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Abstract 
Benzodiazepines are the most commonly prescribed group of psychotherapeutic 

pharmaceuticals on a global scale and have been on the market since the 1960s. 

Benzodiazepines remain in the aqueous effluent from sewage treatment plants and have been 

found in natural aquatic environments. The aim of this study was to investigate if there is 

benzodiazepines in natural sediment from Lake Ekoln situated downstream River Fyris in 

Uppsala, where previous studies have detected high concentrations in the water. The study 

tested following hypotheses: (1) benzodiazepines are accumulating in sediments; and (2) 

breakdown of benzodiazepines is slow in sediment resulting in them being preserved in 

sediments that are several years/decades old. An extraction method for sediment was 

developed followed by liquid chromatography-tandem mass spectrometry for analysis of 

oxazepam, alprazolam, clonazepam, flunitrazepam, diazepam and prazepam. All investigated 

benzodiazepines occurred in the sediment of Lake Ekoln; hence, in line with hypothesis 1, 

benzodiazepines are accumulating in natural sediments. Further, all benzodiazepines were 

found in the upper 10 cm of the sediment and oxazepam, clonazepam and diazepam was 

found at depth below 20 cm, corresponding to an age of more than 20 years indicating that 

benzodiazepines resists degradation processes in sediment and are persistent for decades as 

predicted by hypothesis 2. To my knowledge this is the first study demonstrating that 

benzodiazepines are accumulated and preserved in natural sediments. 
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1 Introduction 
The amount of pharmaceuticals consumed today is greater than ever and is predicted to 

increase due to increased availability to the human population (Depledge 2011). Excreted and 

discarded pharmaceuticals reach aquatic systems via treated wastewater. Water passing 

through wastewater treatment plants contains concentrations ranging from ng l-1 to µg l-1 

(Corcoran et al. 2010). Several studies have also reported pharmaceuticals in ng l-1 to µg l-1 

level in water from rivers, streams and lakes receiving input of treated wastewater, indicating 

a substantial transport of pharmaceuticals from municipalities to natural surface waters 

(Calisto and Esteves 2009). Pharmaceuticals are biologically active and often resistant to 

biodegradation since metabolic stability is necessary for pharmacological effects (Calisto and 

Esteves 2009). Pharmaceuticals destiny, cause and effect in aquatic environments are 

surprisingly still relatively unknown despite a long history of consumption, but recent studies 

have shown that pharmaceuticals cause health and ecological effects on aquatic organisms 

(Corcoran et al. 2010, Brodin et al. 2013). Residence time of pharmaceuticals in water, 

sorption to sediment, residence time in sediment, and resuspension between sediment and 

water are topics that have been sparsely investigated and require more research to 

understand pharmaceuticals as a new possible environmental threat. Studies have shown 

that some pharmaceuticals sorb to sediment and is detected at µg kg-1 level (Schultz et al. 

2010, Lahti and Oikari 2011, Ferreira da Silva et al. 2011). Many uncertainties still remain 

regarding the majority of pharmaceuticals concerning dispersion in aquatic environments 

and sorption to, and residence time in, sediment. 

 

Benzodiazepines are the most commonly prescribed group of psychotherapeutic 

pharmaceuticals used to treat anxiety on a global scale (López-Muñoz et al. 2011). Among 

these, diazepam is the one that is sold the most, and it has been on the international market 

since the 1960s (López-Muñoz et al. 2011). Benzodiazepines are also abused illegally as mood 

enhancing in combination with alcohol and as pure drugs (Druid et al. 2001, López-Muñoz et 

al. 2011). They act on the central nervous system with anxiolytic, sedative and hypnotic 

effects (López-Muñoz et al. 2011). Benzodiazepines are metabolized in the human body and 

excreted with urine and feces as parent compounds and metabolites (Calisto and Esteves 

2009). Benzodiazepines remain in the aqueous effluent from wastewater treatment plants 

and can therefore be found at concentrations ranging from ng l-1 to several µg l-1 in natural 

aquatic environments. Studies in laboratory environment suggest that benzodiazepines 

degrade very slowly and bind to sediments (Löffler et al. 2005, Calisto et al. 2011). This 

indicates that benzodiazepines may exist in sediments downstream water treatment plants, 

and that these are likely to be persistent over time and thus pose a possible threat to the 

aquatic environment due to their effect properties. 

