
Marine Pollution Bulletin 97 (2015) 56–66
Contents lists available at ScienceDirect

Marine Pollution Bulletin

journal homepage: www.elsevier .com/locate /marpolbul
Emerging contaminants (pharmaceuticals, personal care products, a food
additive and pesticides) in waters of Sydney estuary, Australia
http://dx.doi.org/10.1016/j.marpolbul.2015.06.038
0025-326X/� 2015 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: gavin.birch@sydney.edu.au (G.F. Birch).
G.F. Birch a,⇑, D.S. Drage b, K. Thompson b, G. Eaglesham b, J.F. Mueller b

a School of Geosciences, The University of Sydney, 2006 NSW, Australia
b National Research Centre for Environmental Toxicology, The University of Queensland, 39 Kessels Road, Coopers Plains, QLD 4108, Australia

a r t i c l e i n f o a b s t r a c t
Article history:
Received 2 April 2015
Revised 17 June 2015
Accepted 23 June 2015
Available online 27 June 2015

Keywords:
Stormwater
Sewage
Emerging contaminants
Analgesics
Antidepressants
Wastewater
The current investigation of marine water from 30 sites adjacent to stormwater outlets across the entire
Sydney estuary is the first such research in Australia. The number of analytes detected were: 8/59
pharmaceutical compounds (codeine, paracetamol, tramadol, venlafaxine, propranolol, fluoxetine,
iopromide and carbamazepine), 7/38 of the pesticides (2,4-dichlorophenoxyacetic acid (2,4-D),
3,4-dichloroaniline, carbaryl, diuron, 2-methyl-4-chlorophenoxyacetic acid (MCPA), mecoprop and sima-
zine) and 0/3 of the personal care products (PCPs) analysed. An artificial sweetener (acesulfame) was
detected, however none of the nine antibiotics analysed were identified. Sewage water is not discharged
to this estuary, except infrequently as overflow during high-precipitation events. The presence of acesul-
fame (a recognised marker of domestic wastewater) and pharmaceuticals in water from all parts of the
estuary after a dry period, suggests sewage water is leaking into the stormwater system in this catch-
ment. The pesticides are applied to the environment and were discharged via stormwater to the estuary.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Pharmaceuticals and personal care products (PPCPs) are a class
of ‘emerging contaminants’, which comprise numerous prescrip-
tion and over-the-counter medicines, illicit drugs, nutritional
supplements, diagnostic agents, shampoos, soaps and fragrances
(Lubliner et al., 2010). Intact, partly metabolised and metabolised
pharmaceuticals (as well as acesulfame), which mainly enter the
environment after being excreted from the human body, while
personal care products are released via cleaning, showering and
bathing (Richardson et al., 2005; Ellis, 2006). Pesticides include
herbicides, insecticides and fungicides and are applied in the
outside environment (the use of detected compounds is given in
Table 1). Most of these chemicals are found in the environment
in the ng/L range nevertheless, some compounds have been linked
to environmental effects, including endocrine disruption,
histopathological disorders, feminization/masculinization of mar-
ine life by hormones and other risks to primary production
(Johnson et al., 2008; Bringolf et al., 2010; Richardson et al., 2005).

The growing interest in PPCPs over the last 15 years (Kolpin
et al., 2002; Daughton, 2004; Barnes et al., 2004; da Silva et al.,
2011) has resulted in numerous reports of these chemicals
detected in waste water, ground water and surface water
(Parolini et al., 2013; Del Río et al., 2013; Vidal-Dorsch et al.,
2012; Kiervan, 2013; Long et al., 2013), however these substances
remain poorly characterised in the marine environment. A recent
review (Hughes et al., 2013) showed research in Europe and
North America accounted for 80% of the 155 pharmaceutical stud-
ies of river water and only one (Watkinson et al., 2009) was
recorded for Australia. Given that PPCP use is ubiquitous world-
wide and that the number of products is growing exponentially
(5000 pharmaceuticals produced in Europe alone), there is a press-
ing need to expand research, especially in nations with large aging
populations, which tends to increase pharmaceutical use (Hughes
et al., 2013). The fate of pharmaceuticals receive little attention
by regulators, policy makers and managers, however this is chang-
ing with the European Union adding anti-inflammatory drugs to
their List of Priority Substances (Hughes et al., 2013).

In Australia, micro-pollutants have been detected in water from
sewage treatment plants (STPs) (O’Brian et al., 2014; Thai et al.,
2014) and surface water (Khan et al., 2004; Bringolf et al., 2010),
however there is a lack of knowledge concerning emerging con-
taminants in the marine environment (Lubliner et al., 2010;
Langdon et al., 2011). Over 85% of the population in Australia live
within 3 km of the ocean (Zann, 1996) and 82% of this cohort live
in just 3.9% of the total coastline length, comprising mostly estuar-
ies (Birch, 2007). To our knowledge, only one study, which
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included a small number of samples analysed for antibiotics alone,
has been conducted on PPCPs in the marine environment in
Australia, at Moreton Bay, Queensland (Watkinson et al., 2009).

