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Tiivistelmä 

 

Estrogeenit ovat steroidihormoneja, jotka voivat vaikuttaa endokriiniseen järjestelmään hyvin pieninä pitoisuuksina. 

Luonnollisten ja synteettisten estrogeenien ympäristövaikutukset ovat herättäneet lisääntynyttä huolestuneisuutta, sillä niitä 

johdetaan systemaattisesti ympäristöön ja niiden vaikutuksia ekosysteemeihin ja kertyvyyttä ravintoketjuissa ei täysin 

tunneta. Kotitalouksista lähtöisin olevat luonnolliset ja synteettiset estrogeenit siirtyvät viemäriverkostojen kautta 

jätevedenpuhdistamoille, joista ne kulkeutuvat ympäristöön, sillä nykyisiä puhdistamoita ei ole suunniteltu tällaisten 

yhdisteiden poistamiseen. Merkittävä estrogeenien lähde on myös esimerkiksi karjanlanta. Yhteisvaikutukset muiden 

kemikaalien kanssa tekevät estrogeenien ympäristövaikutusten arvioinnista hyvin hankalaa. Lisäksi analyysikustannukset 

ovat korkeita, mikä vähentää ympäristöviranomaisten ja tutkijoiden mahdollisuutta suorittaa laajoja tarkkailuohjelmia. 

Mallintaminen on nopea ja kustannustehokas työväline kemikaalien ympäristökohtalon (hajoaminen, kulkeutuminen jne.) 

arvioimiseen, mihin vaikuttaa useat monimutkaiset prosessit. Malleja hyödyntämällä vaikutuksia voidaan ennustaa ennen 

kuin kemikaaleja johdetaan ympäristöön, mikä tekee malleista tärkeän työvälineen kemikaalien, kuten estrogeenien, 

ympäristövaikutusten arvioimisessa. 

Tämän diplomityön päätavoitteena oli tutkia synteettisen estrogeenin 17--etinyyliestradiolin (EE2), sekä luonnollisten 

estrogeenien 17--estradiolin (E2) ja estronin (E1) esiintyneisyyttä, pitoisuuksia, ympäristökohtaloa ja arvioituja 

ympäristövaikutuksia. Nämä estrogeenit sisältyvät Euroopan komission luetteloon tarkkailtavista aineista, jotka voivat 

aiheuttaa vesiympäristölle merkittävän riskin. Tavoitteena oli myös tutkia ympäristökohtalomallien soveltuvuutta jätevesien 

sisältämien estrogeenien ympäristökohtalon ennustamiseen. 

Tutkimusmenetelmät sisälsivät kirjallisuuskatsauksen ja tapaustutkimuksen, jossa FATEMOD-mallinnussovellusta 

käytettiin estrogeenien ympäristökohtalon mallintamisessa valitulla tutkimuspaikalla Tampereen Pyhäjärvellä. 

Mallinnusosuus suoritettiin yhteistyössä Suomen ympäristökeskuksen kanssa. Osasta Pyhäjärveä laadittiin kaksi erillistä 

mallia. Mallinnusprosessi sisälsi ympäristön osittelun mukaan lukien ympäristöosien parametrien määrittämisen, 

estrogeenien ominaisuuksien määrittämisen, sekä estrogeeneihin ja tutkimuspaikkaan liittyvien kulkeutumis- ja 

muuntumisprosessien määrittämisen. Nämä ominaisuudet, parametrit ym. kerättiin käytettävissä olevista kirjallisuudesta ja 

tietokannoista. 

Suoritetun kirjallisuuskatsauksen perusteella estrogeeneja löydetään pieninä (ngL-1) pitoisuuksina jätevedenpuhdistamoiden 

purkuvesistä ja yleensä luonnollisia estrogeeneja korkeampina pitoisuuksina kuin synteettisiä. Synteettiset estrogeenit ovat 

kuitenkin ympäristössä pysyvämpiä ja vaikuttavat pienempinä pitoisuuksina. Vaikka useita tutkimuksia on raportoitu 

estrogeenien pitoisuuksista jätevedenpuhdistamoiden purkuvesissä ja vesistöissä, havaitut pitoisuudet vaihtelevat 

merkittävästi ja näytemäärät ovat vähäisiä johtuen korkeista analyysikustannuksista. Riskien arvioinnissa käytetyt ennustetut 

haitattomat pitoisuudet (PNEC, predicted no-effect concentration) estrogeeneille ovat 0.1-6 ngL-1 ja esimerkiksi Pyhäjärvestä 

on mitattu pitoisuuksia 0.4-0.6 ngL-1 E1:stä ja 0.064 ngL-1 EE2:sta, kun E2 oli määritysrajojen alapuolella (nopea 

muuntuminen E2:sta E1:ksi voi tapahtua ympäristössä). Vaikutuksia vesistöjen ekosysteemeihin on havaittu usein 

esimerkiksi kalojen naisistumisina ja muina poikkeavuuksina sekä muutoksina eläinplanktonin, etanoiden ja simpukoiden 

lisääntymisessä. 

Tulokset FATEMOD-malleista olivat lupaavia ja ohjelma voidaan nähdä käyttökelpoisena työkaluna mallintaa estrogeenien 

ympäristökohtaloa vesiekosysteemeissä. Tästä huolimatta vielä tarvitaan kattavampia lähtötietoja erityisesti liittyen 

estrogeenien hajoamisprosesseihin kylmissä ilmastoissa. 
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Abstract 

 

 

 

Estrogens are steroidal hormones that can affect the endocrine system at very low levels. Impacts of natural and synthetic 

estrogens on environment are under arising concern, since they are systematically discharged into environment and impacts 

on ecosystems and accumulation via food webs are not fully known. Natural and synthetic estrogens originating from 

households enter the sewage systems and are conveyed to wastewater treatment plants (WWTP). Because current WWTPs 

are not designed to remove these compounds, they are then discharged into the environment. Other significant source of 

estrogens is e.g. livestock waste. Combined and synergetic effects with other chemicals make the evaluation of the impacts 

of estrogens very complex. Furthermore, analysis costs are high which reduce the capabilities of environmental authorities 

and researchers of conducting extensive monitoring programs. Environmental fate modelling is a fast and cost-effective tool 

to evaluate the environmental fate of chemical compounds (degradation, advection etc.), which are influenced by several 

complex processes. Using models, the impacts can be predicted before the chemicals are discharged in the environment 

making it an important tool in assessing environmental impacts of chemicals such as estrogens. 

The main objective of this thesis was to investigate the occurrence, concentration, fate and estimated environmental impacts 

of the synthetic estrogen 17--ethinylestradiol (EE2) and the natural estrogens 17--estradiol (E2) and estrone (E1). These 

estrogen compounds were included in the European Commission watch list of compounds posing a significant risk to the 

aquatic environment. The secondary aim was to evaluate the suitability of environmental fate models in predicting the fate 

of sewage derived estrogens in aquatic ecosystems. 