 

That benzodiazepines may persist over long time scales in sediments opens up an 

opportunity to use the sediment stratigraphy as an archive of past inputs and reconstruct 

historic contamination trends.  Several studies have found that other pharmaceuticals can be 

found in sediments (Schultz et al. 2010, Ferreira da Silva et al. 2011), also in those that are 

decadal old, which implies that historic pharmaceutical signals are preserved in sediments 

(Lahti and Oikari 2012). However, so far no study has attempted to evaluate to what extent 

the vertical variation in benzodiazepine concentrations and accumulation rates are driven by 

historic variation in contamination inputs to lakes. 
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The aim of this study was to investigate if there is benzodiazepines in natural sediment from 

Lake Ekoln situated downstream River Fyris in Uppsala. River Fyris receives input of treated 

wastewater from Uppsala wastewater treatment plant that is located ~10 km upstream the 

outlet to Lake Ekoln. Previous studies have detected high concentrations of benzodiazepines 

in both effluent water from the treatment plant and in surface water from River Fyris (Brodin 

et al. 2013). The benzodiazepines oxazepam, alprazolam, clonazepam, flunitrazepam, 

diazepam and prazepam were analyzed as target compounds. The study tested following 

hypotheses: (1) benzodiazepines are accumulating in sediments; and (2) breakdown of 

benzodiazepines is slow in sediment resulting in them being preserved in sediments that are 

several years/decades old. If the hypotheses are confirmed, the amount of benzodiazepines in 

the sediment will be coupled to known age for possible linkage with historical sale statistics of 

benzodiazepines in Sweden. 

 

 

2 Materials and methods 
2.1 Sampling and sample preparation 

Eight sediment cores were taken from the ice at the deep basin of Lake Ekoln (Table 1) in 

Uppsala which is located in central Sweden. A freeze core was taken, at 29.3 m depth, with a 

crust freeze sampler (Renberg 1981) to a sediment depth of 50 cm. Seven sediment cores 

were taken with a HTH sediment corer (Renberg and Hansson 2008) to a depth of ~30 cm. 

The HTH sediment cores were sectioned in 2 cm slices at 0-4 cm, 6-8 cm, 12-16 cm and 20-

26 cm depth. 

 
Table 1. Core type (and field code), coordinates and depth for sampling sites. 

Sampling site 
 

  

Core type (field code) Coordinate (WGS 84) Depth (m) 

HTH core (site 7) 59.76826, 17.62045 32.7 

Freeze core (site FC) 59.77370, 17.62457 29.3 

HTH core (site 1) 59.77465, 17.62663 29.0 

HTH core (site 2) 59.77543, 17.62783 27.7 

HTH core (site 3) 59.77586, 17.62920 25.7 

HTH core (site 4) 59.77638, 17.63006 25.1 

HTH core (site 5) 59.77707, 17.63161 24.9 

HTH core (site 6) 59.77793, 17.63521 24.7 

 

The surface layer of the freeze core was processed with a plane to reduce contamination and 

to improve visibility of the varves. The core was photographed and sectioned in 1 cm slices 

with a band-saw.  

  

2.2 Method development for extraction of benzodiazepines in sediment 

Published protocols for extracting benzodiazepines from sediments do not exist. Therefore, a 

series of test was performed to identify the most efficient extraction techniques for 

benzodiazepines. During these test trials, freeze-dried samples (0.1 g) from both the freeze 

core and HTH sediment cores were used.  

 

All used pharmaceutical reference standards were classified as analytical grade (>98 %). 

Ethyl acetate (EtAc) (Analytical reagent, 99.8 %) was purchased from Labscan Ltd. (Dublin, 
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Ireland). Oxazepam (Oxa), alprazolam (Alp), clonazepam (Clo), flunitrazepam (Flu), 

diazepam (Dia) and prazepam (Pra) were bought from Sigma-Aldrich (Steinheim, Germany). 
2H5-oxazepam was used as internal standard and was bought from Sigma-Aldrich (Steinheim, 

Germany). Methanol (MeOH), toluene (PhMe) and triethylamine (TEA) were bought from 

Sigma-Aldrich (Steinheim, Germany). Acetonitrile (AcCN) were purchased in LC/MS grade 

quality (Lichrosolv-hypergrade, Merck, Darmstadt, Germany). The purified water (H2O) was 

prepared by an Milli-Q Gradient ultrapure water system (Millipore, Billerica,USA), equipped 

with a UV radiation source. The buffering of the mobile phase (95 % H2O and 5 % AcCN) was 

performed by addition of 1 ml of formic acid (Sigma-Aldrich, Steinheim, Germany) to 1 l of 

solvent. 

 

Before extraction, 50 ng of Oxazepam internal standard were added to the samples, and for 

method development 24 ng of surrogate standard were also added. The sediment samples 

were then left to stand for 30 min to adsorb the added standard. For method development 

extraction was sequentially performed using 1.5 ml of each extraction solvent (Table 2). 

 
Table 2. Number of samples (n) and extraction solutions (EtAc = ethyl acetate, MeOH = methanol, H2O = purified 

water, TEA = triethylamine, AcCN = acetonitrile and PhMe = toluene) for each extraction method. 

