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50The occurrence and spatial distribution of 158 pharmaceuticals and drugs of abuse were studied in seawater of
51the EasternMediterranean Sea (Saronikos Gulf and Elefsis Bay in central Aegean Sea). This area is affected by var-
52ious anthropogenic pressures as it receives the treated wastewater of the greatest Athens area and off-shore
53inputfluxes. This study constitutes the largest one in terms of number of analytes in this environmental compart-
54ment. It provides the first evidence on the occurrence of several pharmaceuticals in marine environment includ-
55ing amoxicillin, lidocaine, citalopram or tramadol, among others.
5622 samples were collected at three different depths in 9 sampling stations in order to assess the presence and the
57spatial distribution of the target compounds. A multi-residue method based on solid phase extraction and liquid
58chromatography coupled to tandem mass spectrometry was developed for the determination of the 158 target
59substances and validated for seawater sample analysis. 38 out of the 158 target compounds were detected, 15
60of them with frequencies of detection equal to or higher than 50%. The highest detected values corresponded
61to amoxicillin, caffeine and salicylic acid, with concentrations in the range of b5.0–127.8 ng L−1;
625.2–78.2ng L−1 and b0.4–53.3 ng L−1, respectively. Inputs from thewastewater treatment plant (WWTP) of Ath-
63ens revealed to be the main source of pollution in the Inner Saronikos Gulf, whereas, other anthropogenic pres-
64sures such as contamination from shipping activity, industrial effluents, dredging and/or inputs from land proved
65to be also relevant. Τhe concentrations of some compounds varied significantly with depth suggesting that cur-
66rents play an important role in the dilution of the target compounds.

67 © 2015 Published by Elsevier B.V.
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72 1. Introduction

73 A large variety of emerging organic contaminants, including
74 pharmaceuticals, drugs of abuse and related metabolites, have been
75 identified and reported in different environmental compartments.
76 Although the present knowledge in the occurrence and behavior of
77 these compounds in surface and wastewater is well documented
78 (Li, 2014; Pal et al., 2013), such knowledge in marine waters is still
79 very limited.
80 Discharges of wastewater treatment plant (WWTP) effluents consti-
81 tute the main source of entry of these substances in the environment
82 (Venkatesan and Halden, 2014). After legal or illegal administration,
83 certain amounts of drugs and/or related metabolites are excreted and
84 subsequently transported through the sewage system to WWTPs,
85 where they are not completely removed (Joss et al., 2005). As a conse-
86 quence, relevant amounts of these substances are released into the
87 aquatic environment. Either throughWWTPs or other routes of dispos-
88 al, a fraction of these compounds ends up into the sea,which is themain
89 receptor of land-based pollutants (Zhang et al., 2013).
90 Pharmaceuticals and drugs of abuse are designed to cause specific
91 effects even at low concentrations (McEneff et al., 2014). Therefore,
92 long term exposure to low doses of these compounds can cause adverse
93 effects in the ecosystems (Fent et al., 2006). This becomesmore evident
94 when sewage discharges affect the area of study. An example can be
95 found in the study conducted by Brooks et al. (2005), where fluoxetine,
96 sertraline and their related metabolites norfluoxetine and norsertraline
97 were detected at high levels in marine fish tissues collected down-
98 stream from an effluent discharge in Texas (USA). However, the knowl-
99 edge on effects and thresholds of pharmaceutical mixtures and related
100 substances in the marine environment is still scarce.
101 Most of the published literature focus on coastal marine waters col-
102 lected across the shoreline, analyzing only few specific categories of
103 pharmaceuticals, This is the case of the study performed by Lolić et al.,
104 evaluating the presence of 7 analgesics and anti-inflammatory drugs
105 and 2 metabolites in samples collected from beaches located in the
106 north of Portugal (Lolic et al., 2015). Another example can be found in
107 the study carried out by Nödler et al., analyzing 43 drugs in seawater
108 (Nodler et al., 2014). This study evaluated the presence of pharmaceuti-
109 cals, corrosion inhibitors, biocides, and stimulants collected from vari-
110 ous areas including the Mediterranean Sea, Baltic Sea and Pacific
111 Ocean. Benotti and Brownawell studied the microbial degradation of
112 19 pharmaceuticals being antipyrine, carbamazepine, cotinine, sulfa-
113 methoxazole, and trimethoprim as theQ3 most refractory (Benotti and
114 Brownawell, 2009).
115 Only few studies have analyzed offshore seawater. Weigel et al. an-
116 alyzed 7 drugs in the North Sea and detected clofibric acid and caffeine
117 at concentrations of 1.3 ng L−1 and 16 ng L−1, respectively (Weigel
118 et al., 2002). Zhang et al. evaluated seawater from the Bohai Sea and
119 the Yellow Sea (China), analyzing 11 antibiotics. All the target com-
120 pounds were detected being erythromycin, sulfamethoxazole and
121 trimethoprimQ4 as the most ubiquitous ones with concentrations ranging
122 between 0.1 and 16.6 ng L−1 (Zhang et al., 2013). Loos et al. analyzed 67
123 compounds, including 22 pharmaceuticals in the Northern Adriatic Sea
124 (Loos et al., 2013). In this study samples were collected from only one
125 sampling station (Aqua Alta Oceanographic Tower), located 16 km
126 away from Venice and 65 out of the 67 target drugs were detected
127 reaching concentrations up to 367 ng L−1 for caffeine and 36 ng L−1

128 for nitrophenol.
129 So far, extensive studies evaluating a large list of pharmaceuticals
130 and drugs of abuse in offshore seawater have not been conducted.
131 Moreover, no studies have considered the distribution of analytes at dif-
132 ferent depths of the water column with the exception of the work
133 performedby Lara-Martín et al., who studied the changes in the concen-
134 trations of 64 pharmaceuticals at two different depths (surface and
135 bottom water) in one single sampling point during a tidal event (Lara-
136 Martin et al., 2014).