Research methods included literature review and a case study where FATEMOD modelling software was used to estimate 

the fate of estrogens in the selected study site Lake Pyhäjärvi located in Tampere, Finland. The modelling part was conducted 

in collaboration with Finnish Environmental Institute. Two separate models representing parts of Lake Pyhäjärvi were 

constructed. The modelling process involved the compartmentalization of the environment including the attribution of 

parameters describing environmental compartments, the attribution of properties of the estrogens and the transport and 

transformation processes linked to the evaluated compounds and study site. These properties, parameters, etc. were found 

from available literature and databases. 

Based on the literature review conducted, estrogens are found in trace amounts (ngL-1) in WWTP effluents, and usually 

natural estrogens are detected in higher concentrations than synthetic estrogens. However, synthetic estrogens are more 

persistent in the environment and cause impacts at lower levels. Although several studies report on the concentration of 

estrogens in WWTP effluents and receiving waterbodies, the detected concentrations vary significantly, and number of 

samples and replicates are low due mostly to the costs of analysis. Predicted no-effect concentrations used in risk assessment 

of aquatic organisms vary between 0.1-6 ng L-1 and for example estrogens has been detected in the water of Lake Pyhäjärvi 

in concentrations of 0.4-0.6 ngL-1 for E1 and 0.064 ngL-1 for EE2, while E2 was below limit of detection (rapid transformation 

of E2 into E1 can occur in the environment). Impacts on aquatic ecosystems have been consistently observed with for 

example the feminization and other abnormalities occurring in fish, and reproduction changes in zooplankton, mussels and 

snails. 

Results from the FATEMOD models were promising, leading to the conclusion that the software can be seen as a useful tool 

for evaluating the fate of estrogens in aquatic ecosystems, although more accurate input data, especially regarding to 

degradation processes of estrogens in cold climate is still needed. 
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1 INTRODUCTION 

Estrogens are steroidal hormones that can affect the endocrine system at very low levels. 

Impacts of natural and synthetic estrogens on environment are under arising concern, since they 

are discharged in the environment and impacts on ecosystems and accumulation via food webs 

are not fully known. Exposure to estrogens in combination with other reproductive hormones 

raise concern regarding neurodevelopment and childhood behaviour, but also cause concerns 

regarding diseases (e.g. cancers) in adults and effects on the brain of adults (Bergman et al., 

2013). 

Current wastewater treatment plants are not designed to remove estrogenic compounds and 

there is a wide range of reported removal efficiencies between different studies (Hamid and 

Eskicioglu, 2012). A large number of compounds are potentially estrogenic (Alvarez et al., 

2013), and combined or synergetic effects of different compounds can occur, making the 

estimation of safe level of discharge hard. Nevertheless, studies regarding predicted no-effect 

concentrations for different estrogens separately exist (Anderson et al., 2012; Caldwell et al., 

2012). Estrogens are also very transformable substances and occur in trace amounts in 

wastewater treatment plants effluents, which make sampling and measurements of estrogenic 

compounds very complex and costly. Therefore, complementary sampling methods like use of 

biomarkers has been developed among more traditional chemical analyses. 

Environmental fate modelling is a fast and cost-effective tool to evaluate the environmental fate 

of chemical compounds, which are influenced by several complex processes. Using models, 

the impacts can be predicted before the chemicals are discharged in the environment making it 

an important tool in assessing environmental impacts of chemicals such as estrogens. 

Furthermore, models can be used to evaluate the impact of planned measures such changes in 

discharge limits, etc. Also modelling is found to be useful technique as a preliminary study to 

evaluate the possible fate and concentrations of estrogens in environment and to assist in 

choosing the potential matrices in environment for in situ sampling. 

European commission has introduced a list of principal compounds to be monitored concerning 

pollution and it is supplemented with a watch list of 10 other substances (Schröder et al., 2016). 

Substances on the watch list are considered to pose a significant risk to the aquatic environment, 

and they are monitored and high-quality data on their concentrations in the aquatic environment 
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is gathered by the Member States of European Union (European Commission, 2015). The 

synthetic estrogen 17--ethinylestradiol (EE2), and the natural estrogens 17--estradiol (E2) 

and estrone (E1) are included in this watch list. 

Thus, the main objective of this thesis was to investigate the occurrence and concentration of 

EE2, E2 and E1 discharged from municipal sewage systems to aquatic ecosystems, and evaluate 

the impacts of their discharge. The secondary objective was to learn and understand 

environmental fate models and to use one of the developed models (FATEMOD) to evaluate 

the environmental fate of sewage derived estrogens in a selected study site. The main objective 

of the thesis was accomplished via a literature review. The secondary objective was met via a 

hands-on practical modelling exercise. A case study concerning modelling the environmental 

fate of estrogens was conducted in collaboration with Finnish Environmental Institute. The 

selected study site for the modelling exercise was the Lake Pyhäjärvi located in Tampere 

(Finland). Modelling was executed using FATEMOD software (Nurmi, 2017a). 

In order to keep the content of this thesis reasonable, some content was excluded. Purification 

methods applied to remove estrogens by different wastewater treatment processes are not 

included. The impacts of estrogens on terrestrial ecosystems, e.g. via sludge from wastewater 

treatment plants, are also excluded. The focus is on estrogens derived from municipal 

wastewaters and other sources (e.g. livestock) are not reviewed. 
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2 ENDOCRINE SYSTEM, HORMONES AND ENDOCRINE 

DISRUPTORS 

A brief introduction regarding the basic principles and functionality of the endocrine system, 

hormones and endocrine disrupting chemicals (EDC) with focus on the human body are 

described in this chapter. It is important to note that this is a complex subject and the aim of 

this chapter is only to provide the reader with an overview, which highlights the importance of 

studies investigating the release and fate of EDCs into the environment. 

Endocrine system consists the endocrine glands and many other organs like female ovaries, 

male testes and pancreas, which secrete hormones into the blood. These hormones regulate 

several body functions by producing effects on their targeted cells and tissues. Special proteins, 

called receptors, are located in the target cells, and hormones exert their effects by binding to 

the receptors. Specific hormones act on specific cells that have receptors for that hormone. 