In Sydney, the sewage and stormwater systems are separate
and no sewage is discharged to the estuary, except occasionally
(average two per year) as overflow during high-precipitation
(>50 mm/d) events (Birch and Taylor, 2004), which comprises 2%
of total catchment export volume (Catchment Research, 2014).
Sewage water is discharged separately through diffusers 4 km off-
shore and does not enter Sydney estuary (Brown and Caldwell,
1965). Thus no pharmaceuticals or artificial sweeteners would be
expected in waters of Sydney estuary during low rainfall condi-
tions. In the present study water was sampled after a period of
dry weather, i.e. 23 days of the 30 days preceding sampling were
dry, total rainfall during 30 preceding days was 32 mm and maxi-
mum daily fall over the period was 9.6 mm (BOM, 2013). Dry-flow
stormwater discharged over this period contains maximum con-
taminant concentrations and increases the chance of detecting
stormwater-derived sewage markers, an approach used locally
(Beck and Birch, 2012a,b) and internationally (Benotti and
Brownawell, 2007). In contrast, pesticides applied in the catchment
are dispersed through the stormwater system and would be
expected to be detected in Sydney estuary water under all dis-
charge conditions. In the present investigation fifty-nine PPCPs
(56 pharmaceuticals and 3 personal care products), acesulfame, a
zero-calorie sweetener, and 38 pesticides were analysed in water
taken from 30 sites adjacent to stormwater outlets across the
entire Sydney estuary, Australia.

The objectives of the present study were to determine the distri-
bution and abundance of emerging pollutants in waters of Sydney
estuary in an attempt to: (1) identify currently unknown sources
of pollution that may cause stress to the marine ecosystem and
(2) verify that PPCPs/artificial sweeteners are absent from estuary
waters and that the stormwater system is operating effectively.

2. Methods

2.1. Study area

Sydney estuary, the most iconic waterway in Australia, is a
deep-water, drowned river valley (Roy, 1983), comprising several
Table 1
Detected chemicals and uses.

Chemical Uses

Pharmaceuticals
Codeine Relieves mild to moderate pain not relieved by a non-opiate a
Paracetamol Relieves mild to moderate pain and reduces fever
Tramadol Relieves moderate to severe pain
Venlafaxine Treatment of major depressive disorders, social disorders and
Propranolol Management of hypertension, angina, supraventricular and ve
Fluoxetine Treatment of major depressive disorders, obsessive–compulsiv
Iopromide Injected to diagnose problems in brain, heart, head, blood ves
Carbamazepine For adults and children in prophylactic management of partia

mixed seizure patterns
Food additive
Acesulfame Calorie-free artificial sweetener. Stable at moderate temperatu

backing & for long shelf life
Pesticides
2,4-D Herbicide used along roadways to control undergrowth
3,4 Dichloroanilinea Aromatic amine used in manufacture of dyes, rubber accelera

fungicides
Carbaryl Insecticide used to control pests in domestic locations and co
Diuron Herbicide which inhibits photosynthesis
MCPA Herbicide causing haematological disorders
Simazine Used in swimming pools and is a broad-leave herbicide

a 3,4-Dichloroaniline is not directly used as a pesticide, but it is a metabolite of diuron
pesticide in this work.
harbours (Sydney Harbour, Middle Harbour, Port Jackson), bays
and tributaries (50 km2) (Birch and Taylor, 2004) (Fig. 1). The estu-
ary catchment (480 km2) is highly urbanised (78%) and was once
an important industrial hub. Bottom sediment in many parts of
the estuary contain high levels of organic (Birch and Taylor,
2000; McCready et al., 2000, 2006a,b) and inorganic contaminants
(Birch and Taylor, 1999) presently sourced mainly from stormwa-
ter (Birch and McCready, 2009; Birch et al., 2013).

The Sydney estuary is a microtidal (maximum tidal ran-
ge = 2.1 m) drowned river valley approximately 30 km long and
up to 4 km wide. The waterway is geometrically complex and
bathymetry is irregular (1–46 m deep, mean water depth of
13 m). During dry weather conditions fresh water discharge is
low (<0.1 m3/s) (Birch and Rochford, 2010) and salinity is homoge-
neous throughout the estuary (Hatje et al., 2001). Both low
fresh-water discharge and tidal turbulence contribute to
well-mixed estuarine conditions with salinity ranging from 27 at
the headwaters to 35 at the mouth in the absence of precipitation
(Lee et al., 2011, 2012). Flushing rates vary from <1 day at the
mouth to 225 days at the landward end of the estuary (Das et al.,
2000).

2.2. Sample collection

Thirty individual water grab samples were collected from the
heads of embayments and tributaries of Sydney estuary adjacent
to stormwater outlets across the entire waterway over two days
in August, 2013 (Fig. 1) (Kiervan, 2013).Water was collected, stored
and analysed under the standard operating procedure and proto-
cols of Queensland Health, Forensic and Scientific Services
Laboratory (QHFSS – a NATA accredited laboratory). Water samples
were collected in 3 L polyethylene bottles, which had been soaked
in nitric acid for 24 h, then washed in detergent and ultrapure
water in the laboratory. Before water collection, bottles were
rinsed three times with ambient water and samples were taken
from under the surface of the water to avoid floating debris
(Kiervan, 2013). All samples were kept on ice until transported
back to the laboratory where water samples were stored at
�20 �C in the dark. Samples were shipped frozen at �20 �C to the
National Research Centre for Environmental Toxicology
(Queensland, Australia) for analysis.
nalgesics

panic attacks
ntricular tachyarrhythmia, acute myocardial infarction and essential tremor
e disorders, premenstrual dysphoric disorder, bulimia nervosa and panic disorder
sels and other parts of the body
l seizures with complex symptomatology, generalized tonic-clonic seizures and

res and in mildly acidic or basic conditions allowing use as a food additive in

tors, antioxidants, drugs, photographic chemicals, isocyanides, herbicides and

mmercially on fruit

and is used as an intermediary in the production of some pesticides. It is classed as a



Fig. 1. Sample locations.
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2.3. Sample preparation

