.3737 25.1963 0.13 0.42+0.04 0.07 £0.01 0.035 3.64
D13 121.3828 25.2035 0.07 1.71 £0.10 0.19 £0.02 0.100 23.23

n.a., Not available.

Table 2
Recoveries, method detection limits (MDLs) and results from analysis of certified standard sediment reference materials (SRM-1939a, SRM-1941b)
Pesticides Recovery (%) MDLs (ng g") SRM-1939a SRM-1941b

Determined (ng g’l) Certified (ng g’l) Determined (ng g’l) Certified (ng g’l)
Tetrachlorobenzene 1,2,4,5 94.5+24 0.11
Tetrachlorobenzene 1,2,3,4 86.3+1.2 0.05
Pentachlorobenzene 97.8£0.8 0.05
Hexachlorobenzene 98.8+3.4 0.04 7.43+0.40 5.83+0.38
o HCH 884+1.5 0.12
B HCH 1109+54 0.04
v HCH 90.2£2.7 0.09
d HCH 88.1+1.1 0.04
Heptachlor 110 £20 0.03
Heptachlor epoxide 973+12 0.02
Oxychlordane 843+1.2 0.05
o chlordane 87.0+24 0.03 4.124+0.12 48+1.3 0.51 £0.06 0.85+0.11
v chlordane 91.7+£0.9 0.03 0.45+0.03 0.57+£0.09
cis-Nonachlor 93.7+£1.0 0.02 0.46 £0.04 0.38 £0.05
trans-Nonachlor 954+£29 0.02 0.29 +£0.03 0.44 £0.07
Aldrin 88.0+3.7 0.02
Dieldrin 91.3+£2.7 0.02
Endrin 922+1.3 0.04
Pentachloroanisole 949+23 0.04
Chlorpyrifos 94 £23 0.21
Mirex 101.9+24 0.05
Endosulfan IT 925+1.2 0.04
2,4 DDE 922+2.8 0.04 0.22 +£0.06 0.38 £0.12
4,4 DDE 86.7+3.4 0.02 3.15£0.10 3.22+£0.28
2,4 DDD 110.9 £16.9 0.07
4,4 DDD 1049+ 11.6 0.03 2.78 £0.62 4.66 +0.46
2,4 DDT 912+ 145 0.06
4,4 DDT 87.3+11.1 0.02 3.13+£0.57 2.72+£0.42 1.50 £0.12 1.12+£0.42
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Table 3a

Concentrations (ng g~' dry wt.) of individual pesticides in surface sediments of the Danshui River and delta region