137The aim of the present work was to study the occurrence and distri-
138bution of various pharmaceuticals and drugs of abuse in the seawater
139column of the inner Saronikos Gulf and Elefsis Bay, in Greece. Thesema-
140rine areas are affected by different anthropogenic pressures, including
141wastewater release, shipping activity, dredging, industrial effluents,
142port activities and municipal activities. For these purposes, a highly
143sensitive analytical method was developed and validated for the
144determination of 158 compounds in seawater, with a wide range of
145physicochemical properties, belonging to the following categories: Anti-
146depressants, anxiolytics, antipsychotics, antibiotics, antiepileptics, anal-
147gesics, NSAIDs, diuretics, antihypertensives, anti-ulcers, anesthetics,
148sympathomimetics and steroids as well as the main drugs of abuse
149and their metabolites. To the authors' knowledge, the present study
150constitutes the largest one conducted in seawater in terms of number
151of analytes, assesses the presence of several substances for the first
152time in this environmental compartment under various anthropogenic
153pressures and it is the first one evaluating samples collected at different
154depths of the water column.

1552. Materials and methods

1562.1. Chemicals and reagents

157Compoundnames, CAS numbers, structures,molecular formulas and
158other relevant physicochemical properties for all the target compounds
159are summarized in Table S1 (Supplementary material). All standards
160were of high purity grade (N90%) and were purchased mainly from
161Sigma-Aldrich (Athens, Greece) and LGC Promochem (Molsheim,
162France). Suppliers for each target analyte are also listed in Table S1.
163Caffeine is a stimulant. However, this substance is commonly added as
164an additive in many pharmaceutical products, particularly analgesics.
165For convenience, caffeine has been placed in the group of analgesics
166and not Q5to create a special category for this compound.
167All deuterated compounds were obtained from LGC Promochem
168(Molsheim, France): morphine-D3 (MOR-D3), codeine-D3 (COD-
169D3), cocaine-D3 (COC-D3), 2-ethylidene-1,5-dimethyl-3,3-diphe-
170nylpyrrolidine-D3 (EDDP-D3), 3,4-methylenedioxy-N-methylam-
171phetamine-D5 (MDMA-D5), 3,4-methylenedioxy amphetamine-D5
172(MDA-D5), and lysergic acid diethylamide-D3 (LSD-D3).
173Acetonitrile (ACN) and methanol (MeOH) LC–MS grade were pur-
174chased from Merck (Darmstadt, Germany) as well as hydrochloric acid
175(HCl) 37%, while formic acid (FA) 99% was obtained from Sigma–
176Aldrich, Fluka (Buchs, Switzerland). Ammonia 25% was purchased
177from Panreac (Barcelona, Spain) and ammonium formate from Fluka
178(Buchs, Switzerland). Distilledwaterwas provided by aMilli-Q purifica-
179tion apparatus (Millipore Direct-Q UV, Bedford, MA, USA). Oasis-HLB
180cartridges (200 mg/6 mL) were purchased from (Waters, Milford, MA,
181USA) and RC syringe filters (4 mm diameter, 0.2 μm pore size) from
182Phenomenex (Torrance, CA, USA). Nylon membrane filters with a pore
183size of 0.45 μm were provided by Whatman International Ltd. (Maid-
184stone, England).
185About 10 mg of each individual standard was accurately weighed
186and placed in a 10-mL volumetric flask. Cephalosporins, penicillins
187and macrolides were dissolved in MilliQ-water, while all other analytes
188in MeOH. Stock solutions of 1.0 mg L−1 of each compound were obtain-
189ed and stored at −20 °C. From this multi-analyte solution all working
190solutions were prepared daily by appropriate dilution of the mixture
191stock standard (1.0 mg L−1) and IS solutions (1.0 mg/L) in MeOH. Cali-
192bration standards were prepared by serial dilution of the mixed work-
193ing solution using Milli-Q water with 0.05% v/v formic acid resulting
194in individual concentrations ranging from 0.20 to 100 μg L−1.

1952.2. Study area and sampling

196The present study was carried out in the Saronikos Gulf and the
197Elefsis Bay during December 2013. The Saronikos Gulf is located
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198 between the region of Attica and the Peloponnese Peninsula, in Greece.
199 This area is highly influenced by the proximity of the densely populated
200 city of Athens (3,737,550 residents according to the National Statistical
201 Service of Greece) and its metropolitan area. The WWTP of Athens is
202 located on Psittalia Island and is the second largest treatment plant in
203 Europe. Apart from the treated sewage, no other potential sources of
204 anthropogenic inputs exist in the area of the Inner Gulf (Pavlidou
205 et al., 2014). The locations of the nine sampling stations evaluated in
206 this study are detailed in Fig. 1. Detailed description of the study area
207 and the sampling stations is included in the Supplementary File,
208 Section S2.
209 22 seawater samples were collected during December 2013 from 9
210 sampling stations (7 in the inner Saronikos Gulf and 2 in the Elefsis
211 Bay; Fig. 1) at different samplingdepths (surface, 50mandnear the bot-
212 tom). The sampling cruise was conducted using the R/V Aegaio. Addi-
213 tional information including the exact coordinates of the sampling
214 stations, maximum depth as well as the distances from land and from
215 the WWTP is listed in Table S2. Other physicochemical parameters of
216 the collected water including salinity, dissolved oxygen and nutrient
217 concentrations (phosphate, silicate, nitrate, nitrite and ammonium)
218 are also included in Table S2.
219 The seawater samples were collected with Niskin type bottles
220 attached in a rosette. Dissolved oxygen (DO), phosphate and ammo-
221 niumwere measured on board, while the samples for the determina-
222 tion of nitrate, nitrite, silicate were kept deep-frozen (−20 °C) until
223 analysis. Seawater samples for the determination of the 158 pharma-
224 ceuticals and drugs of abuse were collected in 2.5 L amber glass bot-
225 tles, previously rinsed with methanol and ultrapure water. Once
226 collected and during shipment, samples were acidified to pH
227 (3.0 ± 0.5) with 12MHCl. Upon reception in the laboratory, samples
228 were vacuum filtered through 0.45 μm nylon membrane filters, and
229 an aliquot of 1 L for each sample was stored in the dark at −20 °C
230 until analysis.