2.3.1. Extraction and clean-up
Extraction and clean-up was carried out according to the

standard operating procedure (SOP) and protocols of QHFSS.
Briefly, two 40 mL aliquots of each sample were extracted via a
neutral, and an acidic extraction method detailed below. Samples
were each spiked with a known quantity of a stable isotope mix to
be used as internal standards (13C, D2-hydrochlorothiazide,
D3-codeine, D7-atenolol, D4-acesulfame potassium, D6-fluoxetine,
D4-diclofenac, D10-carbamazepine, 13C3-caffeine, D5-atrazine,
13C6-2,4-dichlorophenoxyacetic acid, D10-simazine, D5-norfloxacin,
-ciprofloxacin, D5-temazepam). Neutral extraction samples were
diluted with 5 mL of methanol. For the acidic extraction, 50 ll of
1 M EDTA and 120 lL of 5 M HCl were added. Samples were inverted
several times to ensure they were fully mixed before 40 mL was taken
for extraction via automated solid phase extraction (ASPEC, Gilson)
using Strata-X 33 lm Polymeric Reversed Phase, 200 mg/3 mL
(Phenomenex). Cartridges had been preconditioned for neutral
(10 mL methanol followed by 1 mL MilliQ water) and acidic (10 mL
methanol followed by 1 mL 0.12% HCl solution) extractions.
Cartridges were dried under nitrogen then eluted with 2 mL metha-
nol, 1.5 mL acetonitrile, and 1.5 mL acetone and collected in solvent
rinsed glass tubes. Fifty ll MilliQ water was added to extracts before
they were evaporated on a 40 �C heating block, under a gentle stream
of nitrogen to 50 ll (i.e. until only MilliQ water remained). Three
hundred and fifty ll of 10% acetonitrile (in water) was added to each
extract and then vortexed briefly to re-dissolve any residue left on the
walls of the tube. A known quantity of recovery standard (containing
D4-acetyl sulphamethoxazole and 2,4 dichlorophenoxyacetic acid)
was added to 400 ll flat bottom inserts placed in amber screw cap
vials before transferring the extracts to the vials. Vials were capped
and inverted several times to mix, then stored in the fridge at <4 �C
until analysis.

2.3.2. Instrumental analysis
All extracts (and filtered samples) were analysed by HPLC-MS/MS

using methodology developed by QHFSS using an AB/Sciex API 5500
Qtrap mass spectrometer (AB/Sciex, Concord, Ontario, Canada)
equipped with an electrospray (TurboV) interface coupled to a
Shimadzu Nexera HPLC system (Shimadzu Corp., Kyoto,
Japan). Separation was achieved using a 3 lm� 150 � 2.0 mm
Phenomenex Luna C18 column (Phenomenex, Torrance, CA) run at
45 �C, with a flow rate of 0.3 mL/min with a linear gradient starting
at 4% B ramped to 35% B in 3.5 min, then to 100% B in 7.5 min and held
at 100% for 4.0 min followed by equilibration at 4% B for 4 min (A = 1%
acetonitrile in HPLC grade water, B = 95% acetonitrile in HPLC grade
water, both containing 0.1% formic acid). The mass spectrometer
was operated in both positive and negative ion, multiple
reaction-monitoring mode using nitrogen as the collision gas.
Detected compounds were measured in either extract (neutral or
acidic extraction as described above) based on which achieved
greater recovery of the relevant internal standard used for quantifica-
tion. This manuscript reports compounds found above the limits of
detection and the full list of compounds analysed is supplied in
Table 2.

2.3.3. Quality control
For each extraction, a 50 mL aliquot of each water sample was

transferred to an HDPE (Falcon) tube. Laboratory blanks were



Table 2
Full list of compounds analysed via LC–ESI-MS/MS in both positive and negative ionisation mode, along with their limits of detection.

+ve/�ve LOQ (ng/L) +ve/�ve LOQ (ng/L) +ve/�ve LOQ (ng/L)

Pharmaceuticals
Atenolol +ve 2 Erythromycin +ve 0.1 Oxycodone +ve 0.2
Atorvastatin +ve 2 Erythromycin anhydrate +ve 0.1 Paracetamol +ve 0.1
Atorvastatin �ve 2 Fluoxetine +ve 0.1 Phenytoin +ve 0.1
Caffeine +ve 2 Fluvastatin �ve 0.2 Praziquantel +ve 0.1
Carbamazepine +ve 2 Frusemide �ve 0.2 Primidone +ve 0.1
Cephalexin +ve 2 Gabapentin +ve 0.1 Propranolol^ +ve 0.2
Chloramphenicol �ve 2 Gemfibrozil �ve 0.2 Ranitidine +ve 5
Ciprofloxacin +ve 2 Hydrochlorthiazide �ve 0.2 Roxithromycin +ve 0.1
Citalopram^ +ve 2 Ibuprofen �ve 0.2 Sertraline +ve 0.1
Codeine +ve 2 Ifosfamide +ve 0.1 Sulfasalazine +ve 0.1
Cyclophosphamide +ve 2 Indomethacin +ve 0.1 Sulphadiazine +ve 0.1
Dapsone +ve 2 Iopromide +ve 0.2 Sulphamethoxazole +ve 0.1
Desmethyl Citalopram +ve 2 Iopromide �ve 0.2 Sulphathiazole +ve 0.2
Desmethyl Diazepam +ve 2 Lincomycin +ve 2 Tramadol +ve 0.2
Diazepam +ve 2 Metoprolol +ve 0.2 Trimethoprim +ve 0.2
Diclofenac +ve 2 Naproxen �ve 0.1 Tylosin +ve 0.1
Diclofenac �ve 2 Naproxen (+ve) +ve 0.1 Venlafaxine +ve 0.1
Doxylamine +ve 2 Norfloxacin +ve 2 Warfarin �ve 0.5
Erythromycin +ve 2 Oxazepam +ve 0.1