Stations Al A2 K1 T2 T4 TS Bl B2 B3 B4 C2
Tetrachlorobenzene 1,2,4,5 0.23 0.30 0.56 0.67 0.22 0.89 0.61 0.96 0.43 0.11 0.87
Tetrachlorobenzene 1,2,3,4 0.21 0.25 0.44 0.15 0.14 0.43 0.13 0.43 0.18 0.24 0.08
Pentachlorobenzene 0.06 n.d. n.d. 0.20 n.d. 0.05 n.d. n.d. n.d. n.d. n.d.
Hexachlorobenzene 0.29 0.33 0.23 0.24 0.13 0.17 n.d. 0.06 0.04 0.09 n.d.
o HCH 0.25 0.23 0.99 0.28 0.19 0.39 0.15 0.26 0.24 0.14 0.19
B HCH n.d. 0.07 0.11 0.06 n.d. 0.17 0.34 n.d. 0.25 0.18 0.31
y HCH n.d. n.d. 0.17 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
d HCH 0.28 n.d. 0.37 0.17 0.08 0.13 0.04 n.d. n.d. n.d. n.d.
Heptachlor n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Heptachlor epoxide 0.14 0.29 0.28 0.51 0.05 0.45 n.d. n.d. n.d. n.d. n.d.
Oxychlordane n.d. n.d. n.d. n.d. 0.42 n.d. n.d. n.d. n.d. n.d. n.d.
o chlordane n.d. n.d. 0.07 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
v chlordane n.d. 0.09 0.22 0.08 n.d. 0.14 0.10 0.10 n.d. n.d. 0.18
cis-Nonachlor 0.05 0.05 n.d. n.d. 0.04 n.d. n.d. n.d. n.d. n.d. n.d.
trans-Nonachlor n.d. n.d. 0.26 0.04 0.04 0.23 n.d. n.d. n.d. n.d. n.d.
Aldrin 1.69 4.95 6.25 243 1.46 2.29 0.50 2.10 0.43 0.55 0.46
Dieldrin 0.11 0.42 0.73 0.60 0.77 3.01 n.d. 0.06 n.d. n.d. n.d.
Endrin n.d. 0.05 n.d. n.d. n.d. n.d. n.d. 0.04 n.d. 0.23 n.d.
Pentachloroanisole n.d. 0.11 n.d. 0.38 n.d. 0.68 n.d. 0.06 0.22 0.44 0.06
Chlorpyrifos n.d. n.d. n.d. n.d. n.d. 0.24 0.92 1.31 1.30 0.29 0.21
Mirex 0.09 0.11 0.22 0.10 0.05 0.11 n.d. 0.47 n.d. n.d. n.d.
Endosulfan T n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
2,4 DDE n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.04 n.d. n.d. n.d.
4,4 DDE 1.01 1.04 2.38 1.06 0.64 0.69 n.d. 0.68 n.d. n.d. 0.14
2,4 DDD 0.93 1.23 3.70 141 0.84 1.70 0.12 1.65 0.22 0.21 0.24
4,4 DDD 0.75 0.58 2.36 0.95 0.55 0.96 0.19 0.92 0.22 0.30 0.08
2,4 DDT 0.25 0.28 0.74 0.38 0.13 0.29 n.d. 0.26 n.d. n.d. n.d.
4,4 DDT 0.91 0.36 0.67 0.22 0.28 n.d. 0.08 0.74 n.d. n.d. 0.13
Total pesticides (ngg ") 7.24 10.72 20.75 9.91 6.03 13.02 3.21 10.17 3.52 2.78 2.95

n.d., Not detectable (i.e., <detection limit).

surface sediments were detected at most stations (Tables 3a and
3b). Total pesticide concentrations in these sediments ranged
from 1.4 to 23 ng g~ ' (dry wt.). The two highest values that ap-
peared in the investigated area were from the Keelung River
(Station K1, 20.8 ng gfl) and a station in the offshore area (Sta-
tion D13, 23.2 ng g~ ). In general, the pesticides in the fluvial
sediments along the upper watershed were relatively constant
(Fig. 2. Elevated pesticide concentration (13 ng g~ ') was found
in the river outlet sediments (T5). The TOC distribution in the
fluvial sediments appeared in a pattern that mirrored the pesti-
cide distribution (Fig. 2). Work similar to that has been reported
in previously, i.e., that fluvial pollutants might be accumulated
in the estuary because fluvial colloids flocculate in the estuarine
mixing zone (Simpson et al., 1996; Sanudo-Wilhelmy et al.,
1996; Doong et al., 2002b). Values of total pesticides (sum of
tetrachlorobenzene, HCHs, aldrin, dieldrin, chlorpyrifos,
mirex, DDEs, DDDs, and DDTs) of 10—80 ng g~ " are typical
values for river delta and coastal regions (e.g., Santschi et al.,
2001; Lee et al., 2001; Yuan et al., 2001). In comparison, re-
cently reported total pesticide data measured in sediments
from the Da-han River, one of the branches of the Danshui
River (Doong et al., 2002a), ranged from 0.2 to 14.8 ngg ™"
dry wt., with an average value of 6.4 ng g~ '. These pesticides
have thus been widely dispersed, have accumulated in river sed-
iments and have found their way to the coastal environment at
similar concentrations. This suggests that many of these

pesticides can still enter the marine food chain in the coastal
area of the Danshui River.

