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A B S T R A C T

In several watersheds, agricultural activities are the cause of pollution, mainly due to the discharge of herbicides.
Often, these herbicide plumes are transported to the surrounding bays. Samples of water, suspended particulate
sediments (SPSs), and sediments from 37 sites in the Jiaozhou Bay in the western Paci� c Ocean were collected in
April 2018. The total concentrations of atrazine and acetochlor in these samples were analyzed, that showed
di� erent patterns in each sampled area. Atrazine had 2–3 times higher concentrations in coastal areas and bays
compared to the estuary, indicating that it had a higher residence time in the marine environment. In contrast,
acetochlor concentration decreased with an increase in the depth of seawater. Both the spatial distributions and
the vertical concentrations in water, SPS, and sediment proved that these two herbicides had di� erent responses
during transportation from the estuary to the bay. Despite the signi � cant di� erence in concentration of the two
herbicides in the water and sediment, their spatially averaged value in SPS was very close, indicating that the
particles had saturated sorption capability. The organic carbon normalized partition coe �cient ( LogKoc) was
used to explain the partitioning of the herbicides between water and sediment. The LogKoc di� erence between
herbicides demonstrated that acetochlor was strongly phase partitioned in the coastal and the bay areas, thereby
causing similar distributions of acetochlor in the three matrices. Atrazine had a higher LogKoc value in the
estuary, which explained its higher concentration in the estuary SPS. The correlation and redundancy analyses
both demonstrated that the concentrations of the herbicides in water were sensitive to dissolved organic carbon
and dissolved oxygen. The current tides and bathymetry were the critical factors in determining the spatial
distribution of herbicides in the water and sediment, resulting in a low herbicide load in the river mouth area.

1. Introduction

The occurrence and distribution of common organic contaminants
in estuaries is a matter of concern as their e� ects in the marine en-
vironment have been overlooked until recently. Moreover, their dis-
charge loads from agricultural watersheds can now be simulated ef-
fectively ( Palma et al., 2009; Leboulanger et al., 2001). Many types of
herbicides, including atrazine and acetochlor, have been detected in
bays across the world and are attributed to discharge from agricultural
watersheds; further, these herbicides behave di� erently from each
other in marine environments ( Graymore et al., 2001; Liu et al., 2016).
The deposition and degradation processes in bays are sensitive to the
characteristics of the marine conditions; these processes also impact
oceanic biogeochemical cycles and environmental safety (Verlecar
et al., 2006; Zhong et al., 2012). At present, studies regarding transport

from terrestrial environments to bays are mainly focused on heavy
metal pollution ( Sarõand Ça� atay, 2001; Trevizani et al., 2018 ). Hence,
a systematical observation of marine organic pollution is required.

Organic pollutants have critical in � uences on the toxic response of
aquatic organisms; some herbicides can be endocrine disruptors, that
have potential impacts on genotoxicity and are human carcinogens
(Bero et al., 2016). Bays are the ultimate recipients of agricultural
nonpoint source pollution from continental watersheds, and they are
also the starting location for the global cycling of hydrocarbons in
oceans (Muhamed et al., 2006). Some estuaries and bays in Europe and
the United States have been studied for the detection of pesticides
discharged from agricultural activities ( Housari et al., 2011; Fernandez
and Gardinali, 2015). The observation of herbicides in the coastal zones
of the northwest Paci� c began to boom after the results became
available from � eld studies and simulations in the adjacent watersheds
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(Brauns et al., 2018). The farmlands around these bays are intensively
cultivated, and atrazine (C8H14ClN5) and acetochlor (C14H20ClNO2) are
frequently applied ( Nowell et al., 2018 ). Their vertical-spatial dis-
tribution can provide insights into herbicide dynamics in marine en-
vironments, allowing the assessment of their impacts on the coastal
aquatic system.