2312.3. Analytical methods

2322.3.1. Physicochemical parameters
233Temperature, salinity, and density in the water column were mea-
234sured with a CTD profiler (Sea Bird Electronics), which was equipped
235with pressure, temperature, and conductivity sensors. Dissolved oxygen
236was measured on board with the Winkler method according to
237Carpenter Q6(1965a and 1965b). The determination of ammonium and
238phosphate was also performed on board using a 25 Lambda Perkin
239Elmer spectrophotometer (Koroleff, 1970; Murphy and Riley, 1962).
240The determination of nitrites, nitrates and phosphates was performed
241and certified Q7according to ISO 17025 (Certification No. 366) biogeo-
242chemical laboratories of HCMRwith a SEAL autoanalyzer III, using stan-
243dard methods for silicate (Mullin and Riley, 1955), nitrate–nitrite
244(Strickland and Parsons, 1972) and phosphate (Murphy and Riley,
2451962).

2462.3.2. Pharmaceutical and drugs of abuse
247The analysis of the target compounds in the collected samples were
248performed following a procedure based on solid phase extraction (SPE)
249and liquid chromatography coupled to tandemmass spectrometry. This
250procedure was developed by merging two previous existing methodol-
251ogies for drugs of abuse and pharmaceuticals, respectively (Borova et al.,
2522014; Dasenaki and Thomaidis, 2015).
253Briefly, seawater samples (pH 3 (previously optimized in the afore-
254mentioned methodologies) were pre-concentrated onto Oasis HLB car-
255tridges (Waters, Millford, MA, USA), previously preconditioned with
2566 mL of MeOH followed by 6 mL of deionized Milli-Q water. After load-
257ing 1.0 L of seawater under a light vacuum (400 kPa), cartridges were
258rinsed with 6 mL of Milli-Q water and left under a vacuum (~55 kPa)
259for 1 h. Elutionwas performedwith 6mL ofMeOH (3 times × 2mL). Ex-
260tracts were evaporated to dryness under mild nitrogen stream at 40 °C
261and further reconstituted to a final volume of 250 μL (25% MeOH, 75%

Fig. 1. Area of study and sample locations.
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262 H2O (0.05% formic acid)). The achieved enrichment factor was 4000.
263 Final extracts were filtered through 0.2 mm RC syringe filters.
264 Instrumental analysis was performed with a Thermo UHPLC
265 Accela system connected to a TSQ Quantum Access triple quadrupole
266 mass spectrometer from Thermo Electron Corporation (San Jose, CA,
267 USA) equipped with an electrospray ionization source (Thermo Ion
268 Max) in both positive and negative modes. Chromatographic separa-
269 tion was achieved on an Atlantis T3 C18 (100 mm × 2.1 mm, 3 μm)
270 column from Waters Corporation (Milford, MS, USA) at a constant
271 flow rate of 100 μL min−1. The mobile phase for the positive detec-
272 tionmode consisted of water (0.01% FA (v/v)) andMeOH for the pos-
273 itive detection mode and water (1 mM ammonium formate), MeOH
274 and ACN (constant in a proportion of 5%) for the negative detection
275 mode. Gradient elution programs are presented in Table S3A (Sup-
276 plementary information) along with other relevant ESI parameters,
277 which were obtained as a compromise using the optimum values
278 for most compounds.
279 Identification and quantification were performed under selected re-
280 action monitoring (SRM) mode, recording the transitions between the
281 precursor ion and the two most abundant product ions for each target
282 analyte, thus achieving 4 identification points per compound (2002/
283 657/EC). Quantification was based on standard additions, and isotopi-
284 cally labeled compounds were used only for the quantification of
285 those compounds in which isotopically analog compounds were avail-
286 able. SRM transitions for each compound were optimized by infusion
287 of standard solutions at a mean concentration of 1 mg L−1. The opti-
288 mized ionization mode, fragmentation voltages, collision energies and
289 chromatographic retention times for each analyte are summarized in
290 Table S3B (Supplementary material).

291 2.3.3. Statistical analysis
292 Spearman's rank correlation tests were performed to investigate the
293 overall correlation among the analytes and between the analytes and
294 the rest of the studied parameters included in Table S2. These parame-
295 ters included the distance from the main WWTP and the distance
296 from land. Only compounds with a frequency of detection higher than
297 50% were considered for statistical analysis. Values below the limits of
298 detection were replaced to half of the limit of detection (Farmaki
299 et al., 2012). Statistical analysis was performed using STATISTICA,
300 version 10 (StatSoft, Tulsa, USA).

301 2.4. Quality assurance and quality control

302 The analytical method used in the present work was evaluated
303 under the optimized conditions in terms of linearity range, sensitivity,
304 accuracy, and repeatability and matrix effects. Table S4 summarizes
305 the method performance parameters. Method validation and method
306 performance is discussed in detail in the Supplementary information,
307 Section S4.