However, there are some notable exceptions from this pat-
tern (e.g., tetrachlorobenzenes and aldrin), which are difficult
to explain. It could be due to different sources of individual
POPs in the three branches of the river (the Da-han River,
the His-Dan River, and the Keelung River), as well as pollu-
tion sources from the atmosphere and a marine outfall of
a treatment plant. Interestingly, the maximum pesticides’ con-
centration (23.2 ng g~ ', the sum of pesticides, including tetra-
chlorobenzene, HCHs, aldrin, dieldrin, chlorpyrifos, mirex,
DDEs, DDDs, and DDTs, was found in offshore sediments
at station D13, approximately 6—7 km from the Danshui River
mouth (Fig. 1). Coincidently, the discharge point, with several
output pipelines connecting to the main pipeline, of the marine
outfall pipeline from the Pali sewage treatment plant is located
near this station (Sinotech, 1997).

According to recent studies, surface sediment concentra-
tions in the estuarine area of the Danshui River should reflect
recent pollutant inputs to the area, due to the short residence
time (i.e., 1—2 days during average river flow conditions) of
the Danshui River water and high sedimentation rates
(~1cm/yr) (Wang et al., 2004; Jiann et al., 2005; Chen
et al., submitted for publication). Therefore, the fact that indi-
vidual pesticide concentrations that are found at the station
near the marine outfall pipe are high or highest suggests that
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Table 3b

Concentrations (ng g~' dry wt.) of individual pesticides in surface sediments offshore from the Danshui River delta region

Stations D1 D2 D3 D4 D5

D6 D7 D8 D9 D10 D11 D12 D13

Tetrachlorobenzene 1,2,4,5 1.08 0.64 1.00 1.28 0.74
Tetrachlorobenzene 1,2,3,4 0.36 0.13 0.12 0.21 0.57

Pentachlorobenzene n.d. n.d. n.d. 0.07 n.d.
Hexachlorobenzene 0.06 0.05 0.06 0.08 n.d.
o HCH 0.21 0.15 0.22 0.18 0.28
B HCH 0.11 0.16 0.20 0.22 n.d.
v HCH n.d. n.d. n.d. n.d. n.d.
5 HCH 0.07 n.d. 0.09 0.12 n.d.
Heptachlor n.d. n.d. n.d. n.d. n.d.
Heptachlor epoxide n.d. n.d. 0.04 n.d. n.d.
Oxychlordane n.d. n.d. n.d. n.d. n.d.
o. chlordane n.d. n.d. n.d. n.d. n.d.
v chlordane n.d. 0.08 0.04 0.05 0.10
cis-Nonachlor 0.04 n.d. n.d. n.d. n.d.
trans-Nonachlor n.d. n.d. n.d. n.d. n.d.
Aldrin 1.11 0.56 0.81 1.00 0.53
Dieldrin 0.07 0.04 0.11 0.13 0.40
Endrin n.d. n.d. n.d. n.d. n.d.
Pentachloroanisole 0.05 n.d. 0.04 0.05 n.d.
Chlorpyrifos 0.32 0.55 0.16 0.37 0.09
Mirex n.d. 0.24 0.05 0.11 n.d.
Endosulfan IT n.d. n.d. n.d. n.d. n.d.
2,4 DDE n.d. n.d. n.d. n.d. n.d.
4,4 DDE 0.46 0.41 0.45 0.65 0.08
2,4 DDD 0.62 0.61 0.45 0.55 0.22
4,4 DDD 0.44 0.51 0.26 0.40 0.07
2,4 DDT 0.15 0.16 0.07 0.18 n.d.
4,4 DDT 0.16 0.22 0.33 0.22 0.10
Total pesticides (ng g~ ") 5.30 449 4.48 5.87 3.17

1.30 0.79 1.76 0.09 0.12 1.31 0.14 1.89
0.08 0.12 0.27 0.11 0.17 0.44 0.14 1.38
n.d. n.d. n.d. n.d. 0.06 0.05 n.d. 0.06
0.10 n.d. 0.14 0.09 0.25 0.09 0.04 0.17
0.20 0.18 0.34 0.16 0.27 0.17 0.14 0.37
0.21 0.24 0.09 0.36 0.40 0.22 0.17 0.19

n.d. n.d. n.d. n.d. 0.02 n.d. n.d. n.d.