The transport processes of herbicides from terrestrial watersheds to
bays occur in critical environments that track the shift from riverine
fresh water to the coastal marine conditions ( Novic et al., 2018). Bays
characteristically have great spatio-temporal variability in salinity, pH,
and temperature at shallow depths, and this variability has impacts on
pollutant transport dynamics both in the vertical and horizontal di-
rections (Ulanowski and Bran� reun, 2013). Wind and tidal currents
have essential roles in water transport and herbicide migration in
coastal zones (Halpern et al., 2008), which directly a � ect the pollutant
distribution. The physicochemical properties of herbicides, mainly so-
lubility and half-life, also directly a � ect the transport process. Atrazine
and acetochlor have di� erent physicochemical properties, which are
employed here to determine their spatial-vertical distributions.

The marine environment not only in � uences the horizontal-vertical
transport of pollutants, but it also a � ects exchanges between the liquid
and solid phases (Domagalski and Kuivila, 1993). The sorption and
partitioning between water and sediment are di � erent in bays com-
pared to riverine freshwater conditions, which is the reason for low
proportion of pollutants in seawater and this impacts the availability of
these pollutants to aquatic organisms (Novak et al., 1996; Chefetz et al.,
2004). Due to the low solubility in water and the hydrophobicity,
herbicides tend to sorb onto suspended particles that contain organic
carbon, which can be deposited in sediments by vertical sinking
(Guigue et al., 2017). With the impact of waves and wind in the bay,
sediment can be resuspended, and the fate and transport of which
strongly depends on the sorption capacity of soil and sediment solids
(Wicke et al., 2007). Surface-bottom sediments, which re� ect the cur-
rent status of atrazine, are an optimal medium to evaluate the varia-
bility of atrazine ( Chen et al., 2017). The sorption of herbicides in se-
diment consists of adsorption and partitioning based on the
concentration in seawater, which can be assessed with the organic
carbon normalized sorption coe� cient.

The herbicide concentrations in bays are essential indicators for
anthropogenic discharge to the sea, and present unique spatial-vertical
patterns during transport to marine environments ( Da Ros et al., 2007;
Vetter et al., 2007). It is hypothesized that the herbicide concentrations
show particular patterns of occurrence, source, and distribution from
the estuary to the bay. Therefore, the detailed objectives of this study
were to: (1) investigate spatial transport patterns of typical herbicides
from estuaries and coastal areas in the Jiaozhou Bay; (2) quantify the
partitioning of atrazine and acetochlor in water, suspended particulate
sediment (SPS), and sediment in three zones; and (3) identify the dif-
ferences in the responses of atrazine and acetochlor in the bay to
dominant parameters.

2. Materials and methods

2.1. Study area and sampling locations

The Jiaozhou Bay located in the northwest Paci� c Ocean covers a
total area of 390 km 2 (Fig. 1). The bay has semidiurnal tides, and the
average seawater depth is 7 m. It is shallow in the northwest and deep
in the southeast, so seawater exchange only occurs through the
southern mouth of the bay. The local climate is a typical marine tem-
perate monsoon climate with an average yearly rainfall of
600–800 mm, and the annual mean temperature is 13.0 °C. The max-
imum monthly temperature is 28.5 °C, and minimum monthly value is
� 15.5 °C. The watersheds around this bay are famous for their in-
tensive tillage and vegetable planting (Li et al., 2016). There are six
rivers around the bay. The Daguhe River has the highest yearly

stream� ow of 6.6 × 10 9 m3, and the other � ve have lower stream� ow
of around 1.0 × 10 9 m3. A total of 37 sampling sites, including 7 sites in
the estuary, 11 sites in coastal areas and 16 sites in the bay, were in-
vestigated to express the transportation dynamics.

2.2. Sample collections

All samples, including samples of fresh water in the estuary, marine
water, and sediment were collected in April 2018, which is the time
after thawing of the frozen rivers and before the summer rainfall. At
each sampling site, 4 L of water in two independent bottles were col-
lected at 2 m depth and was passed through glass� ber � lters (0.77 � m,
Whatman) before analysis, to separate SPS from water. The SPS samples
were placed directly into precleaned aluminum pots and were trans-
ported to the laboratory in a boat with air-conditioning. The SPS
samples were freeze-dried and stored in aluminum foil in desiccators
until extraction and then kept in a refrigerator at � 20 °C until analysis.
Surface sediments from the shore (0–20 cm) were collected using a Van
Veen grabs instrument (Eijkelkamp; a cable-operated sediment sam-
pler). The samples from the Ponar grab were stored in precleaned
125 mL amber glass jars with Te� on-liner screw caps and immediately
frozen. Aliquots were then freeze-dried (FD-1A, China) and sieved
through a 100-mesh size. These samples were then stored in precleaned
dark glass bottles at 4 °C until extraction.