308 2.5. Risk assessment

309 For target compounds detected at least once toxicity data (EC50 or
310 LC50) for three different trophic levels (algae, daphnids and fish) have
311 been collected either through literature search or from ECOSAR pro-
312 gramwhich is used from the US EPA. In either case the lowest short pe-
313 riod toxicity values were collected in order to take into consideration
314 theworst case scenario. According to the Technical Guidance Document
315 of the European Commission, the risk quotient (RQ) is calculated as the
316 maximum measured environmental concentration (MEC) divided into
317 the predicted no effect concentration (PNEC), which is EC50 or LC50

318 value divided to 1000 in case short-term toxicity data is used
319 (Thomaidi et al., 2015).

3203. Results and discussion

3213.1. Levels of pharmaceuticals and drugs of abuse in seawater

322Pharmaceuticals and drugs of abuse, along with many other sub-
323stances enter seawater through various pathways, being particularly
324important WWTP release. After the entrance of these substances, two
325important phenomena take place: diffusion and dilution. Other process-
326es like abiotic or biotic transformation and adsorption may occur but
327their study is out of the scope of the present work.
328Fig. 2 summarizes the concentration levels of the detected target
329analytes in the different sampling points. These values aswell as the fre-
330quency of detection for each compound are also listed in detail in
331Table S5 (only compounds detected at least in one sample have been
332included).
33338 out of the 158 analyzed compounds were detected at least in
334one sample, while 120 analytes remained undetected. Out of them,
335there were 15 substances (Caffeine, Tramadol, Salicylic acid, Lido-
336caine, Amoxicillin, Carbamazepine, Amisulpride, Niflumic Acid,
337Norvenlafaxine, Paracetamol, 2-ethylidene-1,5-dimethyl-3,3-
338diphenylpyrrolidine (EDDP), Diclofenac, Mefenamic acid, Cital-
339opram and Sulpiride) which showed a frequency of detection equal
340or above 50%, in some cases with maximum concentrations higher
341than 50 ng L−1. The other 23 compounds were detected sporadically
342in the concentration range b LOD — 8.2 ng L−1.

3433.1.1. Analgesics
344The analgesics tramadol and paracetamol, along with the stimulant
345caffeine, were widely detected in the evaluated sampling stations. Caf-
346feine, although it is not an analgesic, it was included in this category
347for convenience, since it is widely used in combination with analgesics
348(and also other pharmaceuticals). Tramadol was detected at low con-
349centration levels (b0.1–1.0 ng L−1) in all the analyzed samples, includ-
350ing the most remote sampling station S16, showing its widespread
351distribution. The presence of this compound may be related to the
352high levels recently reported in treated water of the Psittalia WWTP
353(mean concentration 892 ng L−1) (Dasenaki and Thomaidis, 2015).
354These results constitute the first ones regarding the presence of trama-
355dol in seawater.
356Caffeinewas also detected in all the evaluated samples, with concen-
357trations in the range of 5.2–78.2 ng L−1. The lowest concentration level
358occurred in the “blank station” S16while themaximum levels were de-
359tected at S11 and S7. Themain source of contamination seems to be the
360Psittalia WWTP effluents, where mean concentrations of 464 ng L−1

361have been recently detected (Dasenaki and Thomaidis, 2015). Passen-
362ger ships, with strong activity in this area, may also be an important
363source of contamination for this compound. Caffeine levels reported in
364the present study are in the same range as those reported by Weigel
365et al. and Magnér et al. in seawater from Tromsø (Norway) and
366Stockholm (Sweden), respectively, receiving inputs from WWTPs
367(Magner et al., 2010; Weigel et al., 2004). Higher levels
368(130–1400 ng L−1) were detected by Comeau et al. in seawater receiv-
369ing WWTP inputs in Nova Scotia (Canada) (Comeau et al., 2008).
370Paracetamol was detected with a lower frequency (64%), reaching
371high concentrations (up to 40.5 ng L−1) in some cases. S8 (surface)
372and S11 (bottom)were the samples with the highest levels of this com-
373pound. Paracetamol has not been previously reported in offshore sea-
374water samples. Only Nödler et al. determined high concentrations
375(39–2893 ng L−1) of this compound in estuarine waters from northern
376Aegean beaches in Greece (Nodler et al., 2014).