0.13 0.05 n.d. n.d. n.d. n.d. n.d. n.d.

n.d. n.d. 0.04 n.d. n.d. n.d. n.d. n.d.

n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.15
0.04 n.d. 0.09 n.d. n.d. n.d. n.d. 0.46
0.04 0.13 0.05 n.d. 0.21 n.d. n.d. 0.07
n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.14
n.d. n.d. 0.12 n.d. n.d. n.d. n.d. 0.30
1.26 0.70 1.27 0.56 1.13 1.54 0.83 3.12
0.09 0.05 0.18 n.d. 0.11 0.12 0.05 3.51
n.d. n.d. 0.05 n.d. n.d. n.d. n.d. n.d.

0.07 0.04 0.08 0.06 0.32 0.07 0.05 0.08
0.34 0.12 0.83 n.d. 1.41 1.55 0.53 242
0.08 n.d. 0.13 n.d. n.d. n.d. n.d. 0.45
n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.27
0.44 0.25 0.72 n.d. 0.47 0.55 0.19 1.61
0.56 0.20 1.69 n.d. 0.79 141 0.52 3.57
0.31 0.14 0.83 n.d. 0.73 0.74 0.45 1.77
0.13 0.02 0.28 n.d. 0.21 0.24 0.12 0.80
0.09 0.31 0.49 n.d. 0.85 0.54 0.26 0.45

5.46 3.35 9.44 1.43 7.49 9.05 3.64 23.23

n.d., Not detectable (i.e., <detection limit).

the sewage treatment plant is still discharging pesticides from
residual activated sludges and/or fine particles (Fig. 3). For ex-
ample, the average cyclodiene concentration (A, as the sum of
aldrin, dieldrin and endrin) decreased along the river to its
mouth, and also with water depth from the marine outfall re-
gion to the offshore station, suggesting that these pollutants
are still being dispersed to surface sediments from points
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Fig. 2. Concentrations of total pesticides vs. distance from river mouth.

near the outfall. Another indication of recent discharges is
the observation of total suspended matter (TSM) concentra-
tions near the marine outfall of up to 70 mg/L (Department
of Public Sewerage Systems Report, 2001). Therefore, the
elevated pesticide concentration at this station is likely from
the marine outfall discharge point that contains pesticides
from present and past agricultural practices. Based on recently
reported data about the quality of sewage discharge (Gong
et al., unpublished data), the Pali sewage treatment plant has
not operated properly due to budget deficits and/or technical
problems in their waste processing system. Additionally, irreg-
ular hydrography, extreme discharge events resulting from
rainfall during tropical depressions or typhoons, may have
also affected the distributions of POPs in sediments from
coastal areas adjacent to the Danshui River mouth. In other
words, the pollutants sorbed onto deposited fluvial sediments
during the dry season will be transported further by floods dur-
ing the wet season. The famous ‘“‘green oysters” that have
been reported on the Taiwan coast are a good case study for
this kind of phenomenon (Han and Hung, 1990; Lee et al.,
1996; Lin and Hsieh, 1999).

3.2. Relationship between concentrations of pesticides
and those of carbonaceous materials

The distributions of POPs, including PAHs and PCBs, can
be regulated by several factors, including their source
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ENEH
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Pesticides (ng g'!)