Physicochemical parameters of sediments (N = 54, technical re-
plicates), such as, pH, dissolved organic carbon (DOC), and dissolved
oxygen (DO) in water samples were analyzed. The pH, water content
(Wc), particle size (Mz), silt, and sand content in sediment were also
measured (Zhang et al., 2004; Guo et al., 2007).

2.3. Identi� cation and quanti� cation of herbicides

All hyper-grade solvents used for liquid chromatography –mass
spectrometry (LC–MS) were acquired from Fisher Chemical.
Hydrochloric acid (36% –38%) acquired from Shanghai Wusi Chemical
Reagent Co. (Shanghai, China) was analytically pure. Atrazine, aceto-
chlor, deuterated acetochlor (Ace-D11), and Atrazine-13C14N,
Metolachlor-D 6 were purchased from Sigma-Aldrich. DEA-13C
(Desethylatrazine-13C3) was purchased from Cambridge Isotope
Laboratories, Inc. (Tewksbury, MA, USA) (Fig. S1).

Filtered water samples were extracted using a solid phase extraction
(SPE) system from Agilent (Fig. S2). ENVI-Carb graphitized carbon
black (GCB, SUPELCLEAN, 57094, 0.5 g, 6 mL) cartridges were used for
extraction according to Corcia et al. (1997). DEA-13C (30 ng) and Ace-
D11 (30 ng) were added to samples as surrogates before extraction. The
cartridges were sequentially washed with 2 mL methanol, 6 mL me-
thylene dichloride/methanol (80/20, v/v) containing HCl, 5 mmol/L,
and 5 mL ultra-pure water. The water samples (1 L) were passed
through the cartridges at a � ow rate of 4.0 mL/min. Then, the columns
were washed with 10 mL ultra-pure water followed by vacuum drying
for 1 min. Subsequently, the elution took place with 1.5 mL methanol,
8.5 mL of methylene dichloride/methanol (80/20, v/v) containing HCl,
5 mmol/L at a � ow rate of 2.0 mL/min under a vacuum. The extracts
were concentrated to approximately 200 � L in a water bath at 30 °C
under a nitrogen stream. The residues for UPLC-MS/-MS determinations
were diluted in 1 mL methanol. Atrazine- 13C14N (30 ng/L) and Meto-
lachlor-D6 (30 ng/L) then were added as internal standards. The surface
water extracts were � ltered through PTFE 0.22 � m centrifugal � lters
(Jinteng, China) and then analyzed by the Shimadzu LC-20AD UPLC
interfaced with a 4500 Q Trap triple quadrupole/linear ion trap mass
spectrometer (AB Sciex; Toronto, Canada). The LC mobile phase A was
0.1% formic acid water solution, and B was 0.1% formic acid acetoni-
trile solution. The � ow rate was 300 � L/min. The initial mobile phase
was 90% A, decreased to 30% after 12 min, held at that level for 15 min,
and then increased to 80% after 0.1 min, and � nally held for 5 min. The
injection volume was 10 � L per run.
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The ultrasonic method was applied to approximately 10 g of freeze-
dried sediment according to (Babi� et al., 1998). 10 � L each of DEA-13C
(0.5 mg/L) and Ace-D11 (0.5 mg/L) were added to samples as surrogates
(Fig. S4). Samples were vibrated for 30 min with 30 mL acetone and
then sonicated for 15 min in an ultrasonic bath (frequency 25 –40 Hz),
in 50 mL glass bottles. The extracts were passed through a Whatman 40
� lter and then concentrated to approximately 200 � L in a water bath at
30 °C under a nitrogen stream (99.999%). The residues were diluted
with 1 mL of methanol. Atrazine- 13C14N (500 � g/L) and metolachlor-D 6

(500 � g/L) were then added to the sample as internal standards. After
� ltering through a 0.22 � m PTFE � lter and being placed in a vial for
UPLC–MS/MS analysis, 10� L was injected into the UPLC column (Babi�
et al., 1998) (Table S1). The same ultrasonic method was also applied to
SPS samples acquired from the 4 L� ltered with 4000 folds, where the
� lters were cut into pieces and placed into 50 mL glass bottles (Fig. S3).
The remaining laboratory procedures followed the same steps as those
described for the surface sediments.

