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 21 

ABSTRACT. The Haihe River System (HRS) drains the Chinese megacities Beijing and Tianjin, 22 

forming a large#scale irrigation system severely impacted by wastewater#borne pollution. The 23 

origin, temporal magnitudes and annual mass fluxes of a wide range of pharmaceuticals, 24 

household chemicals and pesticides were investigated in the HRS, which drains 70% of the 25 

wastewater discharged by 20 million people living in Beijing. Based on Chinese consumption 26 

statistics and our initial screening for 268 micropollutants using high#resolution mass 27 

spectrometry, 62 compounds were examined in space and time (2009–2010). The median 28 

concentrations ranged from 3 ng/L for metolachlor to 1100 ng/L for benzotriazole and sucralose. 29 

Concentrations of carbendazim, clarithromycin, diclofenac and diuron exceed levels of 30 

ecotoxicological concern. Mass#flux analyses revealed that pharmaceuticals (5930 kg/year) and 31 

most household chemicals (5660 kg/year) originated from urban wastewaters, while the corrosion 32 
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inhibitor benzotriazole entered the rivers through other pathways. Total pesticide residues 33 

amounted to 1550 kg/year. Per capita loads of pharmaceuticals in wastewater were considerably 34 

lower than in Europe, but are expected to increase in the near future. As 95% of the river water is 35 

diverted to irrigate agricultural soil, the loads of polar organic micropollutants transported with 36 

the water might pose a serious threat to food safety and groundwater quality. 37 

KEYWORDS: China, annual loads, pharmaceuticals, biocides, climbazole, pesticides, per capita 38 

loads, wastewater, surface water pollution, food safety. 39 

40 
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INTRODUCTION 41 

The rapid population growth occurring in megacities, especially in Africa and Asia, places 42 

increasing pressure on available surface and groundwater resources (1). Furthermore, wastewater 43 

from urban sources is often used for irrigation in regions where water resources are scarce, 44 

particularly in developing and emerging countries (2, 3). In water#scarce areas surrounding 45 

megacities, this can lead to the installation of large#scale irrigation systems in which urban 46 

wastewater constitutes a substantial portion of the water used for the irrigation of adjacent 47 

agricultural areas (4#6). 48 

Increasing contamination of aquatic systems by polar organic micropollutants is a major 49 

problem for aquatic life, as well as for human health, as they are highly mobile and often of 50 

toxicological concern (7). Pharmaceuticals and household chemicals, as well as biocides and 51 

other classes of organic micropollutants, are being increasingly discharged with wastewater to 52 

surface water environments (7, 8). Several authors document how conventional wastewater 53 

treatment often fails to remove polar organic micropollutants (9#12). Hence, polar organic 54 

micropollutants have the potential to cause considerable problems in wastewater irrigation 55 

systems (13). For example, Muñoz et al. (14) identified pharmaceuticals as a primary 56 

environmental risk associated with wastewater irrigation based on a risk assessment completed in 57 

Spain. However, risks and behaviors of organic micropollutants in wastewater irrigation are still 58 

poorly understood (3). 59 

An illustrative example is the Haihe River System (HRS), which connects the megacities of 60 

Beijing and Tianjin and is located within the water#scarce area of the North China Plain (NCP). 61 

Increasing overexploitation of limited water resources for agriculture and for the vastly growing 62 

urban agglomerations of the NCP have led to a steady decline of the groundwater table by about 63 

0.5 meters per year, as well as to the drying up of many rivers (15#18). In the region of the 64 
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megacity Beijing, water scarcity is particularly problematic due to extensive overuse and 65 

pollution of the available water resources (19, 20). Within Beijing, the groundwater table has 66 

dropped locally by up to 100#300 meters, leading to ground subsidence of several meters (21). 67 

Recent research showed that the discharge of rivers downstream of Beijing is heavily influenced 68 

by wastewater from the megacity (22, 23). Due to these large loads of wastewater, the river 69 

system is oxygen#depleted and highly eutrophic, with toxic levels of nitrite and ammonia being 70 

frequently observed (22). The treated wastewater accounts for 93% of the total water discharge 71 

(Figure S1), corresponding to the water consumption of some 14 million people, representing 72 