Different sediment samples

Fig. 3. Distribution of average major pesticide concentrations for the different
sediment samples (across a transect from the river mouth to offshore
regions based on the average water depth). Fluvial sediment including
T5; ~10 m, including B3 and B4; ~30 m, including D11, D12, D13 and
C2; ~35 m, including D8, D9 and D10; ~40 m, including D5, D6 and D7;
~45m, including DI, D2, D3 and D4 (D, DDTs+ DDDs + DDEs; A,
aldrin 4 dieldrin + endrin; H, o+ + vy + 8 HCH; C, 1,2,4,5-tetrachloroben
zene + 1,2,3,4-tetrachlorobenzene + pentachlorobenzene + hexachlorobenzene.

contributions and relative concentrations as well as those of
their carrier phases (TOC, BC) during transport, and partition-
ing rates to suspended particles (Xing, 1997; Gustafsson et al.,
1997; Accardi-Dey and Gschwend, 2002; Jonker and Koel-
mans, 2002).

As shown in Fig. 4A and B, pesticides significantly corre-
late with both total organic carbon (TOC) and hydrophobic
organic carbon (calculated as the difference between TOC and
total carbohydrates, TCHO). This suggests that the distribu-
tions of these OCPs and other pesticides in the estuary are con-
trolled by the distribution of organic matter, and more
significantly, the hydrophobic fraction of the sediments. These
relationships agree with previous studies that have shown that
fate and distributions of OCPs in sediments are controlled by
their organic matter content (McKenzie-Smith et al., 1994;
Glynn et al., 1995). The significant correlations also suggest
that OCPs and organic matter have similar sources prior to
transport from the upper watersheds of the three riverine
branches of the Danshui River to coastal areas. However, the
correlation between BC and pesticides in all sediment samples
(including six anoxic fluvial samples) is only slightly less sig-
nificant than the other carbonaceous materials vs. pesticides
(Fig. 5A and B). The correlation between BC and pesticides
for the six anoxic fluvial samples (Table 4) is less significant,
possibly due to the smaller number of samples, suggesting that
BC might be less important for the distribution in the fluvial
sediments. The results also reflect the fact that BC and pesti-
cides likely have different sources. BC is from atmospheric
sources, mainly from fossil fuel combustion and industrial
emissions. BC concentrations in Taipei are higher than normal
values from other tropical urban areas (Chou et al., 2003).
Pesticides, on the other hand, are likely emitted in the upper
watershed of the three branches of the Danshui River.

Subsequent to entering the aquatic environment at different
rates, both BC and pesticides will partition to riverine parti-
cles. Moreover, when fluvial sediments are transported to the

A ——————y
—e—
y=-21+13.1x R=0.89, p<0.001
20+ -
Ton 15 e
o0 L
g
3
el
S
2 10 A
o L
5 — —
0 I " 1 " 1 " " " " 1 " " " "
0.0 0.5 1.0 15 2.0
TOC (%)
B 5 ————————
—e—
y=-20+140x R =0.90, p<0.001
r —o—
20+ -
"o 151 -
o0 L
g
v
[}
o
3 -
Z 10f J
o L
5 - —
0 I " " " " 1 " " " " 1 " " " " 1 " " " "
0.0 05 1.0 15 2.0

TOC-TCHO (%)

Fig. 4. (A) Relationship between concentrations of total pesticides and TOC.
(B) Relationship between concentrations of total pesticides and hydrophobic
carbon (TOC—TCHO).

coastal areas, some labile organic carbon might be decom-
posed by bacteria or released as DOC, which may result in
some pesticides’ loss as well. We thus hypothesize that
when fluvial sediments are re-distributed by flood water over
wide areas during strong rain storms or Typhoons, the pesti-
cides have again an opportunity to migrate to the most
strongly binding carrier phase, i.e., to BC. In support of our
contention, pesticides and BC in coastal sediments signifi-
cantly correlate, as shown in Fig. 4B (with six anoxic river
sediments excluded), as significantly as with TOC (Table 4).