Receptors are located on the surface or inside the cells, with some receptors existing only for 

limited time, e.g. during development. In addition, the way hormones function can differ among 

different cells and different periods. (Melmed and Conn, 2005, pp.3-4; Bergman et al., 2013, 

pp.3 and 6; Khetan, 2014 pp.1-2 and 35) 

The endocrine system regulates several body processes, e.g. general growth and development 

of the brain and nervous system, reproduction system, metabolism and sugar levels in the blood 

(Khetan, 2014; p.1). When introduce to the human body, hormones can cause effects at very 

low concentrations (Nienstedt et al., 1997, p.369; Khetan, 2014, p.2), because they can bind to 

receptors. Response against hormone doses can be complex. For example, it can be described 

by a logarithmic curve where at small doses, a small dosage increase can cause a significant 

jump in the effect observed, while at higher doses a small increase in dosage will not cause the 

same significant jump in the effect observed. U-shaped response curves can also be obtained 

where highest responses occur at low and high doses, or it can be an inverted U-shaped curve 

where the highest responses are observed with intermediate doses. (Bergman et al., 2013, p.8) 

What are endocrine disruptor chemicals? How can they affect the human body? The 

International Programme on Chemical Safety (2002) has defined endocrine disruptors as 

follow: "An endocrine disruptor is an exogenous substance or mixture that alters function(s) of 

the endocrine system and consequently causes adverse health effects in an intact organism, or 
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its progeny, or (sub) populations". Endocrine disruptors affect the endocrine system and 

therefore affect the processes it regulates within the human body. They can act directly on the 

receptors or on the proteins that control the delivery of the hormone to the receptor. These can, 

for example, result on increased or decreased levels of the hormone in the blood, or the effect 

can be even more complex. Like hormones, the endocrine disruptors are specific for receptors 

and cells, and in the same way as for hormones, the response-dose curves are usually non-linear 

and can show alterations in several different ways. (Bergman et al., 2013, p.11). 

There are approximately 800 chemicals that are known or suspected to be capable of interfering 

with the endocrine system (Bergman et al., 2013, p.1). Combinations of the different chemicals 

can have influence on the effects observed, e.g. a synergetic effect can be observed when the 

presence of a specific chemical can magnify the effects of a particular hormone, etc. (Bergman 

et al., 2013, p.16). The endocrine disrupting chemicals that are more closely reviewed in this 

study are estrogens i) estrone (E1), ii) 17--estradiol (E2) and iii) 17--ethinylestradiol (EE2). 

Estrogens are steroidal hormones (Yu et al., 2013). 17--Estradiol (E2) and estrone (E1) are 

natural estrogens. The chemical formula for 17--estradiol is C18H24O2 and for estrone is 

C18H22O2. E2 is the primary female sex hormone. It effects the female reproductive cycles, the 

female reproductive tissues (e.g. breasts, uterus and vagina) and pregnancy, but it also affects 

other tissues like skin and brain. E1 is largely a byproduct of E2 metabolism. E1 is elevated 

post-menopausally. E2 is critical for both females and males, for e.g. growth, development, 

central nervous system and skeleton, but estrogen levels are lower in male's body. Estrogens 

also influences hormone-dependent diseases like breast, endometrial, and ovarian cancers, and 

osteoporosis. (Hastings et al., 2013; Khetan, 2014 pp.41-42, 256) Excessive estrogens in males 

can influence diseases like testis cancer, prostate cancer and gynecomastia (Bartos, 2009, 

p.319). 17--Ethinylestradiol (EE2) is a synthetic steroidal estrogen and it is typically used in 

contraceptives (Khetan, 2014, pp.55), hormonal replacement therapies, ovulation control, 

prostate and breast cancer treatments and hair lotions used for alopecia (hair loss). (Zuo et al., 

2013). The chemical formula for 17--ethinylestradiol is C20H24O2 (Hastings et al., 2013). 

Natural steroidal estrogens has tetracyclic molecular framework (i.e. four rings): one phenolic 

group, two cyclohexane and one cyclo-pentane ring (Adeel et al., 2017). The structural formulas 

of estrone (CAS 53-16-7), estradiol (CAS 50-28-2) and ethinylestradiol (CAS 57-63-6) are 

presented in Figures 1-3. 
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Figure 1. The structural formula of estrone (E1). (ECHA and OECD, 2017) 

 

 

Figure 2. The structural formula of estradiol (E2). (ECHA and OECD, 2017) 

 

 

Figure 3. The structural formula of ethinylestradiol (EE2). (ECHA and OECD, 2017) 
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3 ESTROGENS IN MUNICIPAL WASTEWATERS 

The amount of different types of endocrine disruptor substances is enormous and there are 

several sources from where they can make their way into the sewage system. Endocrine 

disruptors can originate from e.g. pharmaceuticals, veterinary pharmaceuticals, cosmetics, 

hygiene products, clothing, packaging, electronics, cleaning chemicals, building materials, 

pesticides, solvents, natural hormones, metals etc. (Bergman et al., 2013, pp.189-200; Khetan, 

2014, pp.4-5) 

For endocrine disruptors originated from pharmaceuticals, an important route to the 

environment is through wastewater treatment plant discharge (Helcom, 2017). Human-used 

medicines after passing through the body metabolism are excreted to the sewage system and 

discharged to wastewater treatment plants (Monteiro and Boxall, 2010, p.72). The removal of 

pharmaceuticals and personal care products in wastewater treatment plants is dependent on a 

number of factors such as the substance in particular, the purification process used, etc. For 

some substances, commonly applied treatment processes are inefficient so they are released 

with the effluent water into receiving waterbodies, while some other substances are 

concentrated in the sewage sludge (Tijani et al., 2013). Also these substances can be present as 

the parent compound or as metabolites, or they can transform back to parent compound during 

wastewater treatment process (Fawell and Ong, 2012). 

A number of endocrine disrupting substances which reach the sewage system can also originate 

e.g. from hospitals containing higher pharmaceutical residues, or from farming facilities 

including residues from veterinary pharmaceuticals, pesticides etc. Another source of 

veterinary pharmaceutical compounds which contaminates the environment are for example the 

use of livestock manure as soil amendment. Livestock waste include significant amounts of 

estrogens (Langston et al., 2005), and when these wastes are spread to fields, leaching of these 

compounds might occur with discharge into near aquatic ecosystems or infiltration to 

groundwater (Lee et al., 2003). 
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3.1 Estrogens in sewage systems 

Wastewater treatment plant (WWTP) effluents are significant contributors of estrogens to 

surface waters (Legler et al., 2002b; Välitalo et al., 2016), since current WWTPs are not 

designed to remove estrogenic compounds (Hamid and Eskicioglu, 2012). The main source of 

estrogens arriving at wastewater treatment plants are households (Vieno, 2014, p.191). The 

major pathways of estrogens into the sewage system, and from there to the environment are 

presented in Figure 4 (modified from Monteiro and Boxall, 2010, p.71). 