70% of the population of Beijing’s urban area. About 4% of the river discharge can be attributed 73 

to raw sewage from upstream Beijing (22). The water consumed in Beijing is mainly sourced 74 

from groundwater. At the same time, over 90% of the discharge is used for irrigation in 75 

agricultural areas within approximately 100 km downstream of Beijing (22). Hence, this river 76 

stretch forms a mega#scale wastewater irrigation system that is almost fully decoupled 77 

hydrologically from the up# and downstream areas.  78 

The available information concerning polar organic micropollutants in the HRS is very limited 79 

to date. Three recent studies focused on the removal efficiency of selected WWTPs of certain 80 

micropollutants in Beijing (24#26). The mass fluxes of micropollutants in the river system, 81 

particularly their influence on the large adjacent agricultural areas, remain unknown. 82 

This study aims to improve the understanding of the load dynamics of polar organic 83 

micropollutants within a large#scale wastewater irrigation system in the water scarce area of the 84 

megacity Beijing. First, occurrence and concentration ranges of micropollutants within the HRS 85 

are presented. Based on detailed discussions of three lead compounds (climbazole, benzotriazole 86 

and atrazine), the flow dynamics of micropollutants in the HRS are then assessed. Finally, 87 
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potential risks associated with the loads of organic micropollutants are identified, and 88 

implications for Beijing, as well as globally, are discussed. 89 

 90 

METHODS 91 

������������ We investigated the 175 km long stretch of the HRS (Wenyu River and North 92 

Canal) that reaches from upstream Beijing to Tianjin (Figure 1). The water budget of this part of 93 

the HRS has been recently assessed (22). Because most of its upstream tributaries ran dry, the 94 

discharge from the Shahe Reservoir currently accounts for an average of 1.1 m
3
/s. Downstream, 95 

the discharge of the Wenyu River increases continuously as wastewater from the urban area of 96 

Beijing enters the river through four main tributaries, adding up to a total discharge of 32 m
3
/s 97 

downstream of Beijing (Figure 1, Figure S1).  98 

Two major channels divert the water from the main river to the Chaobaixin River and the 99 

Qinglongwan River for irrigation. Daily, weekly or seasonal periodicity was not apparent in the 100 

discharge behavior of the rivers (22). Conversely, fluctuations in discharge are controlled by the 101 

operation schemes of the dams. 102 

The NCP is characterized by a continental climate. In 2009 the annual precipitation in the area 103 

of Beijing amounted to 480 mm, of which 80% fell in the wet summer season between June and 104 

September (27) (Figure S2). Despite being one of the areas with the lowest water availability in 105 

China, the region between Beijing and Tianjin is one of China's primary agricultural areas, 106 

dominated mainly by the production of wheat and corn (Figure 1) (18, 28). The fields are 107 

irrigated by flooding through an extensive network of irrigation channels fed either by water from 108 

the rivers, or by water pumped from groundwater wells. Although groundwater covers 65% of 109 

the irrigation demand (29), 95% of the total discharge of the Wenyu River and North Canal are 110 

withdrawn for irrigation. Only 5% remains in the river channel at Tianjin (Figure 1, site 13). 111 
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 112 

  

"�����#� Map of the HRS between Beijing and Tianjin. Downstream of the Shahe Reservoir in 

the north, the river is referred to as the Wenyu River in the upstream portion, and as the North 

Canal further downstream. The Chaobaixin and Qinglongwan Rivers are two main diversions of 

water to the Yongdingxin River in the south. The numbers 1 to 13 mark the sites that were 

sampled in this study. The letters A–D denote the main tributaries draining the wastewater 

effluents form the urban area of Beijing into the main river. A: Qing River, B: Beixiao River, C: 

Tonghui River, D: Liangshui River (based on (22)). 