Herbicides (and degradation products)
24 D �ve 0.2 Haloxyfop �ve 0.1
24 DB �ve 0.1 Haloxyfop Etoyl +ve 0.1
3,4-Dichloro Aniline +ve 0.1 Haloxyfop Methyl +ve 0.1
Ametryn +ve 0.2 Hexazinone +ve 0.1
Asulam �ve 0.2 MCPA �ve 0.2
Atrazine +ve 0.1 MCPB �ve 0.1
Bromacil +ve 0.1 Mecoprop �ve 0.2
Bromoxynil �ve 0.2 Metolachlor +ve 0.1
Chlorpyriphos +ve 0.1 Picloram �ve 0.2
Dalapon �ve 0.1 Prometryn +ve 0.2
Desethyl Atrazine +ve 0.1 Simazine +ve 0.2
Desisopropyl Atrazine +ve 0.1 Tebuthiuron +ve 0.1
Dicamba �ve 0.2 Terbutryn +ve 0.1
Diuron +ve 0.2 Triclopyr �ve 0.2
Flumeturon +ve 0.1
Fluroxypyr �ve 0.2

Food additives Personal care products
Acesulfame �ve 0.1 DEET +ve 0.1 Triclosan �ve 0.1

Salicylic acid �ve 5

G.F. Birch et al. / Marine Pollution Bulletin 97 (2015) 56–66 59
extracted with each sample consisting of 50 mL of MilliQ water. No
target compounds were detected in the blanks. In the absence of a
QC sample, MilliQ aliquots (spiked with known quantities of target
compounds) were taken through clean-up as every 10th sample
and values were found to be agreeable to the spiked quantities.
Furthermore, to ensure reproducibility of analysis, three samples
were analysed in duplicate with similar values achieved across
all samples. Details of recoveries, limits of quantification (LOQ)
for detected compounds are presented in the supporting informa-
tion (Table SI-1).
2.4. Statistical analysis

In this study, means and medians were calculated with
non-detectable results (<LOQ) equalling half the limit of detection
and principal component analysis (PCA) was carried out using IBM
SPSS 22 for Windows in combination with Microsoft Excel 2010.
3. Results and discussion

3.1. Spatial distribution and concentrations of PPCP in Sydney estuary
and globally

(see Tables 3–5) Eight pharmaceuticals, seven pesticides, one
food additive (acesulfame) and no personal care products (PCPs)
were detected above the limits of quantification in the 30 water
samples taken in Sydney estuary. Detected compounds are
grouped into categories and discussed below.

3.1.1. Pharmaceuticals
Codeine was present in low concentrations with an average of

1.1 ng/L (range: <LOD – 9.5 ng/L, median: 1.0 ng/L) and was only
detected at six sites (Sites 1, 2, 4, 8, 16, 17). Codeine concentrations
in Sydney estuary water were low (maximum 9.5 ng/L) compared
to waste and river waters (maximum approximately 1000 ng/L;
mean <100 ng/L) and estuarine water from the Taff and Ely River
mouths (Wales) (258–333 ng/L). Paracetamol was the only phar-
maceutical analysed in the present study to be detected at all sites
sampled across the entire estuary and had an average concentra-
tion of 17 ng/L (range: 5–67 ng/L, median: 14 ng/L). Paracetamol
may occur in high concentrations in waste and river waters (up
to lg/L), however in estuarine water concentrations are lower,
ranging from typically below detection to 350 ng/L. Paracetamol
levels in Sydney estuary water were towards the lower end of
these concentrations. Tramadol was only found above the detec-
tion limit at three locations (Sites 2, 3 and 16) with the highest
concentration of 5.8 ng/L at Site 2. Unlike the very high concentra-
tions of tramadol reported in bay water from Wales (up to
4758 ng/L) and waste water (up to 11666 ng/L), analyses of
Sydney estuary water recorded concentrations of below detection
(<LOD) to 5.8 ng/L.



Table 3
Pharmaceuticals, a food additive and biocides in water from Sydney estuary (ng/L).

Sample number 1 2 3 4 5 6 7 8 9 10Av 11 12 13 14 15

Pharmaceuticals
Carbamazepine <LOD 2.7 2.4 <LOD 1.9 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
Codeinea 5.4 5.7 <LOD 9.5 <LOD <LOD <LOD 3.0 <LOD <LOD <LOD <LOD <LOD <LOD <LOD
Fluoxetine <LOD 36.0 14.6 <LOD <LOD 5.0 1.6 <LOD <LOD 0.9 <LOD <LOD <LOD <LOD <LOD
Iopromide 4.3 10.4 12.5 6.6 7.5 5.4 9.9 5.5 6.5 4.4 3.9 5.6 3.7 3.1 3.0
Paracetamol 14.8 17.7 13.8 15.8 16.4 12.0 67.1 33.0 29.3 15.6 13.8 16.3 20.6 5.3 8.5
Propranolol <LOD 8.9 3.0 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
Tramadola <LOD 5.8 2.4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
Venlafaxine 44.7 31.6 16.2 <LOD <LOD 2.4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD

Food additive
Acesulfame 26.0 114.1 94.7 51.8 53.8 36.5 46.5 34.2 34.7 28.0 26.9 23.1 21.8 21.1 16.8