 

Figure 4. The major pathways of estrogens to the sewage system, and from there to environment 

(modified from Monteiro and Boxall, 2010, p.71) 
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3.1.1 Occurrence and concentrations of estrogens in WWTP 

Total estrogen discharges originated from human population is estimated to be approximately 

30 000 kg yr-1 of natural estrogens (E1, E2 and estriol (E3)) and 700 kg yr-1 of synthetic 

estrogens (EE2) (Adeel et al., 2017). Release of estrogens from livestock is suspected to be 

more than twice the rate discharged from humans (Adeel et al., 2017), but focus of this study 

is on estrogens that originates from municipal wastewaters. Vieno (2014) has roughly 

calculated based on defined daily doses of estimated estrogen usage in Finland and based on 

secretion percentages, that the amount of estrogen compounds that end up in wastewater 

treatment plants are for EE2 approximately 0.55 kg/year and for E2 approximately 15.3 kg/year. 

Estimations of EE2 are based on pharmaceuticals usage and E2 are based on pharmaceuticals 

usage and natural excretions (Vieno, 2014, pp.30-31). While based on measured concentration 

in raw wastewater, the E2 discharge to WWTPs in Finland is 29 kg yr-1 (Vieno, 2014, p.148). 

Sorption onto solid phase (sludge) and biodegradation are considered the main processes in the 

removal of estrogens from the liquid phase in WWTPs. Purifying processes of wastewater 

affect the fate of estrogens, but a full understanding of its effects is still not reached. (Ting and 

Praveena, 2017) There is nevertheless, a wide range in reported removal efficiencies of 

estrogens between different studies (Hamid and Eskicioglu, 2012). This might be due to the 

fact that, estrogens occurs in wastewater largely in conjugated forms and this conjugated 

metabolites can be deconjugated back to free estrogens during the course of treatment. For 

example, by hydrolysis with E. coli (see Chapter 3.2) which is present in wastewaters. 

Therefore, concentrations of estrogens can even increase during wastewater treatment 

processes (Vieno, 2014, p.150). 

Vieno (2015) has modelled the fate of estrogens in WWTPs and based on reported results, the 

majority of E1 and E2 either biodegrades or sorb on sludge, only very small portions exits 

WWTPs with discharging effluents. Approximately 80 % of E1 biodegrade, while the estimated 

percentage of biodegraded E2 is between 40-50 %, meaning also that higher portion of E2 sorbs 

on sludge compared to E1. Regarding EE2, the estimated fate during treatment is more evenly 

distributed between biodegradation, sorption on sludge and discharge with effluent. Properties 

of sludge, especially pH, have a direct effect on the sorption of E2 and EE2 (Vieno, 2015). 

Furthermore, estrogens are also known to desorb easily from the sludge (Vieno, 2014, p.149). 
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3.1.2 Occurrence and concentrations of estrogens in raw and treated wastewater 

Measurements of E2 and EE2 concentrations from influent and effluent water of 12 wastewater 

treatment plants in Finland was carried out during November 2013 - January 2014 (Vieno, 

2014). EE2 was below limit of quantification (LOQ 1 - 100 ng L-1) in all samples and E2 was 

detected in 10 influent samples on average of concentration 64 ng L-1 and in one effluent sample 

at concentration 1.3 ng L-1. Before this study, during years 2010-2013, E2 was detected in 

concentration 3 ng L-1 and EE2 in concentration 17 ng L-1 in effluent of one WWTP in Finland, 

while measurements were reported from two WWTPs (Vieno, 2017, p.149). Äystö et al. (2014, 

p.39) detected concentrations 10-20 ng L-1 of E1 in effluents of three samples (total of four 

samples) from wastewater treatment plants in Finland measured in October 2013. In same study 

E2 (LOQ 5 ng L-1) or EE2 (LOQ 5 ng L-1) was not detected in effluents. 

In Sweden Stockholm, the municipal Water Company conducted a four year project during the 

years 2005-2009 (Wahlberg et al., 2010), where among other compounds, estrogens 

concentration in the wastewater was measured using special analysis method. Wastewater 

treatments plants in Bromma and Henriksdal, from where the water was analysed, use 

combination of mechanical, biological and chemical treatments. The detected average 

concentrations were 19 ng L-1 in influents and 2.4 ng L-1 in effluents for E1, 4.0 ng L-1 in 

influents and 0.3 ng L-1 in effluents for E2, and approximately 0.1 ng L-1 in influents for EE2, 

while EE2 was below LOQ (0.1 ng L-1) in effluent samples. Estrogen concentrations measured 

during 1997 in Sweden from WWTP that utilized chemical and biological treatment, but no 

anaerobic denitrification were 5.8 ng L-1 of E1, 1.1 ng L-1 of E2 and 4.5 ng L-1 of EE2 in effluent 

(Larsson et al., 1999). 

The aim of this chapter was to provide the reader with a general view regarding the reported 

levels of concentrations found in the influent and effluent of WWTP, especially in Nordic 

countries. Comprehensive lists regarding the occurrence of estrogens in WWTPs can be found 

in the literature such as Hamid and Eskicioglu (2012) and Välitalo et al. (2016). 

3.1.3 Occurrence and concentrations of estrogens in sewage sludge 

Measurements of estrogens from sewage sludge are rarer than studies concerning the water 

phase (influent and effluent). In Finland, concentrations of estrogens in sludge were measured 

from seven WWTP during September - October of 2014 (Vieno, 2015). E1, E2 or EE2 were 

not detected in raw sludge or in chemically treated sludge. In digested sludge (four samples), 
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an E1 average concentration of 0.121 mg kg-1 was detected and in composted sludge (three 

samples) an average of 0.09 mg kg-1. While E2 and EE2 were not detected in composted or 

digested sludge. Limits of quantification were relatively high in this study, for raw sludge 0.1 

mg kg-1 and for treated sludge 0.05 mg kg-1 (Vieno, 2015). 

In Germany, measured concentrations in two WWTPs were: i) activated sludge: E1 37 ng g-1 

(one sample), E2 5 - 17 ng g-1 and EE2 4 ng g-1 (one sample), ii) digested sludge: E1 16 ng g-1 

(one sample), E2 9 - 49 ng g-1 and EE2 2 - 17 ng g-1 (Ternes et al., 2002). Concentrations 

between 10 - 13 ng g-1 (dw) and less than 3 ng g-1 (dw) of E2 and EE2 consecutively, were 

detected in primary and excess sludge of three WWTPs located in France (Muller et al., 2010). 

Sim et al. (2011) reported estrogen concentrations between 3.16 - 351 g kg-1 (dw) for E1 

(detected in 27 of 28 samples) and between 17.6 - 202 g kg-1 dw for E2 (detected in 6 samples) 

in sludge samples from municipal WWTPs in Korea, while EE2 was not detected. 