 113 

�	����
�� For the analysis of the spatial variation in micropollutant concentrations, two 114 

sampling campaigns comprising all 13 sampling sites were performed, one during the dry season 115 

in April 2009, and one during the wet season in July 2009. Additionally, sites 1, 5, 9, 12 and 13 116 

were sampled monthly for a 14#month period, from April 2009 to June 2010. For sites 1, 5, 9 and 117 

13, gauge readings of daily river#water discharge were acquired. River water samples were 118 

obtained from a bridge or dam using a bucket. The five WWTPs with the highest treatment 119 

capacities in Beijing (Qinghe, Jiuxianqiao, Beixiaohe, Gaobeidian and Xiaohongmen) were 120 

sampled three times (Table S1, Figure S3). In May 2010 and December 2010, grab samples of the 121 

inlets and outlets were taken and time#proportional 24#hour composite samples of the influents 122 

and effluents were collected in March 2011. The five sampled WWTPs are responsible for 90% 123 

of Beijing’s wastewater discharge into the Wenyu River. The daily water discharge of these five 124 

WWTPs was obtained from the facility managers. 125 
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 126 

����
�
��	
�� �����
����������
��Two of the initial samples (June 2009, site 7 and site 127 

12) were screened by LC#high#resolution tandem mass spectrometry (30, 31) for 268 128 

pharmaceuticals, pesticides, biocides, industrial chemicals, household chemicals and associated 129 

metabolites, that were found to be relevant in China. For this purpose, Chinese production and 130 

export statistics of pharmaceuticals for 2009 (32), as well as a summary of the demand of major 131 

pesticides in China were assessed for the same year (33) (Tables S7#S8). Of the 100 most 132 

consumed pharmaceuticals, 34 were detected by the screening method in concentrations >LOD 133 

(limit of detection). Many of the remaining substances are known to show either strong sorption 134 

or fast degradation under environmental conditions (e.g. tetracycline, oxytetracycline, 135 

amoxicillin, penicillin G, cephalexin and paracetamol). Of the 20 most widely used pesticides, 7 136 

were detected by the screening method. Based on the results of this initial screening, a 137 

comprehensive set of 62 micropollutants was examined in depth. 138 

 139 

$�	
�����	���
� ���%���������	
���� Surface water and wastewater samples (250 mL) were 140 

filled in baked#glass bottles (Schott), and shipped by airmail at 4°C within 3 days to Eawag, 141 

where the samples were stored at #20 °C until analysis. Immediately prior to analysis, the thawed 142 

samples were filtered through glassfiber filters (GF/F, pore size 0.7 Pm, Whatman) and isotope#143 

labeled internal standard (IS) solution was added. 144 

84 samples from the Haihe River as well 22 samples from wastewater inflow and effluent were 145 

analyzed for 62 micropollutants using a fully automated solid phase extraction (SPE) system, 146 

coupled directly to a liquid chromatography (LC) tandem mass spectrometer. The online SPE#LC 147 

set#up was similar to the one reported by Stoob et al. (34). The analytical method utilized was 148 

similar to the one described by Singer et al. (35) (Text S1#S3, Tables S2#S4). Including 149 
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calibration and quality control, over 20’000 measurements of individual substances were 150 

performed. 151 

Quantification was carried out with 44 isotope#labeled internal standards (IS). Analytes for 152 

which no structurally identical IS was available, the IS with the most similar retention times were 153 

used for quantification. The average relative recoveries were within 85–112% for all compounds 154 

excluding imidacloprid (77%) and clindamycin (132%). Details concerning quality assurance, 155 

including limit of detection (LOD), limit of quantification (LOQ), relative recoveries and 156 

uncertainties are provided in the Supplementary Information (Text S4#S5, Table S5).  157 

 158 

%	���"��&�� For the sampling sites (�) with available daily discharge data (sites 1, 5 and 9), the 159 

annual loads of all substances (�) were calculated for the period of July 2009 to June 2010 based 160 

on the concentrations measured in the river via: 161 

������	�,� 	 ∑ ������,�,� ������ ������	�,�,�  (1) 162 

where ������,�,��  is the monthly average of the daily discharge for the month & at site � and 163 

������	�,�,� is the measured concentration of substance � at site ��for the month�&.  164 

For all sites (�) the annual wastewater#borne load of all substances (�) was calculated based on 165 

the inputs of Beijing’s WWTPs via: 166 

���	�,� 	 ���	�,��� ∗ � ��,�
��,���� ,!�,�"#$

% & ���	!�,���$ ∗ ���	�,!�,���$ (2) 167 

where����	!�,���$ is the annual discharge of wastewater entering the river between sites ��� and 168 