2.4. Quality assurance and quality control

Four blanks (Mili-Q water) were processed along with the water
samples. Concentrations of target herbicides in the blanks were below
the limits of detection. The average recovery rates of surrogates
(DEA-13C and Acetocholor-D11) were 89% ± 18 (N = 34) and
80% ± 13 (N = 34), respectively. All samples were analyzed in du-
plicate. The average relative percentage di� erences (RPDs) for atrazine
and acetochlor were 3% ± 9 (N = 34) and 15% ± 23 (N = 34), re-
spectively. Method detection limits (MDLs) and method quanti � cation
limits (MQLs) were taken into consideration and the details are given in
the supplementary � le. The MDLs for atrazine and acetochlor were
0.11 ng/L and 0.23 ng/L, respectively. The MQLs based on ten-times the
signal-to-noise ratio were 0.42 ng/L for atrazine and 0.88 ng/L for
acetochlor (Table S2).

Similarly, four laboratory procedural blanks (Na 2SO4) were ana-
lyzed together with the samples of SPS and sediment, respectively.
Concentrations of atrazine in the blanks were below the detection limits
and 0.201 ng/L for acetochlor. The average recovery rates of the sur-
rogates (DEA-13C and Acetochlor-D11) in SPS were 74% ± 16 (N = 34)
and 66% ± 11 (N = 34), respectively. The average recovery rates of
the surrogates (DEA-13C and Acetochlor-D11) in sediment were

76% ± 15 (N = 31) and 80% ± 9 (N = 31), respectively. The RPDs
for atrazine and acetochlor in duplicate sediments were 6% ± 14
(N = 31) and 26% ± 16 (N = 31), respectively. The MDLs of sediment
were 0.004 ng/g for atrazine and 0.004 ng/g for acetochlor. The MQLs
for sediment were 0.017 ng/g for atrazine and 0.019 ng/g for aceto-
chlor, with 10 g of sediment (Table S3).

2.5. Data analysis process

The Co-kriging interpolation method of ArcGIS 10.1 was used to
express the spatial distributions of atrazine and acetochlor in the
coastal and bay areas. The bathymetry served as a predictor variable
(Bayraktar and Turalioglu, 2005 ). In order to test the linear relationship
between the herbicide concentrations and the physicochemical prop-
erties of seawater and sediment (Akhbarizadeh et al., 2017), the
Spearman's correlation coe� cients and multiple linear regression were
applied with an SPSS 20. Ap value less than 0.05 was considered to be
statistically signi � cant.

The partitioning of herbicides between water and sediment is an
important transport process, which is determined by the organic carbon
normalized partition coe � cients (Koc= Kp/ foc; Kp = Cs/ Cw) (Razzaque
and Grathwohl, 2008). Koc is a� ected by the grain size and organic
carbon content of sediments.Cs (ng/ g dw) is the herbicide concentration
in sediment and Cw (ng/L) is the concentration in water. foc (di-
mensionless) is the organic carbon (OC) fraction in the sediment (Guo
et al., 2016). Higher relative values of Koc implied a greater amount of
partitioning into sedimentary organic carbon.

The combined impacts for the herbicide transport between water
and sediment were assessed with redundancy analysis (RDA) (House
and Denison, 2002), which determined the relative importance of water
and sediment properties on the spatial variability of herbicide con-
centrations. The concentrations of atrazine and acetochlor in the water
and sediments were set as variable responses. The measured parameters
of water and sediment were the main explanatory variables.