Herbicides and insecticides
24 D 1.8 3.5 3.5 2.3 2.3 1.6 2.3 2.6 2.1 1.7 1.5 1.6 <LOD 1.5 <LOD
3,4 DiCl Anilinea 2.9 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
Carbaryl <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
Diurona 67.6 58.2 63.8 66.5 75.2 69.1 67.3 72.0 75.1 56.6 60.9 56.4 56.9 48.0 48.1
MCPA 5.0 47.0 61.0 9.7 9.1 6.7 10.8 8.3 7.0 3.1 3.1 2.9 3.2 3.3 2.6
Mecoprop <LOD 3.7 2.9 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
Simazine 2.3 8.0 7.1 4.5 3.9 3.3 2.6 2.7 2.4 1.7 1.9 1.8 1.5 2.2 1.7

Sample number 17 18 19 20Av 21 22 23 24 25 26 27 28 29 31Av Mean

Pharmaceuticals
Carbamazepine <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.1
Codeinea 5.0 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.9
Fluoxetine 13.1 <LOD <LOD 2.3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 3.0 4.2
Iopromide 7.0 2.0 3.3 2.5 <LOD 3.7 2.7 2.1 1.6 1.7 6.1 1.7 <LOD 5.1 4.6
Paracetamol 14.2 33.9 20.9 14.1 5.7 30.6 13.3 14.1 11.0 13.9 12.3 10.2 5.0 5.8 17.0
Propranolol 2.3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.5
Tramadola <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.3
Venlafaxine 13.8 <LOD <LOD 0.8 <LOD <LOD <LOD <LOD <LOD 0.3 <LOD <LOD <LOD <LOD 5.2

Food additive
Acesulfame 17.6 39.2 16.4 12.2 <LOD 21.8 9.3 12.7 17.1 <LOD 14.2 9.2 <LOD 25.1 28.0

Herbicides and insecticides
24 D <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.5
3,4 DiCl Anilinea 3.3 3.3 3.1 1.7 2.5 4.1 2.2 1.8 1.9 2.5 <LOD 1.9 2.1 2.0 1.8
Carbaryl <LOD <LOD <LOD <LOD <LOD <LOD <LOD 10.2 <LOD <LOD <LOD <LOD <LOD <LOD 1.3
Diuron a 91.9 96.7 89.8 35.4 15.1 50.0 33.9 34.2 54.5 29.8 38.0 44.5 15.6 21.5 55.0
MCPA 1.5 <LOD 1.4 1.8 <LOD 1.5 1.9 <LOD 1.5 <LOD <LOD <LOD <LOD 1.6 6.8
Mecoprop <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.2
Simazine <LOD 1.6 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 2.0 2.2

a By neutral extraction, other compounds by acidic extraction;<LOD = below the level of detection (0.2 ng/L); Bold = highest concentration; Av = average of duplicate
analyses; Mean = mean of all samples with < LOD = half the limit of detection.
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Venlafaxine was detected at six locations (Sites 1, 2, 3, 6, 16, 17)
and the highest concentration (31.6 ng/L) was in water from Duck
River (Site 2). The mean concentration of venlafaxine was 5.2 ng/L
(range: <LOD-32 ng/L, median: 1 ng/L) Venlafaxine is poorly
reported in the literature and Sydney water concentrations
(<LOD – 31.6 ng/L) were lower than values for waste water (up
to 548 ng/L) and water in the Rhine River in the Wasser region
and in the Schwarzbach River (44–122 ng/L) (Rua-Gomez and
Puttmann, 2012). Propranolol was detected in water from four
locations (Sites 2, 3, 16 and 17) and the highest concentration
(8.9 ng/L) was also in water from Duck River (Site 2). Fluoxetine
is in the top 20 pharmaceuticals detected in North American river
water (Hughes et al., 2013) and was detected at nine sites (Sites 2,
3, 6, 7, 10, 16, 17, 20, 31) in this estuary with the highest concen-
tration (36 ng/L) in water from Duck River. Propranolol and fluox-
etine are generally present in waste and river water in relatively
low concentrations (<200 and <100 ng/L, respectively) (Loos
et al., 2013: Hughes et al., 2013) and levels in Sydney estuary water
(<LOD – 8.9 ng/L and <LOD – 36 ng/L, respectively) were similar to
other marine environments (1–30 ng/L and 10–560 ng/L, respec-
tively) (Nodler et al., 2014).

Iopromide was extensively distributed being detected in all
samples, except in water from Sugar Loaf Bay (Site 29) and Rose
Bay (Site 21) with a mean of 4.6 ng/L (median: 3.8 ng/L) and the
highest concentration was detected at Parramatta River (Site 3)
(12.5 ng/L). Iopromide concentrations in water vary greatly and is
in high concentrations (lg/L) in Asian river water (Hughes et al.,
2013), however levels in Sydney estuary water (<LOD – 12.5 ng/L)
were similar to other marine waters (10–140 ng/L) (Nodler et al.,
2014) and considerably lower than waste water (up to lg/L).

Carbamazepine was only detected at three sites (Sites 2, 3, 5)
and the highest concentration (2.7 ng/L) was in the sample from
Duck River (Site 2). Of the pharmaceuticals detected in Sydney
estuary water, carbamazepine was the most commonly reported
in the literature. Carbamazepine concentrations in Sydney estuary
water (<LOD – 2.7 ng/L) were considerably lower than other mar-
ine waters (5–680 ng/L) (Nodler et al., 2014) and waste and river
water (up to 11,560 ng/L) (Rua-Gomez and Puttmann, 2012).

All eight of the pharmaceuticals detected in the current study
were found in water from Duck River (Site 2) and five of these were
at the highest concentration measured. Seven chemicals were
found in the upper Parramatta River (Site 3) and five and six phar-
maceuticals were detected in water from lower Lane Cove (Site 16)
and Rozelle Bay (Site 17), respectively. Paracetamol was detected
in samples from all sites, however the three highest concentrations
were in water from sites in Hen and Chicken Bay (Sites 7, 8 and 9).