3773.1.2. NSAIDs
378Salicylic acid, diclofenac, mefenamic acid and naproxen were the
379only NSAIDs detected in the samples. These compounds have been pre-
380viously detected at high concentrations in treated wastewater from
381Psittalia WWTP (Dasenaki and Thomaidis, 2015). However, other
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382 compounds of this family with a high rate of use, according to the high
383 concentrations detected in the influent wastewater from Psittalia
384 WWTP, such as ibuprofen or ketoprofen, were not detected in any
385 sample. This behavior is related to the fact that these compounds are ef-
386 ficiently removed during wastewater treatment, since low concentra-
387 tions were reported in the corresponding treated wastewaters. These
388 facts show the close relationship between discharges of wastewater
389 and emerging contaminants in seawater. Both ibuprofen and
390 ketoprofen have been previously detected in seawater in studies carried
391 out in Nova Scotia (Canada) and Northern Taiwan (Comeau et al., 2008;
392 Fang et al., 2012).
393 Salicylic acid was detected in concentrations above LOQ in all sam-
394 ples except from S16, with a total frequency of detection of 90.9%. Con-
395 centration levels ranged from b0.4 to 53.3 ng L−1, reaching the
396 maximum concentration in Eleusina Gulf (S1 sampling station). These
397 results constitute the first evidence of the presence of this compound
398 in seawater.
399 Naproxenwas detected at low levels, in the range of b0.01–0.8 ng L−1,
400 with a low frequency of detection (45%), reaching its maximum concen-
401 tration near PsittaliaWWTP (S7 sampling station). Higher levelswere de-
402 tected for this compound by Comeau et al. and Vidal-Dorsch et al. in
403 seawater up to 130 and 30 ng L−1 respectively (Comeau et al., 2008;
404 Vidal-Dorsch et al., 2012).
405 Diclofenac was detected with a frequency of detection of 59% in the
406 range of b1.4–16.3 ng L−1. Maximum concentrations were determined
407 in Eleusina Gulf (S1 sampling station). The presence of this compound
408 can be explained by the high concentrations determined in the effluent
409 wastewaters from Psittalia (mean concentration 927 ng L−1) (Dasenaki
410 and Thomaidis, 2015), since this compound does not show a good elim-
411 ination performance by the common processes applied during waste-
412 water treatment (Jelic et al., 2011). The described concentration levels
413 are comparable with those reported by Fang et al. in seawater from
414 Taiwan (Fang et al., 2012), while other studies determined lower levels
415 for this substance not exceeding 0.6 ng L−1 (Vidal-Dorsch et al., 2012).
416 Finally, mefenamic acid was detected in the range of
417 b0.2–10.9 ng L−1, with a frequency of detection of 59%. The reported

418levels are higher to those determined by McEneff et al., in the range of
419b0.29–0.6 ng L−1 (McEneff et al., 2014). In other studies carried out
420byWille et al. in seawater fromBelgiummefenamic acidwas not detect-
421ed (Wille et al., 2010).

4223.1.3. Antibiotics
423Amoxicillin, along with caffeine, was the compound detected at
424the highest levels, up to 127.8 ng L−1 and 78.2 ng L−1, respectively,
425with a frequency of detection of 90.9%. Only at the sampling station
426S16 amoxicillin remained undetected. Maximum levels, up to
427127.8 ng L−1, were detected at the sampling station S7, near the
428WWTP. Concentrations detected at this point were the highest ob-
429served among all the studied compounds. Those draw attention
430that the determined levels are higher to those previously deter-
431mined in treated wastewater in the study carried out by Dasenaki
432and Thomaidis (2015)). This fact can be explained by the seasonal
433consumption of some antibiotics. The sampling campaign in the
434aforementioned wastewater study was carried out in spring (April
4352012) while seawater samples for the present study were collected
436in winter (December 2013). Amoxicillin is a heavily consumed anti-
437biotic during cold months and reaches peak consumption in Greece
438during January (Van Boeckel et al., 2014). This data constitutes the
439first evidence of the presence of amoxicillin in seawater.
440Clarithromycin and trimethoprimwere detected sporadically at low
441concentration levels in the range of b1.0–1.5 and b0.4–3.4 ng L−1, re-
442spectively. The rest of the studied antibiotics remained undetected.
443Clarithromycin, erythromycin, azithromycin and trimethoprim were
444detected in seawater in the study carried out by Zhang et al., reaching
445maximum concentration levels of 0.5, 6.7, 0.4 and 11.6 ng L−1, respec-
446tively (Zhang et al., 2013). Trimethoprim was detected at higher levels
447(b3.3–29 ng L−1) in harbor seawater by Wille et al. (2010).
448Sulfonamides were generally not detected except from sulfameth-
449oxazole and sulfadiazine. These compounds were determined at a fre-
450quency of detection of 9% in the ranges of b0.1–6.3 ng L−1 and
451b0.1–2.0 ng L−1, respectively.