3. Results

3.1. Spatial transport of atrazine and acetochlor from the estuary to the bay

The average values of atrazine and acetochlor concentrations in

Fig. 1. Location of the study area, bathymetry, sampling locations, and tidal currents in the Jiaozhou Bay.
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water, SPS, and sediment at di� erent isobaths were compared (Fig. 2),
according to their geographic distribution: estuary, coastal, and bay
area. The higher concentrations of atrazine in coastal areas suggested
that it was deposited during transport from agricultural watersheds to
the marine environment. The highest concentration of atrazine was
present in the sea water (76 ng/L), while the estuary had the lowest
concentration (26 ng/L). The acetochlor concentration in the estuary
was the highest (6.3 ng/L), and the average values in coastal areas and
the bay ranged from 1.1 to 1.6 ng/L. The concentration decreased sig-
ni � cantly in coastal areas and the bay, showing that the acetochlor
existence was sensitive to marine environment, wherein its solubility
may decrease.

With regard to the vertical distribution of concentrations from water
to deep sediment, both herbicides had their highest concentrations in
the sea water and the lowest concentrations in the sediment. These
di� erences in concentration supported the partitioning of herbicides
between water and sediment. The concentrations of atrazine in water,
SPS, and sediment varied in the three zones, but they were more similar
in the bay and coastal areas. Highest atrazine concentration was found
in coastal water; its concentrations in coastal sediment and bay sedi-
ment were 0.2 ng/g and 0.1 ng/g, respectively. The lower concentration
of acetochlor in sediment indicated that the sorption capability de-
creased in marine conditions. The solubility of acetochlor in water and
its sorption in sediment both decreased from the estuary to the bay; its
concentration also decreased in sediment from coastal to the bay.

3.2. Spatial distribution of dissolved herbicides in marine water

The concentrations of herbicides in water in coastal areas and the
bay were compared to their spatial distributions in the marine area
(Fig. 3). Although their molecular structures, saturated solubility, and
concentrations in estuary water were di � erent, the spatial patterns
were similar. The eastern area had the highest concentrations when
compared to the southern outlet area. This pattern coincided with tidal
current patterns, and the herbicides collected more in the eastern area
than the western. The highest values of the two herbicide concentra-
tions appeared in similar locations. The average concentrations of
atrazine and acetochlor in seawater were 60 ng/L and 1.4 ng/L, re-
spectively. The average value of atrazine was higher than in the es-
tuary, but the acetochlor had a lower concentration. The lower con-
centration in the southern area indicated that atrazine was not

transported into the sea as easily, unlike acetochlor.

3.3. Spatial distribution of herbicides on suspended particulate sediment

The spatial distributions of atrazine and acetochlor in the SPS of
coastal and bay areas were determined with the same procedure, but
the spatial distribution trends of the two herbicides were reverse
(Fig. 4). The SPS was extracted from the water, so similar spatial pat-
terns were expected. However, their di� erences in concentrations and
spatial patterns were clearer than in water. The concentration ranges of
the herbicides in SPS were much smaller, and the area characterized by
higher values was also smaller due to the distribution of � ows in the
shallow bay. The higher atrazine concentration (0.40 –0.65 ng/L) in SPS
occurred in the northeastern corner of the bay, which was di � erent
from the eastern high-concentration (0.46 –0.60 ng/L) area of aceto-
chlor. Despite the 45-fold di � erence in concentration of the two her-
bicides in water, their spatially averaged values in the SPS were much
closer due to the possible saturated sorption capability of SPS. The
average atrazine and acetochlor concentrations were 0.26 ng/L and
0.36 ng/L, respectively, which also indicated that the potential sorption
capability of acetochlor on suspended particles was greater than that of
atrazine.

3.4. Spatial distribution of herbicides in sediment

The spatial distributions of atrazine in the sediment presented sta-
tistically signi � cant di� erences when compared to the two previous
matrices (Fig. 5). Atrazine was more concentrated in western sediment
areas, presenting an opposite pattern than the ones observed for the
water and SPS matrices. Varying distributions of herbicides in the se-
diment and water indicated that atrazine preferentially sank to the
sediment. The Daguhe River watershed is the largest agricultural wa-
tershed around this bay and is also the largest source of herbicides
pollution. Therefore, the higher atrazine concentration in the sediment
near the river mouth proved that it quickly sinks during the transport
process. The highest concentration of acetochlor occurred in the
northeast, which was the same result as obtained from the previous two
patterns, indicating that the sinking process was not a critical factor.
Acetochlor in the sediment was mainly controlled by its concentration
in water, and vertical water-sediment phase partitioning was the key
governing process. The average atrazine and acetochlor concentrations
in sediment were 0.16 ng/g and 0.06 ng/g, respectively. Even the
lowest concentration of atrazine in the sediment was higher than the
highest concentration of acetochlor.