Table 4
Average (range) global concentrations of pharmaceuticals and acesulfame (ng/L).

This work Typical waste
watera

Typical river
waterb

Baltic, Aegean
Adriatic Seasc

Venice Italyc San Francisco
Bayc

Pacific oceanc Mediter-ranean seac Five UK estuariesd

Pharmaceuticals
Carbamazepine 1.1 (bd-2.7) 832 (na-4609) 174 (na-11561) 8 (na-157) 4.9 (na-6.5) 6.2 (na-13) na 8.8 (na)
Codeinea 1.9 (bd-9.5) 71 (na-826) 50 (na-1000)
Fluoxetine 4.2 (bd-36) 2.1 (na-21.5) 18 (na-596) na 66 (na-90) na
Iopromide 4.6 (bd-10) 2.7 (na-150A) 77 (na-199) 30 (na-71) 140 (na-783) 32 (na) na
Paracetamol 17 (5.0–67) 204 (bd-1060) 148 (na-15,700) 44 (na-2983) 99 (na-375) 26.8 (bd-56)
Propranolol 1.5 (bd-8.9) 158 (62–294) 19 (na-590) 11 (na-85) na 12 (na)
Tramadol 1.3 (bd-5.8) 256 (na-1166) 802 (na-7731)
Venlafaxine 5.2 (bd-32) 119 (na-548)

Food additive
Acesulfame 28 (bd-110) 76A (na-2.5B)

Delaware river
mouth e

River Taff mouth
(Wales)f

River Ely mouth
(Wales)f

Rhine river Wasser region g & Hesse
region h

Jamaica Bay, New
Yorki

Bohai Sea
Chinaj

Bavarian rivers g Schwarzbachh River,
Germany

Taiwan coast k

Pharmaceuticals
Carbamazepine 79 (1–251) 184 (19–684) 65 (na) na (bd - 3.8)
Codeinea 176 (20–258) 182 (66–333) 170 (na) na (bd = 64)
Fluoxetine 15.52 (na) 560 (na)
Iopromide 8.02 (na)
Paracetamol 345(44–823) 357 (<0.5–1105)
Propranolol 10 (<0.5–19) 18 (10–34)
Tramadol 1212 (158–2956) 2000 (644–4758) 43 (33–49) 8

Venlafaxine 67 (44–122) h

Food additive
Acesulfame na (0.49–4.2)g 16.3 (8–37) na (3.1–10)g

References:
Notes: na = not available.

a Loos et al. (2013).
b Hughes et al. (2013).
c Nodler et al. (2014).
d Thomas and Hilton (2004).
e MacGillivary (2013).
f Kasprzyk-Hordern et al. (2008).
g Lange et al. (2012).
h Rua-Gomez and Puttmann (2012).
i Benotti and Brownawell (2007).
j Gan et al. (2013).
k Jiang et al. (2014).
A lg/L.
B mg/L.
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Table 5
Average (range) global concentrations of pesticides in marine water (ng/L).

This work Waste-water Swissf River and lake
water Swissf

Portuguese
river waterg

Greece river, sea
and lake watera

Mediterranean
marine waterb

UK Estuariesc Dutch
marine watersd

24 D 0.95 (bd-3.5) na (bd-20) na (bd-50) na (<10–1200)
3,4 DiCl

Anilinea
1.3 (bd-4.1)

Carbaryl 0.34 (bd-10)
Diurona 55 (15–97) na (<10–7000) 430 (90–1130)
MCPA 6.5 (bd-61) na (bd-100) na (bd-60) na (<10–900)
Mecoprop 0.22 (bd-3.7) na (20–400) na (10–300) na (10–1240)
Simazine 1.8 (bd-8.0) na (20–200) na (10–100) na (50–740) 40 (bd-135) na (<1–440) 480 (20–1250)

Japanese coastal waterse Baltic Sea Germanyh,A Aegean and Dardanelles
Seas h,A

Adriatic Sea Italy h,A San Francisco Bay h,A Mediterranean Sea Israel h,A Malaysian Coastal Waters i,A Southern Adriatic
Sea j

24 D
3,4 DiCl

Aniline a

Carbaryl
Diuron a 290 (bd-3100) 10 5.5 6.1 19 211 38 (bd-285) 120 (2–580)
MCPA
Mecoprop 7.8 3.5 2.5 2.9
Simazine

References:
Notes: na = average values not available.

a Albanis et al. (1995).
b Readman et al. (1993).
c Ahel et al. (1992).
d Lamoree et al. (2002).
e Okamura et al. (2003).
f Ollers et al. (2001).
g Azevedo et al. (2000).
h Nodler et al. (2014).
i Ali et al. (2014).
j Manzo et al. (2014).

A Median values.
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Pharmaceuticals were thus detected most commonly and at high-
est concentrations in the upper estuary and at low concentration in
few locations in water from the lower estuary and Middle Harbour.

A global review of pharmaceuticals in river water (Hughes et al.,
2013) showed 39% were antibiotics, 21% were painkillers, 20%
were cardiovascular drugs or blood lipid regulators and 3% were
antidepressants. However, painkillers were the most detected in
Europe, whereas antibiotics were the most detected in North
America and Asia. Antidepressants were more frequently detected
in North America. In Sydney estuary, the most common pharma-
ceuticals were an analgesic (paracetamol), followed by a contrast
media (iopromide) and a food sweetener (acesulfame) was also
widely distributed.