�; ���	�,!�,���$	is the average concentration of substance � in the wastewater discharged between 169 

the two sites, calculated based on samples obtained from Beijing’s five major WWTPs (see Text 170 

S6); �	�,� is the average annual discharge of the main river at site �; and �'(,!�,���$ is the discharge 171 

Page 9 of 27

ACS Paragon Plus Environment

Environmental Science & Technology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



10 

 

withdrawn from the main river by side channels between ����and �. For calculation purposes, the 172 

spatial resolution of sites � was chosen so that either ���	!�,���$ or �'(	!�,���$ is equal to zero. 173 

The mass balance equation (2) implies conservative behavior of the micropollutants within the 174 

river. Hence, if ������	�,� deviates significantly from	���	�,�, this indicates either the presence of 175 

another source of the substance in addition to the wastewater or a transformation process within 176 

the river. It has to be considered that ���'
� possibly underestimates contributions from short#time 177 

peak concentrations that were not covered by the available samples. However, over the sampling 178 

period, concentrations were relatively constant in the river for many pharmaceuticals. 179 

 180 

 181 

RESULTS AND DISCUSSION 182 

 �
��
�	���
��	
�����Generally, the spectrum of pharmaceuticals found in the HRS during 183 

the 14#month study period is similar to results reported for surface waters in Europe and the 184 

United States (10, 36). 35 different pharmaceuticals and metabolites as well as 7 household 185 

chemicals and 20 pesticides were detected (Figure� 2, Table S9). Most micropollutants were 186 

frequently present; 28 of the 62 were detected in more than 90% of the samples. Ten substances 187 

had peak concentrations >1000 ng/L (4#acetamidoantipyrine, benzotriazole, methyl 188 

benzotriazole, carbendazim, climbazole, caffeine, iopromide, naphtalenesulphonic acid, 189 

prometryn and sucralose). Sucralose (1060 ng/L), benzotriazole (1090 ng/L) and 4#190 

acetamidoantipyrine (1030 ng/L) showed the highest median concentrations. The production of 191 

sucralose in China increased considerably since 2009, when corresponding patents expired (37), 192 

and these high levels of sucralose are indicative of substantial consumption in Beijing.  193 

4#Acetamidoantipyrine (a primary metabolite of metamizole) ranged between 270–2200 ng/L, 194 

which obviously reflects the fact that metamizole is the second most consumed analgesic in 195 
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China, after the non#persistent paracetamol. The antifungal agent climbazole, which is mainly 196 

used in anti#dandruff shampoos, was detected in 99% of all samples (mean: 310 ng/L). Prior to 197 

this study, climbazole had rarely been detected in aquatic systems (38). The annually averaged 198 

sum of the concentrations of all quantified micropollutants amounted to 11.4 Pg/L (7.8#17.9 199 

Pg/L) downstream of Beijing at site 9. 200 

To evaluate the ecotoxicological risk of the micropollutant concentrations, chronic and acute 201 

effect concentrations were compared with annual averaged and maximum concentrations. 202 

Environmental Quality Standards (EQS) as defined by the European Union according to the 203 

Technical Guidance Document for EQS (TGD for EQS) were taken from the literature (39#43) to 204 

retrieve chronic and acute effect concentrations, whereas data was only available for 16 of the 62 205 

detected compounds. EQS expressed as an annual average value (AA#EQS) are defined for long#206 

term exposure (chronic effects), whereas maximum allowable concentrations (MAC#EQS) are 207 

used to assess short#term exposure (acute effects). MAC#EQS and AA#EQS were exceeded for 208 

carbendazim, clarithromycin, diclofenac and diuron (see Table S10). For carbendazim, the MAC#209 