3.5. Di� erences in the vertical phase partitioning and transport factors for
the two herbicides

The LogKoc value between water and sediment was employed to
distinguish the di � erences in the phase partitioning process for the
three zones (Fig. 6). From the estuary to coastal areas and into the bay,
the LogKoc trends for the two herbicides developed in two directions.
The atrazine had the highest averageLogKoc in the estuary (3.4), which
decreased to 2.1 in coastal areas and the bay. The averageLogKoc value
of acetochlor was the highest in the bay, and was also the highest value
across the entire study area. Due to the strong phase partitioning pro-
cess in marine conditions, the spatial distributions of acetochlor in the
water and sediment were similar in the bay. The comparisons of LogKoc

in three zones indicated that the sediment-water partitioning of the two
herbicides were spatially di � erent, and that acetochlor had a smaller
sorption capacity in sediment than atrazine.

To explore the mechanisms related to herbicide water-sediment
phase partitioning and transport, the correlation and RDA for atrazine
and acetochlor to indicators were analyzed (Fig. 7). Due to the limited
samples of SPS, a full index analysis was not possible, and correlations
of the two pollutants were only compared in water and sediment. The

Fig. 2. Distribution of atrazine and acetochlor concentrations in water (ng/L),
SPS (suspended particulate matter, ng/L), and sediment (ng/g dw) of three
zones (estuary, costal, and bay).
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linear correlation analysis identi � ed that atrazine has a closer re-
lationship to DOC content in water than acetochlor, which supported
that it had a higher chance to settle out of suspension. The correlation
of the two herbicides presented great di� erences, and most parameters
did not show close relationships. The atrazine concentration in sedi-
ment had a slight relationship with particle size and sand percentage.
However, the acetochlor concentration in sediment was not sig-
ni � cantly related to the sediment properties, which was mainly a � ected
by phase partitioning with its concentration in water. The RDA pro-
vided more insight into their di � erences. The atrazine and acetochlor
shared more impacts related to water DO and DOC, but the DOC had a
more direct in � uence on atrazine. The atrazine and acetochlor con-
centrations in sediment had a reverse distribution, and the correlation
of the properties was much weaker. The particle size and sand per-
centage were the positive factors related to atrazine sorption, which
were also related to the desorption of acetochlor from sediment.

4. Discussion

4.1. E� ect of the marine environment on the spatial distribution of
herbicides

The � rst objective of this study was to identify the spatial transport
patterns of the herbicides in three zones, estuary, coastal, and bay. The
total concentration of acetochlor in the water, SPS, and sediment at
each sampling location decreased from the estuary to coastal areas and
the bay, which coincides with typical degradation and sorption trends
of organic pollutants that occur during transportation ( Hladik et al.,
2008). However, the total concentration of atrazine was higher in
coastal areas and the bay than in the estuary, which indicates that it
accumulates, and has a higher resistance rate in marine water. Speci-
� cally, the highest value in the coastal zone highlights the di � erent
transport processes that occur under higher pH and salinity values
(Tamburrino et al., 2019 ). The highest concentration of herbicide was
recorded in the water from the northeastern part of the bay, an area

Fig. 3. Spatial distributions of atrazine (brown pallet) and acetochlor (blue pallet) concentrations (ng/L) in surface water samples from coastal and bay (N = 54).
(For interpretation of the references to colour in this � gure legend, the reader is referred to the web version of this article.)

Fig. 4. Spatial distributions of atrazine (yellow pallet) and acetochlor (blue pallet) concentrations (ng/L) in SPS samples from coastal and bay (N = 27). (For
interpretation of the references to colour in this � gure legend, the reader is referred to the web version of this article.)
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