These results suggest that the distribution of pesticides in
fluvial sediments are controlled by their organic carbon con-
centrations, while the distribution of pesticides in coastal
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Fig. 5. (A) Relationship between concentrations of total pesticides and BC for
all sampling stations. (B) Relationship between concentrations of total pesti-
cides and BC in oxic environments only (excluding anoxic samples).

sediments (after secondary transport processes) is regulated by
BC, besides total organic carbon, also because BC likely has
a longer residence time as compared to that of total organic
carbon. BC also plays an important role for the distribution
of PCBs in the sediments of the Danshui River, as reported
by Hung et al. (2006).

Table 4 gives the details of the different relationships be-
tween pesticides and carbonaceous materials in the sediments
of the Danshui River and adjacent coastal areas. Based on the
statistical information (i.e., p-values) given in Table 4, these
results suggest that organic carbon, BC and hydrophobic
organic matter (i.e., TOC—TCHO) all play key roles in the
distribution and fate of pesticides. These relationships, how-
ever, cannot distinguish between pesticides absorbed by major
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Table 4

Statistical details of correlations between pesticides and carbonaceous material
concentrations

POPs C-species n r 14
Pesticides TOC 24 0.89 <0.001
Pesticides BC 24 0.70 <0.001
Pesticides TOC—TCHO 24 0.90 <0.001
Pesticides TOC 18* 0.88 <0.001
Pesticides BC 18* 0.88 <0.001
Pesticides TOC—TCHO 18* 0.89 <0.001
Pesticides TOC 6° 0.90 <0.02
Pesticides BC 6° 0.70 <0.1
Pesticides TOC—TCHO 6° 0.68 <0.1

C-species, carbonaceous materials.
? Excluding six anoxic sediment samples.
® Six anoxic sediment samples.

organic matter fractions and co-transport processes, e.g.,
absorption by BC after transport from the upper watershed.
The linear correlation between BC and the pesticide concen-
tration in oxic marine sediments is better than that in fluvial
sediments. However, the average ratio of pesticides to BC in
the whole study area is relatively constant, and ranges from
12 to 13 mg total pesticides/kg BC. The average ratio of pes-
ticides to TOC for the whole study area is relatively constant
as well, and ranges from 1.3 mg total pesticides/’kg TOC for
fluvial sediments to 1.2 mg total pesticides/kg TOC for coastal
sediments. The same situation is also observed for the average
ratio of pesticides to hydrophobic organic carbon, which
ranges from 1.4 to 1.3 mg pesticides/’kg (TOC—TCHO). These
results suggest that both TOC and BC play an important role
in the fate of pesticides in this subtropical region of Taiwan,
which has distinct dry and wet seasons. Similar relationships
of organic matter vs. different POPs were also found for other
riverine sediments and/or estuarine environments (Wu et al.,
1997; Lee et al., 2001; Accardi-Dey and Gschwend, 2002;
Doong et al., 2002a; Oen et al., 2006).

4. Conclusions

The surface sediments of the Danshui River and adjacent
areas are still contaminated by a variety of POP compounds.
A positive correlation between the concentrations of total pes-
ticides and those of total organic carbon was found in the sed-
iments of the Danshui River and adjacent coastal areas,
suggesting that the dispersal and distribution of total pesticides
occur in proportion to that of natural organic matter. The high-
est total pesticide concentration was found at a station near the
discharge point of a marine outfall pipeline, suggesting that
pesticides are still being discharged. Moreover, the levels of
significance of the correlations between black carbon and total
pesticide concentration in oxic marine environments suggest
that while organic matter may play an important role affecting
the distribution of pesticides in both fluvial and estuarine sed-
iments, black carbon plays an important role in the fate of pes-
ticides in coastal marine sediments. Primary and secondary
transport and dispersal processes in subtropical regions like
Taiwan, which has distinct dry and wet seasons, will lead to
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the wide dispersal of pesticides that tend to obliterate source-
specific patterns in sediments.
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