3.2 Transformation of estrogens 

Natural estrogens usually enter wastewater as metabolites and/or conjugated estrogens (i.e. 

inactive form) from urine and as free estrogens (i.e. active form) from feces, which are formed 

when estrogens are metabolized and excreted from the body (Liu et al., 2009). Also testosterone 

and androstenedione can be converted into E2 or E1 via aromatization in human body (Melmed 

and Conn, 2005, p.58). Human urine consists mainly of estrogen glucuronide conjugates, but 

also small amounts of estradiol (E2) and metabolites of estriol (E3) and estrone (E1) (Legler et 

al., 2002a) occur. In feces, the estrogen amount is smaller, E2, E3 and E1 have been found at 

low level in the feces of women (Legler et al., 2002a). During wastewater treatment processes, 

microorganisms revert conjugated estrogens quickly to free estrogens (Yu et al., 2013), but also 

conjugated forms are suggested to enter waterbodies among WWTP discharge effluent (Liu et 

al., 2009). Conjugated estrogen metabolites have been deconjugated back to biologically active 

estrogens via enzymatic hydrolysis from enzymes which live in Escherichia coli cells and -

glucuronidase in a study by Legler et al. (2002a). The authors suggested that the conversion of 

glucuronide conjugates to free estrogens may form a major source of estrogens in aquatic 

ecosystems. In the same study, estrogen metabolites extracted from fish bile samples was 

converted to active estrogens using enzymatic deconjugation. 
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The main degradation product of E2 is suggested to be E1 (Adeel et al., 2017). E2 is known to 

oxidize to E1 while in contact with activated sludge under aerobic conditions, after which E1 

can be further degraded (Ternes et al., 1999). Likewise, in river waters, microbial 

transformation of E2 to E1 has been observed (Jürgens et al., 2002; Writer et al., 2012), which 

after E1 was further degraded via intermediate products eventually to CO2 (Jürgens et al., 2002). 

Similar conversion of E2 to E1 in anoxic sediment beds was reported by Czajka and Londry 

(2006), although the conversion was not complete and transformation of E1 back to E2 was 

suspected. Synthetic estrogen EE2 occurs in higher amounts in urine and feces than E1 and E2, 

and higher amount of EE2 is also found in conjugated form than as free EE2 (Legler et al., 

2002a). High EE2 concentrations found in sewage system can also be due to the contribution 

from the partial conversion of other drugs to EE2 (Larsson et al., 1999). For example, mestradol 

(MeEE2), which is also used in contraceptives, can form EE2 by demethylation (Zuo et al., 

2013). 

 A schematic model regarding the potential transformation pathways of estrogens and factors 

affecting degradation made by Adeel et al. (2017) is presented in Figure 5. Microbial 

transformation of one estrogen to another, e.g. E1 to E3, under aerobic conditions is known to 

exist, but also synthetic EE2 can be converted to E1 by microorganism (Adeel et al., 2017). 

 

Figure 5. Interconversion pathways of natural and synthetic estrogens. (Original figure Adeel 

et al., 2017, p.113, https://doi.org/10.1016/j.envint.2016.12.010, Creative Commons user 

license https://creativecommons.org/licenses/by-nc-nd/4.0/). 

https://doi.org/10.1016/j.envint.2016.12.010
https://creativecommons.org/licenses/by-nc-nd/4.0/
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3.3 Sampling methods and analysis 

Estrogens occurs in trace levels in aquatic ecosystems making its detection difficult and costly. 

Even though concerns of the occurrence of pharmaceutical residues in wastewater is 

acknowledged, standardized monitoring methods are still missing (Helcom, 2017). 

Nevertheless, estrogens 17--ethinylestradiol (EE2), 17--estradiol (E2) and estrone (E1) are 

in the watch list of principal compounds to be monitored by the Member States of European 

Union and the following maximum acceptable detection limits have been defined: 0.035 ng L-

1 for EE2, 0.4 ng L-1 for E2 and 0.4 ng L-1 for E1 (European Commission, 2015). Limit of 

detection (LOD) refers to the concentration value above which it can be confirmed (with a 

stated level of confidence) that a sample differs from a blank sample (European Commission, 

2009). While limit of quantification (LOQ) is a multiple of LOD and it is a concentration that 

can be determined with an acceptable level of accuracy (European Commission, 2009). 

Estrogens can go through a series of transformations as previously described in Chapter 3.2. 

Transformation of estrogen conjugates to active estrogens may form a major source of estrogens 

in aquatic ecosystems (Legler et al., 2002a), and therefore it is important to note these forms 

during monitoring.  

WWTP effluents normally consist of a complex mixture of substances, which can also vary 

over time. Instead of measuring the occurrence of one substance in effluents, the development 

of more holistic techniques such as whole effluent assessment (WEA) are of interest, as well as 

including different factors like persistence and bioaccumulation in analysis. WEA approaches 

are usually seen as complementary sampling, to be used in combination with the substance-

oriented sampling. WEA approaches can be applied also to receiving aquatic ecosystems, 

improving the evaluation of both water and sediment condition. The main advantage of these 

approaches is to gain information regarding to the toxicity of the effluent, even though exact 

chemicals or the mixture of them causing the impacts are not known. However, WEA 

approaches often assess the toxicity of the effluent to aquatic organisms, which has raised 

ethical concerns about using animals (fish) in testing. Acute toxicity means the adverse effects 

of a sample that occurs within short (typically 0-12 h for single celled organisms and 2-4 days 

for higher organisms) period of exposure, and it consists of measuring mortality, immobility, 

decreased growth or metabolic rate. Chronic toxicity refers to adverse effects that occur only 

after long-term exposure, and it can include the assessment of e.g. reduced fecundity or 

decreased growth rate. (ECETOC, 2004) 
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Chemical analytical methods can be used to monitor the concentrations of specific substances. 

The preparation of samples is a key factor and a time-consuming phase in chemical analyses 

(Tomšiková et al., 2012). EPA method 1698 and EPA method 539 are standard methods for 

measuring concentrations of estrogens in environmental samples (Loos, 2015). For example, 

EPA method 1698 measures estrogens in samples by isotope dilution and internal standard 

high-resolution gas chromatography combined with high-resolution mass spectrometry with 

detection limit of 0.1 ng L-1, while EPA Method 539 has a bit higher limit of detection 0.39 ng 

L-1 (Loos, 2015). In the analysis of estrogens, separation by liquid chromatography (LC) and 

detection by tandem mass spectrometry (MS) is found to be the most promising technique, 

because of the sensitivity and specificity of the method (Tomšiková et al., 2012). Both 

conjugated and non-conjugated estrogens are possible to determine without hydrolysis or a 

derivatization step in LC-MS (Tomšiková et al., 2012). One method to evaluate in situ 

concentrations of estrogens is adsorption passive sampling, where passive samplers collect in 

situ concentration of estrogens in sorbent material by diffusion (Škodová et al., 2016). 

Promising results was obtained by Škodová et al. (2016) regarding the monitoring of estrogens 

by passive samplers, although several limitations also occurred (e.g. low sorbent uptake 

capacity of samplers, which limits the duration of exposure periods). Passive samplers were 

deployed in water for periods of 2 - 14 days in Czech Republic and results were compared to 

concentrations measured from daily collected water samples. The authors reported that 

concentrations estimated by using passive samplers were within a factor of two from water 

sample concentrations. The authors suggested that, the results from passive samplers were more 

steady because of the integrative uptake of estrogens, while in the results from water samples 

clear peaks were observed. 