EQS were exceeded in 29% of the samples. On average, 45 micropollutants were detected per 210 

sample, and thus the combined effects of micropollutants should also be considered (44). In 211 

addition to the ecotoxicological impact of micropollutants, the aquatic ecosystem of the HRS is 212 

already heavily stressed by other factors such as oxygen depletion and excessive nutrient 213 

concentrations (22). 214 

  215 
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%	���"��(����In Figure 3, the wastewater#borne loads of micropollutants at site 9 downstream 216 

of Beijing (LWW,9) are compared to loads observed in the river at site 9 (Lriver,9). Whereas the 217 

measured load in the river at site 9 (Lriver,9) comprises all upstream inputs from urban and 218 

agricultural sources apart from the diverted amount (irrigation and distributaries), the calculated 219 

wastewater#borne loads at site 9 (LWW,9) incorporate only the amount stemming from the 220 

upstream WWTPs, corrected for the withdrawn proportion. LWW,9 and Lriver,9 were largely 221 

comparable for most pharmaceuticals (Figure 3; purple color, LWW,9/Lriver,9 = 1.1 on average), 222 

which shows that observed loads are well explained by the wastewater inputs. This also applies to 223 

the household chemicals climbazole and sucralose (Figure 3; green color, LWW,9/Lriver,9 = 0.9 and 224 

1.3, respectively). These results indicate that the main sources of these compounds are 225 

households and the main input pathways are the discharges of Beijing’s WWTPs.  226 

LWW,9 is considerably smaller than Lriver,9 for most pesticides (Figure 3; orange color, 227 

LWW,9/Lriver,9 = 0.4 on average), as are the corrosion inhibitors benzotriazole (LWW/Lriver = 0.1) 228 

and methyl benzotriazole (LWW,9/Lriver,9 = 0.2). This points to unidentified major source(s) of 229 

these compounds in addition to the inputs from Beijing’s WWTPs.  230 

If LWW,9 is significantly higher than Lriver,9, this indicates that the compounds are 231 

removed/transformed within the river system, i.e. by degradation or sorption processes. 232 

According to the measurements and mass flux calculations, 550 kg caffeine and 2760 kg 233 

iopromide were discharged into the HRS per year via the treated wastewater (LWW,9), while only 234 

260 kg of caffeine and 960 kg iopromide were recovered in the river (Lriver,9). Whereas caffeine is 235 

known to degrade in natural environments (45), x#ray contrast media, such as iopromide, are 236 

known to show strongly fluctuating concentrations in wastewater (46). The high LWW/Lriver for 237 

iopromide could derive from the large uncertainties in LWW due to the strongly fluctuating 238 
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concentrations observed in the effluents of Beijing’s WWTPs. Apart from these cases, most 239 

compounds did not seem to be substantially removed/transformed in the rivers.  240 

The comparison between LWW and Lriver is a valuable tool to cluster the compound data 241 

according to major sources and sinks in the observed system, as a detailed evaluation of the 242 

situation for every individual compounds is not always feasible. In order to corroborate the 243 

source#removal pattern illustrated in Figure 3, selected compounds representative of agricultural 244 

and urban sources are discussed in more detail taking all relevant information into account.  245 

 246 

  
"����� �� Wastewater#borne loads of micropollutants at site 9 downstream of Beijing (LWW,9) 

versus observed loads at site 9 (Lriver,9). Only compounds that were detectable in the wastewater 

as well as in the river are shown. The large uncertainties for the compounds with low loads are 

due to concentrations below the LOQs. Where LWW,9 is similar to Lriver,9 (factor ±2), the 

wastewater inputs from Beijing explain the observed loads well. If LWW,9 exceeds Lriver,9, 

transformation of the compound in the river is likely. If LWW,9 is smaller than Lriver,9, the 

compound enters the river through additional (non#point) sources. The error bars denote the 

overall uncertainties (Text S5). Compounds discussed in detail are labeled in the figure.  
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"����� )� Mass flow diagrams (kg/year) and concentration time series (ng/L) for climbazole, 

benzotriazole and atrazine (left panels). Mass flows that are directly based on measured 

concentrations are printed in bold. The encircled numbers 1, 5 and 9 denote sampling sites for the 

14#month time series (right panels), where error bars indicate the uncertainties in the 

measurements (Text S5). Letters A#D mark the inflows of wastewater from the four main 

channels: Qing (A), Beixiao (B), Tonghui (C) and Liangshui (D). Loads from wastewater are 

shown in brown. Additional inputs required to balance the observed loads at sites 5 and 9 are 

fitted and illustrated in orange. Micropollutant concentrations at the branches of the Chaobaixin 

and Qinglongwan Rivers were assumed to be identical to concentrations in the main channel, 

right at the diversions (see Figure 1).  
 