Concentrations of pharmaceuticals and acesulfame detected in
Sydney estuary water were generally lower than for other
marine/estuary waters and considerably lower than typical waste
water (dilution factors up to 1000) reported in the literature, how-
ever propranolol, fluoxetine, iopromide and carbamazepine were
at similar levels to other marine locations. Generally low concen-
trations of pharmaceuticals in Sydney estuary water are expected
as none of these chemicals should be dispersed to this water way.

3.1.2. Food additive
Acesulfame was detected in water from all except 2 sites (Sites

21 and 29) with an average concentration of 28 ng/L (median:
22 ng/L) and the highest concentration (114 ng/L) was measured
at Duck River (Site 2). Acesulfame may be present in high concen-
trations in waste water (up to 2.5 mg/L) (Loos et al., 2013),
however acesulfame levels in Sydney estuarine water (<LOD –
114 ng/L) was similar or slightly higher than reported for other
marine waters (up to 10 ng/L) (Nodler et al., 2014).

3.1.3. Pesticides
2,4-D was detected at 13 sites, all in the upper estuary with the

highest concentrations (3.5 ng/L) in this study detected in the
Parramatta and Duck Rivers (Sites 2 and 3). 3,4-dichloroaniline
was present at detectable concentrations at 17 sites mostly in
the lower estuary and at low concentrations (maximum concentra-
tion 4.1 ng/L at Site 22 in Rushcutters Bay). Carbaryl was detected
at only one site (Site 24 at Neutral Bay), but at a concentration
(10.2 ng/L) above the US EPA recommends water quality criteria
(2.1 lg/L). Diuron is only the second micro-pollutant analysed in
the present study to be detected at all 30 sites across the estuary.
Concentrations are consistently high (>50 ng/L) in the upper estu-
ary, however this herbicide is most abundant (96.7 ng/L) in the
Darling Harbour/Blackwattle/Rozelle Bay area. MCPA is widely dis-
tributed (23 sites) mainly in the upper estuary and is present is
considerably higher concentrations (>47 ng/L) in the Parramatta
and Duck Rivers (Sites 2 and 3) than other parts of the water
way. Mecoprop is a chlorophenoxy herbicide and was only
detected at in the Parramatta and Duck Rivers at low concentra-
tions (2.9 ng/L and 3.7 ng/L, respectively). Simazine was only
detected in the upper estuary (17 sites) and upper Middle
Harbour (at 1 site) at low concentrations, but was substantially
more abundant (>7.1 ng/L) in the Parramatta and Duck Rivers than
other parts of Sydney estuary.

2,4-D, diuron, MCPA and simazine were considerably less
concentrated in Sydney estuary water (15–97 ng/L) than
Mediterranean marine waters (up to several 1000s ng/L)
(Readman et al., 1993) and in other water bodies for which data
were available (see Table 5). Diuron and mecoprop were also less
abundant in Sydney estuary water (up to 97 ng/L and 3.7 ng/L,
respectively) than in Dutch and Japanese coastal waters (up to
1130 ng/L and 3100 ng/L, respectively) (Lamoree et al., 2002;
Okamura et al., 2003), however these compounds were similar in
abundance in water from Baltic, Aegean/Adriatic Seas and San
Francisco Bay (up to 19 ng/L and 7.8 ng/L, respectively) (Nodler
et al., 2014). Diuron has consistently been found in the marine
environment of Queensland along the Great Barrier Reef at concen-
trations similar to Sydney estuary water with its application in the
sugar cane industry being the key source (Lewis et al., 2009;
Kennedy et al., 2012). No data were available for environmental
water for carbaryl and aniline

Five (2,4-D, diuron, MCPA, mecoprop and simazine) of the seven
pesticides detected in the present work were present in water from
the upper estuary and four of these chemicals were most abundant
in either the Parramatta or Duck Rivers. The distribution of PPCPs
and pesticides are therefore similar, which is surprising as these
two chemical groups should be dispersed via different systems,
the former sewage and the latter stormwater. 3,4-Dichloro aniline
was detected more commonly in the lower estuary and Middle
Harbour, whereas diuron was detected ubiquitously and was most
abundant in the oldest part of the Harbour, i.e. the Darling
Harbour/Blackwattle/Rozelle Bay area.

Few data are available for the pesticides analysed in the present
study, however diuron and mecoprop, for which most data were
obtainable, were at similar concentrations in water from Sydney
estuary as they were reported in some European marine waters
and San Francisco Bay.

3.2. Possible sources of micro-pollutants and relationship to sewage/
stormwater systems

Micro-chemical markers have been useful for source identifica-
tion and apportionment (Buerge et al., 2009). These chemicals need
to be source-specific, have high use and released from a given
anthropogenic source, persistent, water-soluble and mobile, dis-
perse conservatively, and should be rapidly and sensitively anal-
ysed. Two chemicals analysed in the current study have been
used previously as markers of domestic waste, i.e. acesulfame
and carbamazepine (Buerge et al., 2009; Hughes et al., 2013).

After digestion, pharmaceuticals and artificial sweeteners pass
through the human digestive tract largely unaffected and are
excreted via urine or faeces into the sewage system. In Sydney,
sewage water may be infrequently discharged to the estuary by
over flow at times of sustained high rainfall (on average twice a
year). However, during the majority of the time, the stormwater
and sewage systems are separated meaning that wastewater can
only enter the estuarine environment through direct spillage, or
illegal connections to the stormwater system, or by ingression
from leaking sewage pipes. Sites with the highest concentrations
of pharmaceuticals are in the upper estuary not in the area with
the highest density of over flow points, i.e. in the south central
catchment (Iron Cove, Rozelle and Cockle Bays). Paracetamol was
detected in water from all 30 sites distributed across the entire
estuary, whereas iopromide (28 sites) and the food additive acesul-
fame were detected in 28 and 27 sites, respectively, while other
pharmaceuticals were distributed widely. The presence of these
emerging chemicals in waters of all parts of Sydney estuary points
to the integrity of the sewage system.