Biomarkers measure biochemical, cellular or molecular responses, and it is important monitor 

responses caused by the effluent or by other stress factors. However, it might be difficult to 

separate (ECETOC, 2004) these responses from the effect of other factors. A common example 

of biomarker is the induction of vitellogenin (VTG) in the blood plasma of male fish under 

estrogenic exposure (Allen et al., 1999). VTG is synthesised by the liver exclusively in response 

to estrogens, and it mostly does not occur naturally in male fish, so it is excellent biomarker to 

evaluate exposure to estrogenic compounds (Allen et al., 1999). VTG test measures VTG in 

fish plasma, the duration of exposure during the test is 72 hours and it has ISO 23893-3 standard 

(Schultz et al., 2014). It is sensitive (Sun et al., 2017) and it is probably the most widely known 

biomarker for estrogenic exposure (Schultz et al., 2014). VTG levels can be measured using 
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enzymelinked immunosorbent assays (ELISA) (Kirby et al., 2004). A great advantage of 

biomarkers like mussels and oysters is that they can accumulate toxicity over time, however, 

surviving in highly polluted WWTP outfalls can be a problem for them (Chiu et al., 2016). 

Bioaccumulation is commonly investigated via the detection of a compound of interest in fish 

tissue after exposure to samples (Schultz et al., 2014). 

Biological assay (bioassay) is an experimental method for the quantitative estimation of a 

compound, it measures the effects of a compound in a living organism (Hine and Martin, 2015). 

Bioassay methods can for example be used to give a warning, if the effluent toxicity have 

changed (ECETOC, 2004). A common bioassay method applied to evaluate estrogenic activity 

of water samples is Yeast Estrogen Screen (YES). YES utilizes yeast cells and it measures 

activation of estrogen receptor transmitted from human under exposure to estrogenic 

compounds. The duration of exposure during test is 3 - 5 days (Schultz et al., 2014). Large 

number of substances are potentially estrogenic and using bioassay testing to evaluate 

estrogenic activity is more cost-effective than conducting chemical analyses to identify all these 

compounds (Alvarez et al., 2013). Genotoxicity tests measure the adverse effects on genetic 

material (ECOTOC, 2004). A common genotoxicity test applied to estrogenic testing is umu 

assay. Umu assay is based on DNA damage in umuC gene of Salmonella enterica bacteria, the 

duration of exposure is 2 hours and it has ISO 13929 standard (Schultz et al., 2014). One 

sensitive gene assay applied for assessing estrogenic activity is ER-CALUX®, which is rapid 

and simple, and ideal for small samples (Legler et al., 2002a). Acute toxicity tests can be 

conducted e.g. by using water flea Daphnia magna. Test has ISO 6341 standard and it measures 

immobilisation in water fleas after 48 h exposure to studied sample (Schultz et al., 2014). In 

chronic toxicity tests using D. magna (ISO 10706 standard) reproductive and survival rates of 

D. magna under 21 days exposure is evaluated (Schultz et al., 2014). 

Välitalo et al. (2016) studied estrogenic activity in eight WWTP effluents in Finland and 

compared different approaches: chemical analysis (LC-MS/MS), a biochemical assay (ELISA-

E2), a reporter gene assay (ER-CALUX®), acute toxicity (D. magna and V. fischeri) and 

chronic toxicity (D. magna). Using chemical analysis, E1 was detected in all samples and E2 

in two samples, but EE2 was not detected. Chemical analysis detected E1 concentrations 

between 2.7 - 27.2 ng L-1, while E1 concentrations calculated using ER CALUX® were 0.043 

- 0.18 ng L-1. The E2 concentrations measured by ELISA-E2 assay were approximately 10 

times higher compared to results obtained from the chemical analysis or ER CALUX®. Acute 
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toxicity was not observed in any samples, but in chronic toxicity tests, significant mortality 

among the offspring in two of the strongest samples occurred.  

One important factor affecting the reliability analysis is how the sampling is conducted. 

Sampling methods, sampling equipment, materials and purity of sampling jars, storage of the 

samples (temperature changes, storage time, exposure to light) can all impact the results and 

should be planned carefully (Schultz et al., 2014). Sampling time and sampling frequency are 

important, especially when fluctuation in concentrations are expected. A composite sample can 

be taken from specific time intervals from WWTP effluent to decrease the impact of fluctuation. 

Škodová et al. (2016) studied estrogen levels in WWTP effluent during 2 - 14 days period and 

reported fluctuations in detected concentrations between sampling days. Environmental 

conditions also affect the suitable sampling methods for example, cold climate might limit the 

use of some aquatic organisms. When sampling is extended from the effluent to aquatic 

environment, it is important to measure concentrations in different matrices, e.g. different water 

and sediment layers, or in aquatic organisms. The fate of compounds can be estimated 

beforehand by using environmental modelling (see Chapter 5) to help in the selection of the 

most suitable matrices for highest estrogen content and to minimize the cost of sampling. 
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4 IMPACTS OF ESTROGEN DISCHARGE 

The complexity of the process of evaluating the impacts of endocrine disruptors arise from the 

synergetic and combined effects of different chemicals. Aquatic and terrestrials organisms and 

animals, as well as humans, can be expose to a large amount of chemicals, which individually 

might occur in low concentration, but in combination can cause adverse effects. (Mackay, 2001, 

p.39) Endocrine disruption impacts may originate from natural or synthetic hormones, or 

substances that can mimic or block their actions. Among the compounds that have ability to 

mimic the action of hormones, include e.g. naturally-occurring phyto-estrogens and industrial 

chemicals like alkylphenols, phthalates, polychlorinated compounds and polybrominated ethers 

(Langston et al., 2005). In this study, the focus is on estrogens E1, E2 and EE2, and the impacts 

of these estrogens on the aquatic ecosystems will be presented in this chapter. 

The impacts of estrogen and estrogen like compounds can be described by their estrogenic 

potency. The estrogenic potency can also vary between E1, E2 and EE2. Legler et al. (2002a) 

reported approximately 5 to 500 times smaller estrogenic potency for E1 than for E2, and 

slightly higher potency for EE2 compared to E2, while studying estrogenic activity of 

estrogens. Predicted no-effect concentration (PNEC) is defined as "the concentration below 

which specified percentage of species in an ecosystem are expected to be protected" (European 

Environment Agency, 2017). Caldwell et al. (2012) has recommended a PNEC of 0.1 ng L-1 

for EE2, 2 ng L-1 for E2 and 6 ng L-1 for E1 for use in risk assessment of aquatic organisms. 

