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Abstract 33 

Wastewater analysis, or wastewater-based epidemiology, has become a common tool to monitor 34 

trends of illicit drug consumption around the world. In this study, we examined trends in cocaine, 35 

3,4-methylenedioxymethamphetamine (MDMA) and methamphetamine consumption by measuring 36 

their residues in wastewater from two treatment plants in Australia (specifically, an urban and a rural 37 

catchment, both in South East Queensland) between 2009 and 2015. With direct injection of the 38 

samples, target analytes were identified and quantified using liquid chromatography-mass 39 

spectrometry. Cocaine and MDMA residues and metabolites were mainly quantifiable in the urban 40 

catchment while methamphetamine residues were consistently detected in both urban and rural 41 

catchments. There was no consistent trend in the population normalised mass loads observed for 42 

cocaine and MDMA at the urban site between 2009 and 2015. In contrast, there was a five-fold 43 

increase in methamphetamine consumption over this period in this catchment. For 44 

methamphetamine consumption, the rural area showed a very similar trend as the urban catchment 45 

starting at a lower baseline. The observed increase in per capita loads of methamphetamine via 46 

wastewater analysis over the past six years in South East Queensland provides objective evidence 47 

for increased methamphetamine consumption in the Australian population while the use of other 48 

illicit stimulants remained relatively stable. . 49 

50 

Keywords: urban cities, rural areas, illicit stimulants, drug markets, drug epidemiology, LC-MS/MS 51 
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1. Introduction53 

Illicit drug use contributes substantially to the global burden of disease, morbidity, and 54 

organised crime (Lim et al. 2012; UNODC 2015). It is, therefore, important to monitor the level of 55 

illicit drug use in the population so that appropriate policies can be developed to minimise drug-56 

related harms. Traditionally, the monitoring of illicit drug use has been done through population 57 

surveys and the analysis of indicators of drug use (e.g. drug seizures) or drug-related harm (e.g. drug 58 

overdoses, and drug-related hospital admissions) but these methods have their limitations. For 59 

example, Australia’s national household survey is only conducted every three years because of its 60 

expense (Prichard et al. 2012). Also, only 2% of participants in the national household survey 61 

reported using a drug, such as methamphetamine, so the survey has limited statistical power to detect 62 

changes in its prevalence. It is also likely that heavy illicit drug users are under-represented in 63 

national household surveys (Degenhardt and Hall, 2012). Supplementary methodologies are needed 64 

to better understand illicit drug use in the population and to provide more timely data to inform the 65 

most efficient allocation of public health and law enforcement resources to reduce drug-related 66 

harm. 67 

Wastewater analysis (WWA) is an approach to monitor illicit drug consumption in the 68 

population that overcomes some of the limitations of surveys (Castiglioni et al., 2015; EMCDDA, 69 

2016; Hall et al., 2012). WWA is a relatively new approach with considerable research evidence for 70 

its validity. WWA studies clearly show recognised patterns of illicit drug consumption over time 71 

(e.g. cocaine consumption is higher on weekends than on weekdays while cannabis consumption is 72 

more stable throughout the week) and by location (higher consumption of illicit drugs are detected 73 

in larger cities than in rural areas) (van Nuijs et al. 2011a, Ort et al., 2014) that are also reflected in 74 

epidemiological studies. The European Monitoring Centre for Drugs and Drug Addiction 75 

(EMCDDA) recognised the potential of WWA to become an important adjunct to established drug 76 

monitoring tools by delivering near-real-time data on changes in mercurial illicit drug markets 77 

(EMCDDA, 2016). 78 
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WWA has been used in Australia to assess patterns of drug consumption over different time 79 

frames and across different community settings (e.g. cities, rural areas, prisons, major events, etc.) 80 

(e.g. Lai et al. 2011, 2013b, 2015; Irvine et al., 2011). It has also been applied broadly in different 81 

countries (Gerrity et al. 2011; Kankaanpää et al. 2014; Khan et al. 2014; Östman et al. 2014) and in 82 

multi-country studies (Ort et al. 2014; Thomas et al. 2012). There are, however, few WWA studies 83 

that have measured illicit drug consumption over long time periods using extensive sampling 84 

campaigns. For example, to our knowledge, only three studies have performed continuous (daily) 85 

monitoring over an entire year (van Nuijs et al., 2011b; Ort et al., 2014; Lai et al., 2015). Other 86 

studies have used intermittent sampling to monitor drug consumption trends over time (e.g. Lai et 87 

al., 2013a,c; Chen et al., 2011; Tscharke et al., 2015; Zuccato et al., 2011; Castiglioni et al., 2015). 88 