������� �
� *�	
�+�����������The antifungal agent climbazole is a typical example of a 247 

micropollutant that enters the river system via the discharge of Beijing’s WWTPs.�As it is mainly 248 

used in anti#dandruff shampoos, it is a typical example of a household chemical. The total loads 249 
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observed in the Haihe River are considerable (476 kg/year), yet there is no information available 250 

about its behavior in the environment. The average removal rate of climbazole in the WWTPs of 251 

Beijing was 7% (Table S12). This suggests that the compound is stable in aquatic environments. 252 

However, photolysis cannot be excluded. The inputs of climbazole from Beijing’s wastewater fit 253 

the loads observed at both sites 5 and 9 (Figure 4). Contributions from the upstream areas are 254 

almost negligible. Concentrations of climbazole do not show an apparent seasonality, as they 255 

remained relatively constant over the year (Figure 4). However, the two sampling campaigns at 256 

all 13 sites revealed a distinct increase in concentrations of climbazole between sites 3 and 4, 257 

where the first sewers of Beijing enter the river system (Figure S4). Thus, these data confirm the 258 

dominating influence of Beijing’s wastewater. The mass flow behavior of climbazole is 259 

representative of most pharmaceuticals and household chemicals for which degradation in the 260 

river system can be neglected. 261 

For the widely used pharmaceuticals bezafibrate, carbamazepine, clarithromycin, diclofenac 262 

and mefenamic acid, the per capita loads in raw wastewater were 6 to 300 times lower in Beijing 263 

than those reported for Europe (10, 47). For iopromide, sulfamethazine, sulfamethoxazole, 264 

sulfapyridine and trimethoprim, the per capita loads lie in a similar range as the ones reported for 265 

Europe. Only for erythromycin and sulfadiazine were the per capita loads in Beijing significantly 266 

higher than reported values for Europe (Table S11). The market for pharmaceuticals in China 267 

grew by 26% in 2009 and is expected to double from 2009 to 2013 (48). The observed per capita 268 

loads today suggest that consumption of pharmaceuticals in Beijing has not yet reached European 269 

levels. However, it is likely that the loads of pharmaceuticals from Beijing’s wastewater will 270 

increase considerably in the near future. 271 

�����	���
��	���&	�����	���
���As mentioned above, a majority of Beijing’s wastewater 272 

is treated. However, the investigated micropollutants are not always sufficiently removed via the 273 
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conventional treatment processes applied in Beijing’s major WWTPs, where removal rates 274 

averaged between +67% and #27%. An exception is caffeine, with 88% removal on average (see 275 

Table S12). Using more advanced treatment technologies such as ozonation, nanofiltration, 276 

reverse osmosis or powdered activated carbon would facilitate enhanced removal of most organic 277 

micropollutants to a significant extent (10, 49, 50) and hence reduce the loads of wastewater#278 

borne micropollutants in the river system. Advanced treatment is currently being tested in three 279 

Beijing WWTPs on a pilot scale, treating some 10% of their wastewater (25, 51). As an example, 280 

the total loads of climbazole discharged by Beijing could be reduced by around 70% if advanced 281 

treatment is installed for the full capacity of the 5 major WWTPs, assuming a removal rate of 282 

90% in advanced treatment. 283 

 284 

!������
	��*�	
���������The spatial and temporal concentration pattern of the corrosion#285 

inhibitor benzotriazole is an example for micropollutants originating mainly from other urban 286 

sources other wastewater. Benzotriazole is known to be quite persistent in the aquatic 287 

environment (52#54). It is therefore reasonable to assume conservative behavior in the river. 288 

There is a base load of benzotriazole in Beijing’s wastewater (Figure 4, brown color) which 289 

likely originates from household applications in dishwashing detergents (55). However, the base 290 

load is too small to explain the observed loads in the river. This suggests additional input of 291 

benzotriazole (Figure 4; orange color) between sites 5 and 9. As mentioned above, we cannot rule 292 

out short#term peak concentrations in the effluents of Beijing’s WWTPs that were not captured 293 

by the chosen sampling campaigns. However, this pathway may not be substantial, since the 294 

concentrations in the river at site 9 (mean 2050 ng/L) were always significantly higher than those 295 