Method n Extraction 1 Extraction 2 

A 4 EtAc + MeOH (1:1) MeOH + H2O (7:3) + 5 % TEA 

B 4 AcCN 
 C 4 AcCN AcCN 

D 4 EtAc + MeOH (1:1) 
 E 4 PhMe   

 

Samples were homogenized for 10 min at 30 000 oscillations per min, using a Retch MM 301 

(Retsch GmbH, Germany), with zirconium beads and then centrifuged at 14 000 revolutions 

per min for 10 min. The supernatants, combined for two-stage extraction, were evaporated to 

20 µl, reconstituted in 100 µl mobile phase and centrifuged again for 10 min. 

 

2.3 Benzodiazepine concentrations 

The same methodology as that reported by Grabic et al. (2012) was used for this analysis. In 

short, a triple stage quadrupole MS/MS TSQ Quantum Ultra EMR (Thermo Fisher Scientific, 

an Jose, CA, USA) coupled with an Accela LC pump (Thermo Fisher Scientific, San Jose, CA, 

USA) and a PAL HTC autosampler (CTC Analytics AG, Zwingen, Switzerland) were used as 

analytical system. Sample (10 μl) was loaded onto a Hypersil GOLD aQ TM column (50 mm x 

2.1 mm ID, 5 μm particles, Thermo Fisher Scientific, San Jose, CA, USA) preceded by a guard 

column (2 mm×2.1 mm i.d, 5 μm particles) of the same packing material and from the same 

manufacturer. A gradient of flow and mobile phase was used for elution of analytes. The rest 

of the sample (~90 μl) was diluted in 3 ml purified water and 1 ml sample was loaded onto an 

online extraction column (OASIS HLB, 20 mm x 2.1 mm i.d., 15 µm particle size) and in 

accordance to Khan et al. (2012). Same analytical column was used as in the previous 

method. 

 

Heated electrospray (HESI) and atmospheric pressure photo ionization (APPI) in positive 

and negative mode was used for ionization of target compounds. The setting of key 

parameters, SRM transitions, absolute recoveries, etc. is stated in Grabic et al. (2012). 

Samples were quantified using internal standard method. Several calibration standards 

covering all concentration range were measured before, in the middle and at the end of 
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sample sequences. The maximum difference between results at quantification and 

qualification mass transition was set to 30 % as criterion for positive identification. Possible 

memory effects were evaluated by a blank injection of purified water before and after 

standard samples of varying concentrations and between sediment samples. Field and 

laboratory blank samples were included in each batch. Standards were analyzed in a wide 

concentration range (1 µg l-1 – 0.01 ng l-1) and were used for evaluating the linearity, 

sensitivity - quantification limit (LOQ) defined as 10 times the standard deviation of the 

blank, reproducibility of retention, precision as repeatability, and column stability. Method 

recoveries were determined by spiking the standard solution to matrix at a concentration of 

500 ng g-1. Analyte addition was made with the criteria that the spiking would be at a level at 

least three times the original concentration in sediment. 

 

Relative recoveries of analyzed benzodiazepines were calculated using the equation by Khan 

et al. (2012). Method A showed the most accurate recovery (closest to 100 %) of all extraction 

methods (Table 3) and was used as analytical method for all sediment samples (86 in total) 

according to the description above (chapter 2.2. and 2.3.). 

 
Table 3. Relative recoveries (%) of benzodiazepines from each tested extraction method. 

Relative recovery (%)          

Benzodiazepine n Method A Method B Method C Method D Method E 

Oxazepam 3 80 72 74 79 79 

Alprazolam 3 250 3015 2638 388 904 

Clonazepam 3 117 4669 4021 353 1163 

Flunitrazepam 3 121 6056 4911 448 1993 

Diazepam 3 76 5166 3864 353 1582 

Prazepam 3 48 2208 1598 135 647 

 

2.4 Phosphor concentration 

Phosphor concentration was analyzed for 25 samples (0.2 g dw sample-1) of the freeze core (2 

cm interval) using a WD-XRF (wavelength-dispersive X-ray fluorescence). The instrument 

(Bruker S8 Tiger) was calibrated according to the method used by De Vleeschouwer et al. 

(2011), but was modified for 0.2 g samples and a sediment/soil matrix. The calibration was 

checked using certified reference materials (CRM), this was based on two different replicate 

analyses of CRMs samples. The accuracy of the analyze was within 20 %. 

 

2.5 Chronology 

Sediment lamination occurred frequently at depth in the freeze core, but laminated 

structures were largely absent or partially disrupted in the upper ~15 cm of the core. 