Over the past several years, the popular media in Australia have reported increased harm arising 89 

from the use of crystalline methamphetamine, colloquially known as “ice” (e.g. ABC, 2015; 90 

Hildebrand, 2015; Lee, 2015). This is a highly pure form of methamphetamine that can be smoked 91 

or injected (McKetin et al., 2005; O´Brien et al., 2007). Since the mid-2000s, there have been 92 

substantial seizures of the drug by the Australian Customs and Border Protection Service, increased 93 

arrests for possession and supply of methamphetamine within State and Territory jurisdictions, and 94 

increased treatment seeking by problem users (Roche et al., 2015). Regular injection and smoking 95 

of methamphetamine can produce a variety of serious adverse effects, such as anxiety and depressive 96 

disorders, and a dependence syndrome (McKetin et al., 2006b). Heavy users may develop an acute 97 

paranoid psychosis (Darke et al., 2008; McKetin et al., 2010), become violent and aggressive 98 

(McKetin et al., 2006a) and engage in criminal activity to fund their drug use (McKetin et al., 2005). 99 

Users may die from myocardial infarctions and strokes (Degenhardt et al., 2007; Kaye et al., 2007; 100 

De Letter et al., 2006). 101 

The current study applied WWA to monitor population consumption of three commonly used 102 

illicit stimulant drugs, including cocaine, 3,4-methylenedioxymethamphetamine (MDMA) and 103 

methamphetamine, in South East Queensland between 2009 and 2015. Trends in consumption of 104 
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methamphetamine were compared between two catchment areas: a major urban community (2009–105 

2015) and a rural community (2010–2015). We also examined trends in consumption of two other 106 

illicit stimulants, cocaine and MDMA, in the urban catchment area between 2009 and 2015. 107 

108 

2. Methods109 

2.1 Wastewater sampling and analysis 110 

Wastewater sampling was conducted at the major wastewater treatment plants (WWTPs) in 111 

each of two locations in South East Queensland, Australia. A total of 498 (urban) and 712 (rural) 112 

samples were successfully collected in 2009–2015. In the urban area, we collected daily composite 113 

samples as follows: Nov 2009 (12 days), Nov–Dec 2010 (21 days), Jan–Dec 2011 (160 days), Jan–114 

Dec 2012 (188 days), Jan–Dec 2013 (61 days), Jan–Dec 2014 (49 days) and Mar 2015 (7 days). In 115 

the rural area we collected daily composite samples as follows: Aug–Dec 2010 (34 days), Jan–Dec 116 

2011 (84 days), Jan–Dec 2012 (243 days), Jan–Dec 2013 (273 days), Jan–Dec 2014 (51 days) and 117 

Jan–May 2015 (27 days). 118 

Daily composite samples were collected using a sampling system installed at the inlet of a 119 

wastewater treatment plant. For the urban catchment, a continuous flow proportional sampling mode 120 

was used to collect the samples between November 2009 and October 2012. From November 2012 121 

onwards sampling was scaled down to once a week on Tuesday or Wednesday due to limited access 122 

to the treatment plant. In this period, daily composite samples were taken using a time-proportional 123 

sampling technique with a sampling frequency of 100 ml/15 min. For the rural area, volume-124 

proportional sampling mode was used to collect a sub-sample at 100 m3 intervals. At both sites, 125 

sample collection (over 24 hours) was conducted under refrigeration. To keep the target chemicals 126 

stable in wastewater, samples were acidified to pH 2 onsite and frozen until analysis. Data on daily 127 

wastewater volumes were recorded by the WWTP operators. We obtained catchment map 128 

boundaries from the WWTP operators and gave them to Australian Bureau of Statistics personnel 129 
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to calculate the population for each catchment. The estimated number of people in the catchment 130 

area was based on the latest census data. 131 

The analytical method applied in this study has been validated and previously published (Lai et 132 

al. 2011; Lai et al. 2015). The method has also been validated through an inter-laboratory 133 

comparison (SCORE, 2015). Briefly, for all compounds, filtered wastewater samples (1 mL) were 134 

spiked with mass-labelled internal standards and then analysed without extraction process. All 135 

samples were analysed together with calibration standards by high-performance liquid 136 

chromatography (Shimadzu Nexera UHPLC system) coupled to a triple quadrupole tandem mass 137 

spectrometer (AB SCIEX QTRAP®5500). Drug residues of the parent drug and/or its major 138 

metabolite included 3,4-methylenedioxymethamphetamine (MDMA), cocaine, benzoylecgonine 139 