The highest concentrations of five of the eight pharmaceuticals
detected in Sydney estuary were in Duck River (Site 2) adjacent to
the most concentrated location of industry in the whole catchment
(58% of the land use). This industrial area included pharmaceutical
and cosmetic companies, which may suggest that in this location
direct spillage is possible.

The concentration of acesulfame has been shown to relate to
population pressure in a catchment (Buerge et al., 2009). The lar-
gest population in the Sydney estuary catchment (Gunns, 2014)
is the Parramatta River sub-catchment (408,000 people) with high
population densities in Blackwattle Bay (244,000 inhabitants) and
Duck River sub-catchments (172,000 people), which is consistent
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Fig. 2. Graphical presentation of PCA results on log-transformed data from this study.

64 G.F. Birch et al. / Marine Pollution Bulletin 97 (2015) 56–66
with the distribution of acesulfame in estuary water. No sewage
treatment plants (STPs) discharge to Sydney estuary and no rela-
tionship was observed between hospital sites and pharmaceutical
distribution, e.g. pharmaceutical concentration were absent or
low adjacent to a large hospital (Concord Hospital) located on
Brays Bay (Site 6).

Results of the PCA analysis provided additional insight into the
potential sources of the PPCPs and pesticides (Fig. 2 and the rotated
component matrix in the supporting information, Table SI-2).
Principal component 1 (PC1) is driven in a positive direction by
increased concentrations of some pharmaceuticals (carba-
mazepine, codeine, fluoxetine, propranolol, tramadol and venlafax-
ine), as well as mecoprop (herbicide). The second component (PC2)
is driven in a positive direction by carbamazepine and iopromide
(pharmaceuticals), acesulfame (sweetner), as well as some herbi-
cides (2,4-D, MCPA, mecoprop and simazine). PC2 is also strongly
driven in a negative direction by increased concentrations in
3,4-dichloroaniline and (to a lesser extent) carbaryl. These results
suggest that some pesticides (mecoprop, MCPA, simazine and
2,4-D) have the same source area as the PPCPs – i.e. waste water
in the upper estuary with high PC1 and PC2 values at Sites 1, 2
and 3 (and to a lesser extent, Site 16). It may be argued that consis-
tently high concentrations of some PPCPs and pesticides at Sites 2
and 3 may be due to reduced flushing in the upper parts of the
water way (flushing time 225 days, Das et al., 2000), however con-
siderably lower levels (many below detection) of these substances
at Sites 4 and 6, also in the upper estuary would not support this
case. Moreover, anomalously high concentrations of other PPCPs
and pesticides lower in the estuary, e.g. paracetamol at Sites 7, 8
and 9 in Hen and Chicken Bay, diuron at Sites 17, 18 and 19 in
Blackwattle/Rozelle Bay and carbaryl at Site 23 in Neutral Bay
suggests multiple sources. Nevertheless, some effects of reduced
flushing is possible, depending on the antecedent period.

The presence of multiple pharmaceutical compounds at rela-
tively high concentrations at Site 16 in lower Lane Cove, compared
to other parts of the lower estuary, is similar to the occurrence of
elevated chrome in bottom sediments in this location (Birch
et al., 2013). Hydrodynamic studies (Lee, 2012) and distribution
of metals in bottom sediments have shown chrome to be sourced
from the upper estuary in the Parramatta River (Birch et al.,
2013), further supporting results of the PCA analysis, which
suggest substances at Site 16 are at least partially sourced from
the upper estuary.

Herbicides and insecticides have a different source and disper-
sion pathway to pharmaceuticals and acesulfame. These chemicals
are applied in the environment to control pests and are dispersed
via stormwater (surface- or ground-water) to the receiving basin.
They are thus supplied to Sydney estuary through the stormwater
system and are not derived from the sewage network. The PCA
results suggest that 3,4-dichloroaniline comes from a completely
different source, with higher concentrations found in the lower
estuary. High concentrations of this chemical in these waters are
possibly related to the large number of golf courses, parks and
recreational grounds in the lower catchment. Diuron is a compo-
nent of antifouling paint used to protect boats from marine algal
growth, which may explain its ubiquitous distribution in the
estuary and high concentrations in Blackwattle/Rozelle Bay, which
supports a large number of super yachts.
4. Conclusions

Paracetamol and diuron were detected in water from all 30 sites
distributed across the entire estuary, while iopromide (28 sites),
acesulfame (27 sites), MCPA (23 sites) and Simazine (18 sites) were
detected widely.

The presence of multiple pharmaceuticals and acesulfame in
water from all parts of Sydney estuary, especially Duck River and
to a lesser extent Parramatta River, lower Lane Cove and Rozelle
Bay, suggest domestic waste water is leaking from the sewage sys-
tem into the stormwater network in Sydney estuary
sub-catchments. Highest concentrations of MCPA, and mecoprop
were also identified in Parramatta and Duck Rivers, however unlike
pharmaceuticals, these compounds were derived from stormwater
and can be expected in estuarine water. Diuron was ubiquitous,
possibly as this chemical is a component of antifouling paints.

Concentrations of pharmaceuticals and acesulfame detected in
Sydney estuary water were, as expected, generally lower than for
other marine/estuary waters and considerably lower than typical
waste water as these substances are not discharged directly to this
water body. However, propranolol, fluoxetine, iopromide, carba-
mazepine, diuron and mecoprop were at similar levels to other
marine locations possibly as these chemicals are supplied to the
estuary via stormwater.
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