Lamination at higher depths was less disrupted and assumed to correspond to annual varves, 

considering that annual varves have been shown to occur in nearby basins of Lake Mälaren 

(Bodbacka 1986). The age of the varves at higher depths was inferred by cross-correlating the 

phosphor concentration of the laminations with long-term monitoring data from Lake Ekoln 

(SLU 2013). Here, the peak in phosphor concentration in the sediment was assumed to 

correspond to the age of 1969 when phosphor levels in Ekoln peaked. From this depth and 

upwards, the age was inferred using counting of the laminations (Renberg 1981), assuming 

that each lamination corresponded to one year until a depth of ~20 cm. Around this depth, 

lamination was more disrupted limiting the use of the laminations as a measure of age, and 

the age was inferred assuming a constant accumulation rate from 20 cm towards the surface 

where the age of the surface sediment was set as 0 years and the age at 20 cm was set as 27 
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years. The dating based on varves and phosphor concentration was compared with a dating 

model by Bradshaw and Anderson (2001), for a sediment core from the same area as in this 

study of Lake Ekoln, which is based on constant rate of supply (CRS) for calculated 210Pb 

dates.  

 

2.6 Calculations and statistics 

Bulk density of the freeze core samples was calculated by dividing dry weight of each sample 

with surface area of sample slice. The sedimentation rate of solid material was calculated by 

dividing sediment mass per surface area with age and sedimentation rate of benzodiazepines 

was calculated by multiplying the sedimentation rate of solid material with benzodiazepine 

concentrations. Registration and legal sale statistics of benzodiazepines in Sweden were 

collected from the National food agency (2013) and Apoteket AB (2013). For testing 

correlation between sedimentation rate of benzodiazepines and sale statistics Spearman rank 

correlation coefficient was used, due to non-normally distributed data. The test was 

performed in the software IBM SPSS Statistics 20.0.0. 

 

 

3 Results 
3.1 Benzodiazepine concentrations 

All analyzed benzodiazepines were detected in the sediment at µg kg-1 level (Figure 1a-f). 

Concentrations in the freeze core ranged from 0.38 to 1.45 µg kg-1 oxazepam (Figure 1a), 0.05 

to 3.69 µg kg-1 alprazolam (Figure 1b), 0.53 to 5.14 µg kg-1 clonazepam (Figure 1c), 0.19 to 

0.71 µg kg-1 flunitrazepam (Figure 1d), 0.92 to 4.24 µg kg-1  diazepam (Figure 1e) and 0.05 to 

2.53 µg kg-1 prazepam (Figure 1f). Most benzodiazepines showed highest concentrations in 

the upper part of the sediment (~0 – 10 cm depth) (Figure 1a-d and f), while diazepam 

demonstrated partially reversed trend with highest concentrations in the bottom sediment 

(~40 – 50 cm depth), but also increased concentrations around 10 cm depth (Figure 1e). The 

linearity (r2) for all benzodiazepines tested was >0.98. 
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Figure 1a-f. Concentrations (µg kg-1) of a) Oxazepam, b) Alprazolam, c) Clonazepam, d) Flunitrazepam, e) 

Diazepam and f) Prazepam throughout the freeze core profile (cm). 
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Concentrations in the HTH sediment cores were detected in the same range as in the freeze 

core (Table 4). The concentration trends with depth were largely the same as for the freeze 

core with the exception of clonazepam, flunitrazepam and prazepam with higher 

concentrations deeper than observed in the freeze core at corresponding depths. 

 
Table 4. Average concentrations and standard deviations for each benzodiazepine (µg kg-1) aggregated for all 

seven HTH sediment cores at the analyzed depths (cm). Two of the cores were shallower and samples were taken 

as deep as possible resulting in more (n = 8) or fewer (n = 5) samples from depth 12-16 and 20-26 cm. 

  
Oxazepam Alprazolam Clonazepam Flunitrazepam Diazepam Prazepam 

cm n µg kg
-1

 stdev µg kg
-1

 stdev µg kg
-1

 stdev µg kg
-1

 stdev µg kg
-1

 stdev µg kg
-1

 stdev 

0-2 7 1.21 0.30 0.63 0.71 0.78 0.92 0.18 0.23 0.14 0.29 0.46 0.35 

2-4 7 1.25 0.23 1.23 1.51 1.62 2.05 0.25 0.32 0.94 1.12 0.97 0.93 

6-8 7 1.17 0.33 1.12 1.13 1.13 1.45 0.38 0.56 0.61 0.68 0.98 0.85 

12-16 8 1.30 0.56 1.25 1.41 2.20 2.42 0.47 0.49 0.52 0.73 1.14 0.78 

20-26 5 1.12 0.36 0.61 1.37 2.31 1.62 0.42 0.71 0.33 0.74 0.80 0.57 

 