(cocaine’s main metabolite), and methamphetamine. 140 

141 

2.2 Data analysis 142 

Drug consumption was back-calculated using a formula established previously (Zuccato et al. 143 

2008). Briefly, the drug residue concentration (µg/L) measured is multiplied by the total daily 144 

wastewater volume (ML/day) to produce an estimated amount (mg/day) of the drug residue. This 145 

estimate was then corrected using the excretion factor and normalised to the catchment area 146 

population based on the latest census data to produce an estimate of the consumption level 147 

(mg/day/1000 people). Correction factors for the target drugs were calculated using published values 148 

(Lai et al., 2011). For example, a correction factor of 3.1 (1.1/0.35) was from an average excretion 149 

rate of 35% and the molar mass ratio of 1.1 (cocaine to benzoylecgonine). A correction factor of 6.7 150 

was used to back estimate MDMA using MDMA residues (1/0.15). A correction factor of 2.6 was 151 

used to back estimate methamphetamine from methamphetamine residues (1/0.39). Given the 152 

proven stability of benzoylecgonine, MDMA and methamphetamine residues in wastewater (Thai 153 

et al., 2014, McCall et al., 2015), these back-estimated figures reasonably reflect the collective daily 154 

consumption of these drugs in the catchments (g/day). 155 
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We used the inter-quartile range of box-whisker plots to summarise variability in the estimated 156 

amount detected in each year. Linear regression models were used to test for trends in detections of 157 

cocaine, MDMA, and methamphetamine across each year of study. The presence of higher order 158 

trends (quadratic and cubic) were tested but did not improve any model fits and are hence not 159 

reported here. All analyses were performed in Stata 13, SPSS 22 and R. 160 

161 

3. Results162 

Methamphetamine residue was quantifiable in all samples in both urban and rural areas. 163 

Residues of cocaine, benzoylecgonine, and MDMA were only found in the samples of the urban 164 

catchment. Detailed estimates are presented in follows: 165 

In the urban catchment, daily consumption (per 1000 people) of cocaine (estimated from 166 

benzoylecgonine) ranged from 57 to 2441 mg and the yearly averages fluctuated from 157 mg to 167 

416 mg/day during the study period (Table 1). Consumption of MDMA was at a similar level, with 168 

the recorded daily amount ranging from 12 to 3244 mg and the yearly average from 69-387 mg/day 169 

in the studied urban catchment (Table 1). Figs. 1 and 2 indicate that there was no meaningful trend 170 

in cocaine (R2=0.03; β=31.4, 95%CI=16.5-46.2) or MDMA consumption (R2=0.01; β=4.2, 171 

95%CI=-19.2-27.6) during the study period. Also, there was no significant difference in per capita 172 

consumption of these two drugs between 2009 and 2015. 173 

Per capita methamphetamine consumption was higher in the urban area than the rural area over 174 

the monitoring period (Table 2). Both areas showed an increase in methamphetamine consumption. 175 

In the urban catchment, the estimated average increased from 234 to 1126 mg per day per 1000 176 

people between 2009 and 2015, an approximately 4.8 fold increase (Fig. 3). Similarly, in the rural 177 

area (Fig. 4), the average estimates rose from 112 to 381 mg per day among 1000 people between 178 

2010 and 2015, an approximately 3.5 fold increase. 179 

Analyses indicated that there was a significant linear increase in per capita methamphetamine 180 

consumption in the urban area between 2009 and 2015 (F(1,496)=312.4, p<0.001; R2=0.39, 181 
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β=114.4, 95%CI=101.7-127.1) (Fig. 3). There was a smaller linear increase (F(1,710)=539.5, 182 

p<0.001; R2=0.43, β=59.5, 95%CI=54.5-64.5) in methamphetamine consumption in the rural area 183 

between 2010 and 2015 (Fig. 4). 184 

185 

4. Discussion186 

This study monitored trends in the consumption of three illicit stimulant drugs which have been 187 

commonly measured in WWAs. The most comprehensive monitoring of these illicit drugs to date is 188 

the SCORE project where international research partners collectively monitored illicit drug 189 

consumption in more than a dozen cities around the world, mostly located in Europe (SCORE, 2016) 190 