Fig. 2.Cumulative levels of the target compoundsdisplayed as a stackedbar plot at the different sampling stations. Numbers abovebars depict the number of analytes found in each station.
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452 3.1.4. Other pharmaceuticals
453 Antihypertensive drugs were not detected in the present study with
454 the exception of valsartan (frequency of detection 40.9%). This com-
455 poundwas detected at low levels, in the range of b0.8–3.7 ng L−1, basi-
456 cally at the sampling station S7, close to the WWTP. Valsartan was
457 previously detected at high levels (mean concentration of 624 ng L−1)
458 in treated wastewater from Psittalia WWTP (Dasenaki and Thomaidis,
459 2015), which may explain its presence.
460 None of the studied anti-lipidemic agents were detected in the eval-
461 uated samples. This is in agreement with previous studies which either
462 did not detect anti-lipidemics or detected some substances (e.g. clofibric
463 acid or gemfibrozil) at very low concentrations (Fang et al., 2012;
464 Vidal-Dorsch et al., 2012).
465 From the group of anesthetics only lidocaine was detected. This
466 compound was determined with high frequency of detection (90.9%)
467 and concentration levels in the range of b0.01–12.8 ng L−1. The highest
468 concentration for this compoundwas observed at S8. Effluentwastewa-
469 ter analysis in Psittalia WWTP revealed mean concentrations of lido-
470 caine of 293 ng L−1 (Thomaidi et al., 2015), which may justify its wide
471 occurrence. The data here-in presented constitutes the first evidence
472 on the presence of lidocaine in seawater.
473 Only one out of the screened anti-epileptic drugs, carbamazepine,
474 was detected. Although this substance was determined at low con-
475 centration levels, with a maximum concentration of 1.4 ng L−1, it
476 seemed to be quite ubiquitous since it was detected in 17 out of the
477 22 evaluated samples. Carbamazepine was detected at similar con-
478 centration levels (b0.05–0.9 ng L−1) in seawater from California
479 (Vidal-Dorsch et al., 2012) but in higher levels in Ireland
480 (b15–1710 ng L−1) (McEneff et al., 2014) and Canada
481 (4.0–26.3 ng L−1) (Magner et al., 2010) and Belgium in harbor sea-
482 water (b1.65–119 ng L−1) (Wille et al., 2010). Analysis of treated
483 wastewater from the WWTP of Athens revealed carbamazepine
484 mean concentrations of 461 ng L−1 (Dasenaki and Thomaidis,
485 2015). Thus, it seems evident that the main source of this compound
486 in seawater occurred by WWTP release into the sea.
487 4 out of the 11 screened anti-psychotic drugs were detected:
488 amisulpride, haloperidol, sulpiride and chlorpromazine. Amisulpride
489 was detected in the range of b0.2–5.5 ng L−1 with a high frequency of
490 detection (77.3%). Sulpiride presented a frequency of detection of 50%
491 and was detected at low concentrations in the range of
492 b0.06–0.5 ng L−1. Chlorpromazine and sulpiride were only detected
493 sporadically and at low concentration levels (b0.05–0.6 ng L−1 and
494 b0.06–0.3 ng L−1, respectively). All these substances, except
495 chlorpromazine, have not been previously identified in seawater
496 samples.
497 3 out of the 16 screened anti-depressants were detected.
498 Norvenlafaxine, themainmetabolite of venlafaxine, belonging to the cat-
499 egory serotonin–norepinephrine reuptake inhibitors (SNRIs), was detect-
500 ed with a frequency of detection of 68.2% but in low concentration levels
501 (b0.01–2.0 ng L−1). However, the parent compound venlafaxine
502 remained undetectable. Citalopram, with a lower frequency of detection
503 (50%) was detected in the range of b0.06 to 8.0 ng L−1. Citalopram was
504 detected at 328 ng L−1 (mean concentration) in effluent wastewater
505 from the WWTP of Athens (Dasenaki and Thomaidis, 2015) and seems
506 to be themajor source for the presence of this substance in the evaluated
507 samples. The present study reports for the first time the occurrence of
508 citalopram in seawater. Duloxetine was scarcely detected at low concen-
509 tration levels.
510 Out of the 4 diuretic drugs included in the screening list, only hy-
511 drochlorothiazide was detected at concentration levels in the range
512 of 1.3–1.4 ng L−1, with low frequency detection. This compound
513 was only detected close to the Psittalia WWTP, showing the strong
514 relationship among the presence of this compound and the WWTP
515 discharges. A mean concentration of 1149 ng L−1 was previously re-
516 ported for this compound in treated wastewater (Dasenaki and
517 Thomaidis, 2015).

5183.1.5. Drugs of abuse
519Out of the 17 screened drugs of abuse and related compounds only
520EDDP, 3,4-methylenedioxy-methamphetamine (MDMA) and ephed-
521rine were eventually detected. EDDP, a metabolite of methadone,
522showed the highest frequency of detection (59.1%), similar to those cor-
523responding to highly consumed drugs such diclofenac or mefenamic
524acid. However, the determined concentration levels were very low
525(b0.02–0.1 ng L−1). EDDPwas previously detected in effluentwastewa-
526ter of the WWTP of Athens at a mean concentration of 40 ng L−1

527(Thomaidi et al., 2015), being the major source of contamination of
528this compound in seawater. MDMA and ephedrine showed low fre-
529quencies of detection and the determined concentrations were below
530LOQ in all cases. MDMA was also detected in the aforementioned
531study in treated wastewater from Psittalia WWTP but at lower levels
532(8.1 ng L−1), which can explain the low determined concentrations in
533the evaluated samples. On the contrary, ephedrine was detected at
534high concentrations in the effluents of Psittalia WWTP (2246 ng L−1).
535The low concentrations determined in the seawater samples through-
536out the samples suggest a rapid degradation of this compound in seawa-
537ter due to biotic or abiotic transformations. Overall, results showed a
538scarce presence of drugs of abuse in seawater of the evaluated area. As
539a general observation, it seems that recalcitrant and not easily biode-
540gradable compounds were more frequently detected in the marine
541water, in accordance with a previous study (Benotti and Brownawell,
5422009).