3.2 Phosphor concentration and chronology 

The phosphor concentration in the freeze core was fairly stable (~1200 ppm) throughout the 

core but a major peak (2995 ppm) was observed at a depth of 40.5 cm (Figure 2). This depth 

was inferred to correspond to the expected chronological marker of 1969 where phosphorus 

concentrations in the lake peaked. The identified laminations found at this depth were 

typically about 1 cm thick. Counting of these laminations as annual varves suggested an 

accumulation rate above the chronological phosphor marker of about 1 cm/yr (Figure 3). The 

derived age vs. depth model based on the phosphor marker and the counting of laminations 

as annual varves largely agreed within the uncertainty (~6 yrs) of the age vs. depth model 

inferred using 210Pb. The differences between the two dating models in the upper 20 cm of 

the core, were my dating model was inferred through interpolation was less than ~3 yrs. The 

derived age model suggests that the 49 cm long freeze core covered the last 53 years of 

sedimentation. 

 

 
Figure 2. Phosphor (P) concentration (ppm) throughout the freeze core profile (cm). 
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Figure 3. Age (yr) and depth (cm) profile for the sediment of Lake Ekoln showing a phosphor concentration (P) 

based chronological marker (the peak in phosphor concentration in the sediment was assumed to correspond to 

the age of 1969 when phosphor levels in Ekoln peaked (SLU 2013)), counted varves of the freeze core, a dating 

model based on constant rate of supply (CRS) by Bradshaw and Anderson (2001) and extrapolated age based on a 

constant accumulation rate. Error bars represent ± SE. 

 

3.3 Sedimentation rate and sale statistics of benzodiazepines 

The main trends observed in the sedimentation rates for some of the analyzed 

benzodiazepines in Lake Ekoln from year 1960 – 2012 largely resembles trends in legal sale 

statistics of benzodiazepines in Sweden from year 1972 – 2012 (Figure 4a-e). First, oxazepam 

(Figure 4a), alprazolam (Figure 4b), clonazepam (Figure 4c) and diazepam (Figure 4e) all 

start to occur for the first time in sediment with an age that departs from the registration date 

only within a few years (0 - 8 yrs) and thus, within the uncertainty of the age depth model. 

Second, for oxazepam the highest accumulation rates are found around the end of the 1980s 

when also the national sales of oxazepam peaked (Figure 4a). Third, for oxazepam, 

alprazolam and clonazepam, the calculated accumulation rates in the sediment was 

significantly correlated with the sales statistics (Table 5). However, for flunitrazepam and 

diazepam, the correlation between calculated accumulation rates and sales statistics was poor 

(Table 5). For example, accumulation rates of flunitrazepam were only found for sediments 

deposited during the last ten years, despite that this benzodiazepine has been on the market 

since the beginning of the 1980s. Diazepam, that was registered 1964 in Sweden, showed 

high accumulation rates in sediments during 1960s that could not be compared with sale 

statistics due to lack of data. Further, diazepam did not show comparable sedimentation rates 

as oxazepam despite relatively comparable sale amounts for these two benzodiazepines 

(Figure 4a and e). Fourth, for alprazolam, clonazepam and diazepam a higher absorption to 

sediment can be observed with the aid of the relationship between sedimentation rate and 

sale statistics compared to oxazepam and flunitrazepam (Figure 4a-e). Especially alprazolam 

and clonazepam are sparsely sold compared to oxazepam but still have higher sedimentation 

rates. Fifth, sedimentation rates of prazepam occurred in the sediment, especially in 

sediment deposited during the last ten years, even though it never has been registered in 

Sweden (Figure 4f).  
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     Sed. rate   - - Sale  

Figure 4a-f. Sedimentation rate (sed. rate µg m-2 yr-1) of a) Oxazepam, b) Alprazolam, c) Clonazepam, d) 

Flunitrazepam, e) Diazepam and f) Prazepam in Lake Ekoln from year 1960 – 2012 and sale statistics of 

benzodiazepines (sale kg yr-1) in Sweden from year 1972 – 2012. Registration year (reg. yr) in Sweden for each 

benzodiazepine is stated in top of the plots (prazepam is not registered in Sweden). 
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Table 5. Spearman rank correlation coefficients (rs) and p-values for relationships between sedimentation rate of 

benzodiazepines (sed. rate µg m-2 yr-1) in Lake Ekoln from year 1960 - 2012 and sale statistics of benzodiazepines 

(sale kg yr-1) in Sweden from year 1972 – 2012. 