observed in the WWTP effluents (mean 446 ng/L). The two extended sampling campaigns 296 

comprising all 13 sites revealed a distinct increase of benzotriazole concentrations between sites 297 
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5 and 6 (Figure S4). There was no seasonality in the benzotriazole concentrations and yet there 298 

were considerable fluctuations over the studied time period (Figure 4). Due to its corrosion#299 

inhibiting properties, benzotriazole is also used in aircraft de#icers and in heating and cooling 300 

systems. Therefore, wastewaters from industrial areas or from the Beijing international airport 301 

entering the river between sites 5 and 6 are the most probable source(s) of the unidentified 302 

benzotriazole input.  303 

Similar characteristics apply to other abundantly occurring pesticides such as carbendazim, 304 

diuron and prometryn. Since small#scale vegetable farming is common in urban areas of China 305 

(56), this could be a substantial urban source. Also, minor parts of the loads of carbendazim and 306 

diuron seemed to originate from household applications for biocidal purposes, as was similarly 307 

reported for Europe (57). 308 

Compared to Europe, the per capita loads of benzotriazole and methyl benzotriazole in raw 309 

wastewaters were 5 to 9 times lower in Beijing (10, 47). For carbendazim, the per capita loads 310 

were 7#19 times higher in Beijing (Table S11). This could indicate a Beijing# or China#specific 311 

source of carbendazim from household applications. 312 

An increase in advanced treatment capacities would only have a minor effect on the total loads 313 

of urban pesticides and corrosion inhibitors, as Beijing’s WWTPs are not their main entry path. 314 

In contrast to climbazole, the total loads of benzotriazole would be reduced by a mere 10% if 315 

advanced treatment facilities were installed for the full capacity of the 5 major WWTPs. Thus 316 

regulatory measures to reduce the inputs directly at the corresponding sources are necessary for 317 

these micropollutants. 318 

 319 

!�������	����������The herbicide atrazine is a typical pesticide from agricultural sources 320 

(Figure 4). The small loads of atrazine originating from the wastewater of Beijing’s urban area 321 
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(Figure 4; brown color) show that a minor fraction stems from household applications. Hence, 322 

there must be substantial sources upstream of sites 5 and 9 (Figure 4; orange color) to explain the 323 

observed loads. Atrazine concentrations in the river show a clear seasonality, with a distinct peak 324 

in July and levels near the LOQ in winter, as expected for agricultural applications (Figure 4). 325 

The sampling campaign of all 13 sites in July 2009 showed that concentrations were strongly 326 

elevated in the agriculturally influenced areas upstream and downstream of Beijing and decreased 327 

in the urban areas of Beijing (Figure S4). This indicates that atrazine originates mainly from 328 

diffuse agricultural sources. The mean ratio of atrazine and its metabolite atrazine#desethyl was 329 

0.8 (range 0.5#1.4) at site 9 downstream Beijing, suggesting that the atrazine entering the river is 330 

already considerably degraded. Generally, atrazine#desethyl exhibits mass#flow dynamics similar 331 

to atrazine. The observed peak of atrazine in July corresponds directly to a maximum in 332 

precipitation that occurred during the wet season (Figure S2). Hence, it seems that atrazine 333 

applied to crops in spring was flushed into the river by strong rain events in early summer. In 334 

July, the cornfields were intensely flooded for irrigation; hence, overflows from flooded fields are 335 

another possible input pathway. Atrazine is the only pesticide for which the primary source could 336 

be allocated to the agricultural areas outside of Beijing. Thus, inputs of micropollutants from the 337 

agricultural areas play a minor role compared to the influence of the megacity Beijing. 338 

 339 

���	�� ,�	���� The total annual loads of organic micropollutants in the HRS amount to 340 

13,140±620 kg/year (± standard deviation, see Text S5). Of this total, pharmaceuticals and 341 

metabolites contribute 5930±440 kg/year, pesticides and metabolites 1550±140 kg/year, and 342 

household chemicals 5660±350 kg/year. The specific loads measured at sites 1, 5 and 9 are 343 

presented in Figure 5. Urban sources clearly dominate the total loads of micropollutants. It must 344 

be taken into account that the list of quantified compounds, which was designed to be as broad 345 
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and representative as possible, may lack some locally relevant micropollutants. Hence, the total 346 

load may be underestimated. Of the total annual loads of all detected micropollutants, 95% end 347 

up on agricultural fields by way of irrigation. 348 

 349 

"�����-� Annual loads of organic micropollutants (kg/year) drained through the Wenyu River 350 