5433.2. Spatial distribution of pharmaceuticals and drugs of abuse

544The stacked bar plot (Fig. 2) summarizes the occurrence of pharma-
545ceuticals and drugs of abuse at the different sampling stations. The
546graph shows that the most polluted sampling stations were S7 and S8.
547The highest cumulative concentration levels occurred at the sam-
548pling station S7. This fact can be explained because this sampling station
549is located very close to the Psittalia WWTP and receives directly the
550treated wastewater discharges. The dilution effect at sampling station
551is much milder than in the other evaluated locations. This is in agree-
552mentwith the fact thatmany target compounds reached their peak con-
553centration levels in this sampling station. Among these compounds are
554amoxicillin, valsartan or hydrochlorothiazide, with maximum concen-
555tration values of 127.8 ng L−1, 3.2 ng L−1 and 1.4 ng L−1, respectively.
556Other compounds also showed high concentrations like caffeine or
557salicylic acid, with values up to 54.9 ng L−1 and 29.1 ng L−1, respective-
558ly. According to the fact thatWWTP is themain source of emerging pol-
559lutants in seawater, it seems reasonable that the distance of a sampling
560station from the WWTP outfall probably plays an important role in the
561concentration of the target analytes, since the dilution effect increases
562with the distance. Τhe prevailing water circulation led to the dilution
563of the effluents in the inner Saronikos Gulf. However, after entering
564the sea, substances are affected by currents and those which do not suf-
565fer transformation processes can be transported to a fair long distance,
566being difficult to predict concentrations at a given location.
567In addition, high nutrient concentrations and relatively lower DO
568values were detected near the bottom of the inner Saronikos Gulf, as
569the biochemical result of the oxidation of the organic matter which is
570carried by the wastewater effluents into the inner Saronikos Gulf. This
571wasmore prominent near the bottom of the stations located southwest
572and in a distance from the Psitallia sewage plant (~6–14 km), indicating
573that the organic matter which is carried by the wastewater plume
574followed the prevailing circulation and finally decomposed at a distance
575from the pipe, resulting in the DO decrease. It seems that there is a sys-
576tematic variation pattern of theDOvalues throughout a year, with an in-
577crease during February–March, because of the homogenization of the
578water column and the oxygenation of the deep layers. The investigation
579of fecal sterols in the sediments (coprostanol values, coprostanol/cho-
580lesterol, and coprostanol/coprostanol + cholestanol ratios) confirms
581the sewage dispersion pathways. According to these results, although
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582 the whole area in a distance ~14 km from the outlet is contaminated by
583 human wastes, the sediments in a direction southwest of Psittalia were
584 more seriously affected than in the southeast direction (Pavlidou et al.,
585 2014).
586 In accordance with this, the highest number of positive compound
587 detections was observed at station S8. However, a relevant direct
588 input of pharmaceuticals and other substances from the population liv-
589 ing in the coastal areas of Aegina and Salamina Islands should also be
590 considered. These remote populated areas, where no connection with
591 a wastewater treatment plant is feasible, have no other option but to
592 dispose their wastes in cesspits. Particularly in coastal areas, the com-
593 pounds may escape from land and reach the seawater. Some com-
594 pounds including citalopram, trimethoprim, paracetamol or
595 theophylline showed maximum concentration levels at S8 stations. It
596 draws attention the case of theophylline, which was not detected at
597 S7, and supports the thesis of direct discharges from land.
598 The third most polluted sampling station regarding both concentra-
599 tion levels and number of detected compounds was S11. This station is
600 located at 8.33 km from theWWTP (similar to S8) and also at a consid-
601 erable distance from the Attica coast (5.58 km). At this sampling station
602 some analytes detected at unusual high concentrations for such a loca-
603 tion were amoxicillin, caffeine, paracetamol, amisulpride and
604 diclofenac, with concentration levels up to 81.9 ng L−1, 78.2 ng L−1,
605 20.3 ng L−1, 5.5 ng L−1 and 5.3 ng L−1, respectively. These substances
606 are widely consumed daily by a broad spectrum of the population. The
607 main distinguishing characteristic of this sampling station is it is affect-
608 ed to a higher extent (alongwith S3) by emissions frompassenger ships
609 which travel from Athens to several Greek Islands. The passenger ship
610 traffic in this area is very intense and it is remarkable that almost all
611 the routes followed by ships go through this location.
612 The next sampling station in terms of pollution was S3. This sam-
613 pling station is located very close to the land (0.5 km) and therefore
614 very near to densely populated areas. However, apart from the loads
615 of contaminants arriving from the WWTP discharges, it seems that the
616 main source of contamination comes from Keratsini, which receives
617 wastes from the ships. At this station, 16 compounds were detected
618 with concentrations up to 40.3 ng L−1 in the case of caffeine and
619 amoxicillin.
620 S43 sampling station seemed less polluted regarding the presence of
621 pharmaceutical and drugs of abuse than the aforementioned stations.
622 S43 showed a more similar profile in both concentration levels and
623 number of detected analytes to the “remote” S16 station. S43 is located
624 almost at the same distance from the WWTP than the stations S8 and
625 S11, but with the difference that S43 is less affected from direct land in-
626 puts due to its location is in the center of Saronic Gulf.
627 The less polluted sampling station was S16. This fact was expect-
628 ed since it is located far away from the WWTP and at this point sea-
629 water is renewed with clean water of the Aegean Sea. Only caffeine
630 and norvenlafaxine were detected at concentration levels of
631 5.2–6.7 ng L−1 and 0.05–0.06 ng L−1, respectively.
632 S13 sampling station showed remarkable high levels for mefenamic
633 acid (10.9 ng L−1) and salicylic acid (up to 44.2 ng L−1). S13 is located
634 far from the WWTP (19.30 km) and at a significant distance from land
635 (3.29 km). S13 may receive pharmaceutical inputs from untreated
636 wastewater from the small populations living in the south of Salamina
637 and in the north of Aegina, with a poor sewage management system.
638 Sampling stations located in Elefsis Bay, (S1 and S2), showed very
639 similar pollution profiles. This fact seems reasonable since Elefsis Bay
640 is a shallow, semi-closed gulf and seawater is renewed at a limited
641 rate. Several compounds were detected including amoxicillin
642 (37.7–51.6 ng L−1), caffeine (12.6–31.5 ng L−1), salicylic acid
643 (22.4–53.3 ng L−1) and diclofenac (5.2–16.3 ng L−1). These stations
644 are affected by shipping activity, industrial effluents and also by waste-
645 water inputs from the populations located at the shores of the gulf.
646 No significant statistical correlation was found between the concen-
647 tration levels of the analytes and the rest of the physicochemical

648parameters summarized in Table S2, except for the distance from
649Psittalia WWTP and the distance from the closest land.
650Spearman's rank correlation tests revealed a strongnegative correla-
651tion between the concentrations of most analytes and the distance of
652the sampling station from the WWTP and the distance from the land
653(Table S6). Absence of correlation does not imply any other phenomena
654(e.g. other sources), but it is simply the result of the high uncertainty of
655the low concentrations (values near LOQs) for the compounds with in-
656significant correlation with the distances.
657Itwas found that some compounds correlated significantly, denoting
658a common source (i.e. WWTP). Absence of correlation does not imply
659different sources, but, again, it originates from the low concentrations
660observed (values near LOQs) and the high uncertainty of these
661concentrations.