Anderson et al. (2012) studied PNECs for significant reproductive effects in fish, and reported 

E2-equivalent concentrations 2 ng L-1 for short-term and 5 ng L-1 for long-term exposures to be 

levels that above most likely will impact to fish reproduction (described in more details in 

Chapter 4.1.3). 

4.1 Impacts on aquatic ecosystems and bioaccumulation 

Environmental conditions and microbial community affects transformation rates of estrogens, 

and therefore it is hard to forecast their accumulation. Bioaccumulation of estrogens via food 

webs is likely to occur. Accumulation of estrogens e.g. in sediment beds are a potential risk to 

benthic organisms and filter-feeders. Although a larger number of studies have been conducted 

on the impacts of estrogens on fish, investigations focusing on other aquatic organisms have 

also been conducted. 
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4.1.1 Biodegradation and photochemical degradation in water 

One vital pathway concerning environmental accumulation of estrogens in aquatic ecosystems 

is microbial biodegradation, which has been under intensive research but current knowledge of 

biodegradation pathways are still limited (Yu et al., 2013). Nevertheless, oxygenation is 

possibly a critical factor influencing degradation (Langston et al., 2005). Microorganisms in 

aquatic ecosystems are capable of transforming 17--estradiol (E2) to estrone (E1). In a case 

study reported by Jürgens et al. (2002) half-lives of 0.2 to 9 d were observed in microbial 

transformation of E2 to E1 at 20 C in river water, and after that E1 was further degraded at 

similar rates via intermediate products eventually to CO2. In same study, photodegradation of 

E2 was also observed with half-lives of 10 d (clear water and 12 h of sunlight per day). Writer 

et al. (2012) also reported on the transformation of E2 to E1 downstream points from WWTP 

effluent discharge. 

17--Ethinylestradiol (EE2) has higher stability and it is not as biodegradable as natural 

estrogens, and for that reason might have significant importance on impacts to aquatic 

ecosystems (Jürgens et al., 2002). The chemical structure of EE2 differs from natural estrogens 

and microorganisms might lack the enzymes needed to convert these structures into useful 

products (Zuo et al., 2013). In contrast to biodegradation, EE2 seems to be susceptible to 

sunlight-induced photochemical degradation (Zuo et al., 2013). In the case study by Zuo et al. 

(2013), the concentration of EE2 found in the waters of Lake Quinsigamond (Massachusetts - 

USA, measured near hospital) was 11.1 ng L-1 in the summer. The concentration was believed 

to be so high that it could certainly affect the development and reproduction of fish, and other 

aquatic organisms. In the same case study, slow degradation of EE2 with an estimated half-life 

of 108 days was observed. The authors report that at first a long microbial acclimation phase 

occurred followed by slow degradation. The lag phase was longer under anaerobic conditions 

than under aerobic. Photochemical degradation was much faster with reported half-life of EE2 

of only 23 hours under sunlight irradiation. Jürgens et al. (2002) reported that a 17 days half-

life of EE2 in microbial degradation was observed in river water (Thames River, England) at 

20 C, which was significantly lower than the half-life observed in the previously mentioned 

case study by Zuo et al. (2013). 

4.1.2 Biodegradation and accumulation in sediment beds 

The major attenuation mechanism of E2 in streams is sorption to suspended matter and bed 

sediments, and to stream biofilm (Writer et al., 2012). Studies on the sorption behaviour of E1 
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and E2 under estuarine conditions suggested that colloidal particles are significantly stronger 

sorbents for E1 and E2 than sediment particles (Bowman et al., 2002). Overall, transformations 

rates vary between different studies indicating that environmental conditions and for example 

microbial community affect these rates. 

Czajka and Londry (2006) reported that the transformation of E2 to E1 in anoxic sediments had 

an average of half-life of 12 days. E2 was not transformed completely and the remaining 

concentration detected from anaerobic sediments under different conditions were 0.2 - 2.2 mg 

L-1. Also transformation of E1 back to E2 was suspected. Significant shorter half-lives of 0.37 

and 0.66 days for the transformation of E2 to E1 in anoxic sediments were found by Jürgens et 

al. (2002), who also mentions that this might lead to the accumulation of E1 in sediment beds. 

In the same study, for degradation of E1 in the sediments under anaerobic conditions half-lives 

of 11.5 and 14.3 days have been reported, while under aerobic conditions occurred much faster 

degradation with half-life 0.42 days. Correspondingly, faster degradation of E2 has been 

reported in the sediments under aerobic conditions (half-life 0.11 d) than under anaerobic 

conditions (half-life 0.37 d) using laboratory incubation (Jürgens et al., 2002). 

Like in water, also in sediments EE2 is observed to be more persistent than E2. Degradation of 

EE2 was not observed in research by Czajka and Londry (2006). It is suggested that the fate of 

EE2 in the anoxic sediments is dominated rather by sorption than by degradation. For these 

reasons, anoxic sediments may become reservoirs of estrogens and leaching might occur, when 

sediment beds are disturbed. (Czajka and Londry, 2006) 

Accumulation of estrogens in sediments, especially in deeper sublayers, generates the potential 

risk of groundwater contamination (Labadie et al., 2007). Labadie et al. (2007) reported 

probable migration of E1 within pore water into deeper sediment layers. A 9-fold higher 

concentrations of E1 was found at the hydraulic boundary layer (alluvium-clay interface at 15 

cm depth) of the sediment bed than at the surface layer measured downstream from wastewater 

discharges. Accumulation of estrogens in sediment beds are also potential risk to benthic 

organisms and act as a secondary source especially to filter-feeders (Langston et al., 2005). For 

example, flounder (Platichtys flesus) live in near contact with sediments and feed on benthic 

invertebrates, and environmental estrogenic contamination has been observed in flounders at 

several points of United Kingdom industrialized estuaries (Allen et al., 1999; Kirby et al., 

2004). 
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4.1.3 Impacts on fish 

Effluents from wastewater treatment plants are causing estrogenic effects on fish. In male fish, 

the levels of serum E2 observed raised by 13-16 fold in a three week exposure period in the 

outfall of wastewater treatment plant in Lafayette County (USA) (Tilton et al., 2002). Larsson 

et al. (1999) observed in Sweden 104-106 times higher estrogen concentrations in fish (juvenile 

rainbow trout of both sexes) caged for two weeks downstream from a WWTP than 

concentrations of estrogens in water. Also conversion between E1 and E2 in the fish was 

suspected (Larsson et al., 1999). Estrogenic impacts in juvenile or male fish are often observed 

as the occurrence of female vitellogenin (VTG) production (Langston et al., 2005), i.e. as 

feminization. Excessive VTG production can cause metabolic stress and abnormalities like 

enlarged liver and kidney, smaller body size and differentiation in the fish body shape (Herman 

and Kincaid, 1988). Estrogen also affects the development of ovaries (Bergman et al., 2013, 

p.15), development of secondary sexual characteristics (Larsson et al., 1999) and E2 has been 

indicated to have an important role in the timing of the reproduction (Langston et al., 2005). 