(sites 1 and 5), the North Canal (site 9) and the total loads in 2009/2010. The total load of 351 

micropollutants is the sum of the load at site 9 and the diverted load to the Chaobaixin and the 352 

Qinglongwan Rivers. 353 

 354 

 355 

���	��� ��� .��
�&	��� ��������� The presented mass fluxes suggest important 356 

implications for the cycles of water and micropollutants between the urban and agricultural areas 357 

downstream of Beijing (see Figure in abstract). Groundwater accounts for 75% of Beijing’s water 358 

consumption (17, 20). Within the urban water cycle this water becomes concentrated with 359 

numerous contaminants. Many polar organic micropollutants are only partially removed in the 360 
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WWTPs of Beijing. As a result of scarce precipitation, the water flowing in the HRS consists of 361 

>95% treated and untreated wastewater and is used almost entirely to irrigate crops (see Figure 362 

S1), thereby depositing considerable loads of pollutants on agricultural soil. Moreover, irrigation 363 

contributes substantially to groundwater recharge in the NPC (58#60). Micropollutants may 364 

accumulate in soil and crops, may trigger resistance against antibiotics and fungicides, may 365 

percolate to the subsurface and eventually reach the groundwater (61). Although there is no 366 

information available about the behavior of micropollutants in the soil and subsurface of the 367 

Beijing#Tianjin region, studies in Mexico have shown several micropollutants originating from 368 

irrigation with urban wastewater accumulated in the aquifers (62, 63). Hence the huge loads of 369 

micropollutants discharged by 14 million people in the HRS can enter the food chain as well as 370 

contaminate the precious groundwater resources over the long#term. As groundwater resources 371 

are the main source of drinking water for the 100 million inhabitants of the region, there is an 372 

urgent need to investigate the fate of pollutants deposited on agricultural land.  373 

 374 

/�����	���
��������
�����(�As discussed above, consumption of pharmaceuticals in Beijing is 375 

likely to increase further. At the same time, the residential water demand of Chinese megacities is 376 

projected to grow steadily (64). Preventing contamination of groundwater and drinking water 377 

resources is therefore of the utmost importance for sustainable development. An increase in 378 

advanced state#of#the#art wastewater treatment capacities in Beijing’s WWTPs would 379 

considerably reduce the loads of pharmaceuticals and household chemicals. However, for 380 

micropollutants from urban point sources like the corrosion#inhibitors benzotriazole and methyl 381 

benzotriazole or for pesticides from diffuse agricultural sources, which bypass the WWTPs, 382 

regulatory measures to reduce inputs directly at the sources are necessary.  383 

 384 
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)��
����������%���
��(�Large#scale wastewater irrigation systems and the associated ecological 385 

and human risks of contamination of soil and groundwater with micropollutants, as discussed 386 

here for Beijing, are common issues in arid and semi#arid regions around the globe. These 387 

regions typically share the following features: i) large urban agglomeration, located in a water#388 

scarce climate; ii) low dilution of urban wastewater in the discharging rivers and iii) nearby 389 

agricultural areas with large demand for irrigation. Within the North China Plain, there are 390 

further urban agglomerations with several million inhabitants where these features apply (e.g. 391 

Shijiazhuang, Tanshang, Xuzhou, Baoding). On a worldwide scale, there are also many large#392 

scale wastewater irrigation systems, such as e.g. the megacities of Mexico City or Hyderabad 393 

(India) (4#6). Our present study highlights the threat created by the shortcuts between wastewater, 394 

soils and groundwater, and may increase awareness of chemical risks for food safety and drinking 395 

water quality. The consumption of pharmaceuticals is increasing globally, especially in emerging 396 

economies (48). At the same time, with vastly growing urban agglomerations (1) and increasing 397 

demands for irrigation (65), the risks of accumulation of micropollutants due to large#scale 398 

wastewater irrigation systems are also likely to increase on a global scale. 399 

 400 

!�0
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