Sed. rate vs. sale 
 Benzodiazepine r

s
-value p-value 

Oxazepam 0.70 ***0.000 

Alprazolam 0.74 ***0.000 

Clonazepam 0.42 **0.003 

Flunitrazepam 0.02 0.909 

Diazepam -0.20 0.179 

*p < 0.05. **p < 0.01. ***p < 0.001 

 

 

4 Discussion 
4.1 Accumulation of benzodiazepines in sediment  

All investigated benzodiazepines occurred in the sediment of Lake Ekoln (Figure 1a-f); hence, 

from this finding it is evident that benzodiazepines are accumulating in natural sediments. 

The fact that all benzodiazepines occur in detectable concentrations implies that this group of 

drugs is able to withstand degradation processes in surface waters for a substantial period of 

time during the transport to Lake Ekoln, and form insoluble phases in the sediment. This 

reasoning is also supported by what is known about the top three benzodiazepines found in 

the freeze core from laboratory studies, i.e. clonazepam (5.14 µg kg-1), diazepam (4.24 µg kg-1) 

and alprazolam (3.69 µg kg-1) (Figure 1b-c and e, Table 4). Oxazepam, diazepam and 

alprazolam are shown to be very resistant to direct photodegredation in surface waters, even 

though diazepam can undergo some reduction in surface water due to photodegredation 

(Calisto and Esteves 2009, Calisto et al. 2011). Sorption to sediment is shown to occur for 

oxazepam and especially diazepam and they are classified as highly resistant in sediment 

(Löffler et al. 2005, Kosjek et al. 2012). Sediment is shown to prevent biotransformation of 

pharmaceuticals due to anaerobic conditions (Lahti and Oikari 2011). The modest differences 

in concentrations between sampling sites, and observed reversed concentration vs. depth 

trends for clonazepam, flunitrazepam and prazepam between the freeze core and the HTH 

cores, is probably due to difference in the accumulation of sediment (Lahti and Oikari 2011) 

due to depth differences, variation in bottom morphology and impact of possible variations in 

water currents. 

 

4.2 Persistence of benzodiazepines in sediment 

All benzodiazepines were found in the upper 10 cm of the sediment (Figure 1a-f), covering 

sediment accumulation over a time period up to about 10 years (Figure 3). That 

benzodiazepines are found at this depth as a result of vertical diffusion from the water 

appears very unlikely since abrupt concentration gradients occur through the sediment 

profile (Figure 1a-f) and diffusion is expected to result in gradually declining concentration 

trends downward in the sediment, which is not the case. From the finding that 

benzodiazepines occur in sediment about 10 years old it is evident that all studied 

benzodiazepines not only withstand degradation processes in the water during transport to 

the lake, but also may resist degradation processes in the sediment over a decadal time scale. 

Consequently, the second hypothesis is supported. Oxazepam, clonazepam and diazepam was 

found at depth below 20 cm (Figure 1a, c and e) corresponding to an age of more than 20 
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years (Figure 3) indicating that these pharmaceuticals may resist degradation for several 

decades. Furthermore, the calculated accumulation rates of oxazepam, clonazepam and 

diazepam was higher in deeper sediments than in the surface sediments (Figure 4a, c and e), 

which are an unlikely finding if degradation was a strong active process in the sediment. 

 

The applied dating model used to calculate the accumulation rates should be interpreted with 

caution given the uncertainties that comes along with its derivation. However, there are 

several indications that the dating model provides reliable estimates of the sediment age, 

with an uncertainty of a few years. First, observed laminations and counted accumulation 

rate of sediment in Lake Ekoln are in unit with the description of laminations and 

accumulation rate from Lake Stora Ullfjärden that lies ~20 km southwest of Lake Ekoln 

(Bodbacka 1986). However, Bodbacka (1986) had an accumulation rate of 2 cm yr-1 in the 

surface of the sediment, which may indicate an overestimation of the age in this study by a 

few years in the top 10 cm of the freeze core. Second, the chronology of the freeze core based 

on the assumed phosphor-chronological marker, assumed annual lamination and 

extrapolated age followed largely the model by Bradshaw and Anderson (2001), based on 

constant rate of supply (CRS) for calculated 210Pb dates, with a few years uncertainty. 

 

4.3 What drives the variation in sediment accumulation rates of 

benzodiazepines? 

When accumulation rates of solid material was taken into account for calculating the settling 

amount of benzodiazepines per year it was found out that clonazepam, diazepam and 

alprazolam as top three benzodiazepines also applied for highest accumulation per year 

(Figure 4b-c and e). Interestingly, part of the accumulation trends showed some similarities 

with the legal historical sale statistics of benzodiazepines (Figure 4a-e). For example, 

oxazepam, alprazolam, clonazepam and diazepam all occurred for the first time in the 

sediment around the time when they were registered in Sweden. The accumulation rate for 

oxazepam peaked in the 1990s when national sales also peaked. Further, the observed trends 

between accumulation rates and sale statistics were significantly correlated for oxazepam, 

alprazolam and clonazepam but not for flunitrazepam and diazepam (Table 5). This indicates 

that the accumulation rate of benzodiazepines is controlled, at least partly, by the 

consumption amount. Oxygen levels are low at the sampling site in Lake Ekoln indicated by 

the formation of laminations in the sediment. Low oxygen levels have been shown to reduce 

mobilization of contaminants in sediment (Zoumis et al. 2001), this could also be relevant for 

benzodiazepines indicated by increase of both accumulation rates and sales around same 

times (Figure 4a-c and e). 