with the most recent data published in 2014 (Ort et al., 2014). 191 

Benzoylecgonine was only detected in the samples from the urban catchment and in low levels, 192 

with the annual average daily loads ranging from 51 to 134 mg per 1000 people over the study 193 

period. Our result was at the lower range of the European data reported in the SCORE project, similar 194 

to data from cities in Norway and Portugal (Ort et al., 2014). The finding is in line with the fact that 195 

the cocaine market in Europe is larger than that in Australia (World Drug Report 2015). Cocaine is 196 

relatively less available, lower in purity and more expensive in Australia compared to Europe and 197 

more cocaine seizures have been reported in Europe than Australia (World Drug Report 2015). The 198 

detection of higher cocaine consumption in our studied urban catchment than another Australian city 199 

(Adelaide) by Tscharke et al. (2015) (15-18 mg/day/1000 people) is in agreement with other 200 

Australian data that suggests the cocaine market in South Australia is smaller than that in the eastern 201 

seaboard jurisdictions (ACC 2014). 202 

MDMA was also only found in the urban catchment. Its overall average daily loads were stable 203 

in 2009–2015. The overall mass load of MDMA in the urban catchment was at the median level of 204 

the European data reported in the SCORE project and most similar to that in cities in Finland, 205 

Denmark and Spain (Ort et al., 2014). It was higher than that observed in Adelaide (Tscharke et al., 206 

2015). As with cocaine, ecstasy is more available, cheaper and typically purer in Europe than 207 
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Australia (World Drug Report 2015). In Australia, the markets of ecstasy have been found larger in 208 

Queensland compared to South Australia (ACC 2014). An increase in the purity of ecstasy during 209 

2012–2013 was reported by the EMCDDA and in seizure data from Australia (EMCDDA 2016; 210 

ACC 2013). Thus, the noticed downturn in MDMA consumption from 2012 to 2013 suggests a 211 

potential decrease in its availability during that period in our urban catchment. This is consistent 212 

with the national household survey report showing a decline in ecstasy use in 2013 (NDSHS 2013). 213 

Our study revealed a large increase in methamphetamine consumption in both monitored 214 

catchments over the period 2009/2010 to 2015, an approximately five-fold rise in the urban area and 215 

a three-fold one in the rural area. This is in agreement with the two fold increase in 216 

methamphetamine consumption recently reported in Adelaide (Australia) during 2010–2013 217 

(Tscharke et al., 2015). The annual average of daily loads of methamphetamine in 2010, when the 218 

data were first obtained in both catchments, were 44 and 139 mg/day/1000 people in the rural and 219 

urban areas, respectively. These levels are equivalent if not higher to the highest consumption 220 

reported in the SCORE project in Europe in 2011–2013 (Ort et al., 2014). The high level of 221 

methamphetamine use in Australia is consistent with data in the World Drug Report (World Drug 222 

Report 2015). Smaller increases in methamphetamine consumption have also been observed in the 223 

last few years in the Czech Republic (about 2 fold in Budweis and Prague, in 2012–2013) and China 224 

(about 2 times in Beijing, Shanghai, and Shenzhen, in 2012–2014) (Ort et al., 2014; Du et al., 2015). 225 

Comparing consumption trends across these three illicit stimulants, the rate of increase in 226 

methamphetamine in Australia is unique. There has been a debate in Australia about whether the 227 

increase in methamphetamine-related harm recorded is due to an increase in the amount of drug used 228 

by existing users, an increase in drug purity, or whether there has been an increase in the number of 229 

users, or a combination of these factors. Existing users who smoke or inject methamphetamine are 230 

undoubtedly experiencing an increase in harm, which correlates with heavier use among current 231 

users (McKetin and Farrell, 2015). However, there is other evidence that younger users have been 232 

recruited to methamphetamine use, which may indicate an increase in the number of users. This is 233 
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shown by increases in the arrests of younger persons for amphetamine offences, younger people 234 

seeking hospital treatment for methamphetamine-related morbidity, and more treatment-seeking 235 

among young adults for methamphetamine-related problems (Degenhardt et al., 2016; Nathan et al., 236 