6623.3. Profile according to seawater depth

663The distribution of the target compounds according to depth was
664evaluated. Patterns according to seawater depth can be found for
665analytes that occurred not only with high frequency of detection but
666also at high concentration levels. It is not possible to drawsound conclu-
667sions for compounds detected at low concentration levels, since these
668measurements have high uncertainty (Borecka et al., 2013). For this
669purpose, themajor analytes in terms of frequency of detection and con-
670centration levels, namely caffeine, amoxicillin and salicylic acid are in-
671cluded in Fig. 3.
672In the case of the stations located in Elefsis Bay (S1 and S2), most
673compounds were detected at similar concentration levels in all the ana-
674lyzed samples, showing a homogeneous distribution pattern, indepen-
675dent of the depth, since this time of the year the water column is fully
676homogenized. On one hand, in the sampling station located near the
677port of Piraeus in Keratsini (S3), most target substances including caf-
678feine, amoxicillin and salicylic acid were detected at higher concentra-
679tion levels in the bottom samples rather than at the sea surface. This
680trend was also observed at S8 and S11, although to a lesser extent and
681was related to the sewage dispersion. On the other hand, at the sam-
682pling station S13 analytes were detected at higher concentration levels
683in the surface layer. A similar trend was observed at the sampling sta-
684tion S43, located in themiddle of the Saronikos Gulf, where a gradual in-
685crease in concentration levels from the bottom to the surface was
686observed. These facts can be explained by the location of the sampling
687stations. In December 2013, the vertical mixing of water column has
688reached almost ~60 m (Kontoyiannis, 2010). According to the data of
689% light transmission, it seems that some quantities of sewagewere pres-
690ent at stations S7 (10–15m and 65mdepth) and S8 (80m),whereas, at
691all the other sampling stations the water column was fully homoge-
692nized (Kontoyiannis, 2014) and the sewages reached the surface layer
693due to their low density. The fact that at S8 some widely used com-
694pounds (lidocaine, norvenlafaxine and paracetamol) showed concen-
695trations in surface water much higher than in any other analyzed
696sample may be related to direct inputs from land, as described in the
697previous section.
698The station located near the WWTP (S7) showed no clear trend
699about the distribution of the evaluated compounds according to the
700depth. Amoxicillin's highest concentration was observed at S7-surface,
701while caffeine concentration at S7-bottom was two times the deter-
702mined concentration at S7-surface. Moreover, the concentration of
703salicylic acid remained constant independent of the depth.
704It is known that several processesmay define the fate of the pharma-
705ceuticals in the seawater column. The most important are microbially
706mediated degradation, sorption, chemical transformation, photo-
707degradation and evaporation (Lahti et al., 2012). Photodegradation
708may play a role in the distribution of the analytes in the water column
709(Benotti and Brownawell, 2009). In general, the most refractory phar-
710maceuticals have half-lives of more than 35 days (Benotti and
711Brownawell, 2009). However, we assume that the vertical distribution
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712 of the pharmaceuticals in the homogenized water column of Saronikos
713 Gulf, where relatively high flow speeds prevail, is mainly controlled by
714 the dispersion of the sewage plume from WWTP. Overall, though it is
715 possible to observe some trends, due to the low number of compounds
716 detected with a high frequency of detection and at high levels of con-
717 centration (the two factors together), it is difficult to draw sound con-
718 clusions with the available data.

7193.4. Environmental risk assessment

720Table S7 summarizes the toxicity data, themaximummeasured con-
721centration and the risk quotients. Risk quotients above 1 indicate poten-
722tial environmental risk as already stated in various articles (e.g.
723(Thomaidi et al., 2015). The concentration levels of the compounds re-
724ported in this study cannot pose toxic effect either on fish or on
725daphnids. However, the maximum concentration level of amoxicillin
726and caffeine reported by this study can have a possible toxic effect on
727algae. The rest of the concentrations of the emerging pollutants cannot
728pose any risk on algae.

7294. Conclusions

730A large number of substances, including 158 pharmaceuticals be-
731longing to several therapeutic groups and drugs of abuse, were investi-
732gated in offshore seawaters from the Saronicos Gulf, Greece. 38
733substances were detected, being amoxicillin, salicylic acid and caffeine
734the oneswith the highest levels, up to 128 ng L−1 in some cases. Treated
735wastewater release from the WWTP of Athens was clearly the main
736source of contamination for these waters. A negative correlation was
737found between the distance WWTP-sampling point and the concentra-
738tion of the target analytes. The comparison of the levels previously de-
739tected for the compounds of interest in effluent wastewaters from this
740WWTP with the obtained results in the present study also highlights
741the effect of these discharges in seawater quality. However, pollution
742from shipping activity as well as direct inputs from land also proved
743to be important factors.
744The distribution of the analytes according to the depth (3 different
745levels) was also assessed. Significant differences in the concentrations
746of several analytes at different depths were observed. Results suggest
747that the currents play an important role in the distribution of pollutants.
748However, it is hard to draw sound conclusions in this regard due to the
749few analytes present at high concentrations with a high frequency of
750detection.
751The present study is the largest in terms of number of evaluated
752analytes and the first one analyzing samples at different depths. This
753study constitutes the first evidence of the presence of the substances
754tramadol, lidocaine, amoxicillin, amisulpride, niflumic acid,
755norvenlafaxine, EDDP, citalopram, sulpiride, valsartan, chlordiazepox-
756ide, chlorpromazine, ephedrine, ronidazole, sulfamethizole, duloxetine
757and rivastigmine in seawater.
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