 

However, for some benzodiazepines the accumulation rate clearly departed from the sale 

statistics. Flunitrazepam occurred only in sediments deposited during the last ten years, 

despite that it was registered 1980 and was consumed in high amounts during the 80s and 

90s (Figure 4d). This may indicate that flunitrazepam decomposes in sediments. The 

observed decline in legal sale amount during recent years is in contrast with the increase of 

flunitrazepam during the past decade. This can be explained by a substantial illegal use of 

flunitrazepam during the last approximate ten years (Druid et al. 2001, Swedish Customs 

2013) that is not reflected in legal sale statistics, and causes the concentration of 

flunitrazepam to rise above the detection limit for the first time in history. Flunitrazepam is 

used in combination with alcohol or with other illicit drugs or alone as a pure drug; it is 

known that flunitrazepam is the most preferred benzodiazepine among heroin addicts. The 
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smuggling of flunitrazepam into Sweden has increased in recent years and counterfeits 

prescriptions is common in Sweden (Druid et al. 2001, Swedish Customs 2013). Therefore, 

we cannot exclude that the trend in accumulation rates of flunitrazepam is not a result of 

degradation, but rather induced by an increased illegal use of this drug in the catchment. 

 

Another benzodiazepine with departing trends between sediment accumulation rates and 

sale statistics was diazepam. It was registered 1964 in Sweden and use of diazepam earlier 

than 1972 is demonstrated by detectable concentrations in the sediment already from 1964 

(Figure 4e). The lower sedimentation rates for diazepam compared to oxazepam despite 

same order of sale amounts can be explained by that diazepam is more metabolized in the 

human body than oxazepam. Only 1 - 10 % of diazepam remains unchanged compared to 

oxazepam with 70 - 90 % unchanged. Diazepam is mobilized in the human body to 

temazepam (6.6 %), desmethyldiazepam (3.9 %) and oxazepam (2.8 %) which is shown to 

occur in the environment (Calisto and Esteves 2009, Kosjek et al. 2012). Therefore, the high 

mobilization of diazepam does not only explain the sedimentation rate of diazepam, it also 

provides an addition to the concentrations of oxazepam found in the sediment. The high 

concentration of diazepam already at year 1964 may be due to a dating uncertainty of 10 

years at this depth of the freeze core (Figure 3). 

 

The higher sorption to sediment for alprazolam, clonazepam and diazepam compared to 

oxazepam and flunitrazepam (Figure 4a-e) can be due to properties of the compounds that 

lead to higher affinity for sorption to sediment. Sorption of pharmaceuticals to solid material 

is both dependent on the properties of pharmaceuticals and sediment. Hydrophobic 

partitioning, ion exchange, complexation and hydrogen bonding are properties of 

pharmaceuticals affecting sorption to solid material and specific surface area, pH, cation 

exchange capacity, charge properties and mineral composition are properties of sediments 

affecting adsorption of pharmaceuticals (Lahti and Oikari, Ferreira da Silva et al. 2011). 

Differences in the properties of investigated benzodiazepines are probably a reason to 

observed differences in sorption affinity, but this requires further investigation for a precise 

statement. 

 

Prazepam occurred in the sediment despite that it never has been registered in Sweden 

(Figure 1 f, Figure 4f). Prazepam is classed as narcotics both in Sweden and internationally 

and the increase of prazepam in the sediment during the last ten years is probably due to the 

increase of benzodiazepine consumption as illicit drugs (Swedish Customs 2013). Internet 

sites where this drug and other benzodiazepines can be purchased online are easily found by 

the most commonly used search engines (Google and Yahoo), reflecting the usage of 

benzodiazepines as illicit drugs. Further, it can also reflect consumption of unregistered 

pharmaceuticals, which is registered in other countries, by foreigners temporarily visiting 

Sweden. This was explained as a result of detected unregistered pharmaceuticals in water 

samples from wastewater treatment plant effluent in Uppsala (Daneshvar et al. 2010). 