2016).  237 

The purity of the methamphetamine in Australia has increased from between 20–30% in 2009 238 

to over 50–70 % in 2014 (ACC 2014). Hence, the increase in the drug purity is also an important 239 

factor in the observed increase in use and harm. Our analysis is only able to provide data on the 240 

overall amount of methamphetamine used in the catchments and cannot determine who used it and 241 

in what average doses. However, the scale of the increase in consumption observed in our data, 242 

combined with other recent epidemiological evidence, suggests that it is unlikely that recent 243 

increases in methamphetamine-related harm in Australia can be wholly explained by increased use 244 

among existing regular and dependent methamphetamine users and/or higher drug purity. 245 

While WWA provided solid evidence for temporal and spatial patterns of the three stimulants 246 

in this study, we cannot use these data to estimate the number of users who contributed to the 247 

measured drug loads. Furthermore, the populations contributing to wastewater samples in each area 248 

were based on the most recent census data so changes in the population over time are not taken into 249 

account. Lastly, for the estimation of consumption we assumed that the average excretion factor of 250 

the drugs remained constant and was not influenced by activities such as poly-drug use, the effects 251 

of which on excretion rates are not known. Notwithstanding these limitations, our findings agree 252 

with trends in other indicators of drug consumption, especially for methamphetamine consumption, 253 

such as increased police seizures, increased numbers of arrests for methamphetamine consumption 254 

and supply, and increased numbers of persons seeking treatment for methamphetamine-related 255 

problems (Degenhardt et al., 2016; Lee, 2015). 256 

 257 

 258 

 259 
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5. Conclusions260 

Our analyses of wastewater showed different consumption trends for the three illicit stimulants. 261 

There was no consistent change in the consumption of cocaine or MDMA in the urban catchment 262 

over the study period. By contrast, there was about a five-fold increase in per capita 263 

methamphetamine consumption in the urban area and a three-fold increase in the rural area in South 264 

East Queensland, Australia. The results confirmed similar analyses of wastewater in Adelaide, 265 

another large city in Australia. Our findings are consistent with epidemiological and law 266 

enforcement data in showing that problems related to methamphetamine consumption have 267 

increased substantially in Australia over the past five years. Our results demonstrate the value of 268 

WWA in detecting changes in per capita consumption of stimulant drugs which can provide timely 269 

data to policy makers on trends in illicit drug consumption in urban and rural areas. 270 
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Figures and tables 404 

405 

406 

Table 2: Summary of methamphetamine consumption (mg/day/1000 people) measured in wastewater 
between the urban and rural catchments from 2009 to 2015. 

Urban area 
2009 2010 2011 2012 2013 2014 2015 

Range 173-353 246-526 142-978 254-1279 330-1511 566-1416 952-1401 

Median 222 343 452 514 615 825 1062 

Average 234 363 467 553 599 839 1126 

CV% 23 22 31 32 31 21 14 

Rural area 
2009 2010 2011 2012 2013 2014 2015 

Range --- 73-188 69-229 64-448 61-492 188-485 318-518 

Median --- 112 126 150 210 315 381 

Average --- 115 127 158 228 323 398 

CV% --- 20 24 33 41 23 14 

407 

408 

Table 1: Summary of cocaine and MDMA consumption (mg/day/1000 people) measured in wastewater 
samples in the urban catchment from 2009 to 2015. 
Cocaine 2009 2010 2011 2012 2013 2014 2015 

Range 229-692 57-395 63-839 133-2441 62-739 183-993 241-642 

Median 339 104 225 343 310 330 327 

Average 382 157 266 415 326 362 416 

CV% 36 68 53 59 37 41 41 

MDMA 2009 2010 2011 2012 2013 2014 2015 

Range 100-387 58-552 10-1202 58-3244 12-639 82-1422 85-518 

Median 192 148 121 271 47 211 126 

Average 199 187 206 387 69 272 237 

CV% 41 78 106 102 125 83 72 



409 

410 
Fig. 1: Estimated cocaine consumption in the urban catchment in 2009–2015. Data is presented in the box-411 
and-whisker plot, with the linear trend (red dotted line).  412 

413 
414 

415 
Fig. 2: Estimated MDMA consumption in the urban catchment in 2009–2015. Data is presented in the box-416 
and-whisker plot, with the linear trend (red dotted line). 417 

418 

419 



420 

421 
Fig. 3: Estimated methamphetamine consumption in the urban catchment in 2009–2015. Data is presented 422 
in the box-and-whisker plot, with the linear trend (red dotted line).    423 

424 

425 
Fig. 4: Estimated methamphetamine consumption in the rural catchemtn in 2010–2015. Data is presented 426 
in the box-and-whisker plot, with the linear trend (red dotted line). 427 

428 