 

4.4 Conclusion 

This study indicates that extraction followed by liquid chromatography-tandem mass 

spectrometry (LC-ESI-MS/MS) is a powerful and useful method for analysis of 

benzodiazepines in sediment. The method confirmed that benzodiazepines occur in natural 

sediment and persist up to decades depending on sales and consumption patterns and 

properties of both the pharmaceutical and the sediment. This indicates that the sediment is 
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contaminated with benzodiazepines and hence there is a chance that the aquatic environment 

may be exposed to these drugs. Further studies are necessary to investigate to what extent 

contaminated sediments affects aquatic environments and their organisms. Which of the 

benzodiazepines are decomposed in the sediment and to what extent, which of the 

metabolites are present in sediment and what are the effects of these, are benzodiazepines 

resuspended back to the water, and if so to what degree, how much is up taken by benthic 

organisms, and what are the effects of co-occurring mixtures of different pharmaceuticals? 

These are some of many questions that remain to be investigated in order to clarify the fate of 

pharmaceuticals in the environment. 
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Attachment 1. Information about active 

pharmaceutical ingredients (API) and MS/MS settings 
 

API Polarity Precursor Product CE
a
 (V) Type

b
 Q q rel.

c
 (%) LOQ

d
 (µg kg

-1
) 

Oxazepam + 287.0 241.1 22 Q 100 0.05 

 
+ 287.0 269.1 15 q 52  

Alprazolam + 309.0 281.0 25 Q 100 0.05 

 
+ 309.0 205.1 39 q 82  

Clonazepam + 315.9 270.0 25 Q 100 0.1 

 
+ 315.9 214.0 37 q 28  

Flunitrazepam + 314.3 268.2 26 Q 100 0.1 

 
+ 314.4 119.2 36 q 6  

Diazepam + 285.7 154.1 26 q 100 0.05 

 
+ 285.7 194.0 31 Q 45  

Prazepam + 325.8 140.1 37 q 100 0.05 

 + 325.8 272.1 23 Q 15  

 
a
 Collision energy. 

b 
Quantify ion (Q), qualify ion (q). 

c
 q in relation to Q, in %. 

d 
Limit of quantification.  

  325.8  272.1 23 Q 15 



 
 

Attachment 2. Counted laminations of the freeze core 

 (20 – 49 cm depth) from Lake Ekoln 

 

 



 
 

Attachment 3. Legal sale statistics of benzodiazepines 

(kg yr-1) in Sweden from year 1972 – 2012 
 

Year Oxa kg yr
-1

 Alp kg yr
-1

 Clo kg yr
-1

 Flu kg yr
-1

 Dia kg yr
-1

 

1972 347.1 0 0 0 193.8 

1973 448.7 0 0 0 182.0 

1974 513.0 0 0.1 0 171.8 

1975 578.1 0 1.5 0 169.5 

1976 651.7 0 1.7 0 179.0 

1977 759.8 0 1.7 0 179.0 

1978 880.6 0 1.9 0 180.5 

1979 1005.6 0 1.9 0 176.9 

1980 1079.0 0 2.0 0.4 167.4 

1981 1140.7 0 2.1 4.7 153.2 

1982 1243.1 0 2.2 9.7 145.2 

1983 1303.0 0 2.3 16.4 146.4 

1984 1339.5 0 2.5 25.2 147.3 

1985 1308.1 0.9 2.7 34.7 143.6 

1986 1292.1 2.3 2.7 42.8 139.6 

1987 1165.8 3.4 2.8 47.3 131.6 

1988 1110.5 4.1 2.9 50.0 126.8 

1989 10406.0 4.6 3.1 50.0 119.8 

1990 927.7 4.6 3.4 47.2 11081.0 

1991 799.3 4.6 3.7 44.5 101.8 

1992 786.2 5.2 4.0 47.3 105.2 

1993 786.5 6.1 4.4 46.9 107.3 

1994 762.7 6.7 4.7 46.5 104.9 

1995 742.9 0.3 5.2 44.2 102.3 

1996 726.2 8.7 6.0 41.7 96.1 

1997 651.8 8.8 5.1 32.7 90.0 

1998 669.8 9.7 5.9 31.7 94.6 

1999 657.6 10.5 5.9 29.8 199.9 

2000 672.9 11.1 6.1 27.0 198.0 

2001 639.9 11.6 5.8 19.8 178.0 

2002 630.6 11.9 5.9 15.7 174.7 

2003 629.2 12.3 6.0 13.9 176.9 

2004 630.3 12.5 6.2 12.8 178.6 

2005 639.9 13.1 6.4 11.6 176.4 

2006 639.0 13.5 6.7 10.4 173.2 

2007 638.2 13.6 6.8 9.4 170.4 

2008 635.7 13.7 6.7 8.5 168.6 

2009 618.9 13.3 6.6 7.6 166.0 

2010 615.5 13.3 6.7 6.9 167.2 

2011 624.5 13.4 6.6 6.3 165.7 

2012 620.7 12.8 6.5 5.4 155.2 
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