Also Martin-Robinchaud et al. (1994) reported about feminization in fish (lumpfish, 

Cyclopterus lumpus L.) that were fed using brine shrimps enriched with E2 as food. 

The brain of the fish is sensitive to hormones throughout its life; it is not permanently sexualised 

during early stages (Bergman et al., 2013, p.118). E2-equivalent concentrations of 2 ng L-1 for 

short-term and 5 ng L-1 for long-term exposures will most likely affect fish reproduction 

(Anderson et al., 2012). There has been several fish reproduction studies concerning estrogens 

E1, E2 and EE2, and more information about those can be found from e.g. Caldwell et al. 

(2012), where a wide list of the studies is reviewed. 

4.1.4 Impacts on other aquatic organisms 

Estrogens are known to have an impact on controlling the biochemistry, physiology and 

behaviour of some invertebrate species, but there are fewer studies with unequivocal 

confirmation of significant effects in invertebrates than there are in fish, probably because 

invertebrates are more difficult to examine (Langston et al., 2005). 

Atienzar et al. (2002) studied DNA effects in developing zooplankton (barnacle larvae) exposed 

to 10 g L-1 E2 for 8 days, and reported about DNA damages and potential mutations. Moore 

and Stevenson (1991) observed high levels of intersexuality (individuals bearing characteristics 

of males and females) in harpacticoid copepods in Scotland in the vicinity of wastewater 
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effluents. Though, Breitholtz and Bengtsson (2001) studied effects of E2 and EE2 to mortality, 

larval development rate, fecundity and sex ratio in harpacticoid copepod (Nitocra spinipes), 

and found no measurable effects. Multigenerational study regarding the effects of EE2 at mean 

exposure level of 0.101 ng L-1 on Daphnia magna, and observed impacts on reproduction, body 

size and number of offspring (Dietrich et al., 2010). While another study reported about altered 

reproduction and multigenerational effects on cladoceran (Diaphanosoma celebensis) when 

exposed to E2 at 10-1000 g L-1 concentrations (Marcial and Hagiwara, 2007). 

Janer et al. (2004) studied effects in mussels (Mytilus galloprovincialis) exposed for 7 days to 

E2 with first concentrations 20, 200 and 2000 ng L-1 of E2 in water, which was decreased after 

24 h to concentrations of 17, 13 and 129 ng L-1. For the highest concentration, a significant 10-

fold increase in tissue E2 titres was observed. Also dope-dependent increase of total E2 levels 

(including free and estefried estradiol) and differences between gamete maturation in different 

treatments was found. Jobling et al. (2003) observed time- and dose-dependent effects on 

embryo production in snails (Potamopyrgus) exposed for 28 and 42 days to treated WWTP 

effluent (concentration 100, 50, 25 and 12.5 % of WWTP effluent mixed with river water). 

Also effects on embryo production were observed, when snails were exposed to EE2 at 1, 5, 25 

and 100 ng L-1 concentrations for 9 weeks. Accumulation of E2 by brine shrimp (Artemia) with 

140, 90 and 231 ng E2/mg dry wt. of tissue after 24 hours at concentrations of 5, 10 and 20 mg 

L-1 was observed by Martin-Robinchaud et al. (1994). A study carried out to evaluate the effects 

of EE2 at concentration 10 ng L-1 for 96 hours on bullfrog tadpoles (Lithobates catesbeianus) 

observed tachycardia in animals (Salla et al., 2016). It was suggested that EE2 acts directly in 

the cardiac muscle of tadpoles, because exposure to EE2 did not affect the activity level of the 

animals. 

4.1.5 Spread via food web 

Metabolic half-lives of estrogens in humans are fast: 20 min for E2 and 17-20 h for EE2, 

respectively (Lai et al., 2002; Langston et al., 2005). In fish and in invertebrates these half-lives 

may be considerably longer. Estrogens have high potency even at low concentrations, and are 

therefore important to study with caution. Dietary exposure is relatively small, but may be 

important to specific species in nature. (Langston et al., 2005) 

Aquatic organisms' exposure to estrogens E1, E2 and EE2 may occur via bioaccumulation, 

which is dependent on diet, respiratory, dermal exposure, metabolism and excretion. Based on 
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the food web modelled by Lai et al. (2002), bioaccumulation was likely to occur in all modelled 

organism levels, but in relatively low concentrations, and the significance of the flux of 

estrogens via food seems to be negligible compared to flux from respiration. Although, the 

importance of the bioaccumulation of estrogens might be higher is some sensitivity 

physiological state of an organism. (Lai et al., 2002) 

Kidd et al. (2014) inducted a whole-lake experiment in Canada to study the direct and indirect 

responses of a freshwater food web to EE2 with seasonal mean concentration of 4.8 - 6.1 ng L-

1 of EE2. During three summers, the abundance did not decline in algal, microbial, zooplankton 

or benthic invertebrate communities. No apparent effect of EE2 on total phytoplankton biomass 

was detected, but an atypical decrease was observed in Simpson's diversity index for algae 

during the experiment. Decrease in relative abundance and biomass in small-bodied fish 

community (fathead minnow) was observed during and after the treatment summers, and a 

decline of top predators (lake trout), probably as a response to a decreased prey species, was 

observed. Also increases in some taxa of crustacean zooplankton and rotifers occurred, maybe 

as a response to reduced predation pressure from fish. Schematic figure of population’s 

responses to treatment made by Kidd et al. (2014) is presented in Figure 6. 

 

Figure 6. Schematic of the population responses to exposure of EE2 additions during three 

summers. Solid arrow = direct effect, hatched arrow = indirect effect. Responses by percentage 

changes in abundance or biomass. (Original figure Kidd et al., 2014, p.8. Used by permission 

of the Royal Society. Precise following periods etc. for all the species is provided by Kidd et 

al., 2014) 
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4.2 Impacts on humans 

The impacts of estrogens on humans described in this chapter are associated with overall 

estrogen exposure, not specifically exposure that originates from aquatic environment. As 

Mackay (2001, p.1) has addressed, the difficulty to assess the risks of the chemicals in the 

environment to human health is due two main things: (1) the exposure to these chemicals is 

often at so low that measuring is hard at statistically significant level because of the noise of 

natural population variation, and (2) the exposure can simultaneously be to several substances 

causing combined or synergetic effects. 

Estrogens typically affects the endocrine system at very low levels. Dose-response curve of 

hormones is S-shaped (although more complex occur). When dose increases, the response 

increases logarithmically until saturation point is reached. Meaning that even small changes 

can be significant regarding the responses. Also exposure during specific development stages 

(e.g. fetal and childhood) can be more vulnerable compared to exposure of adults. Exposure to 

estrogens in combination with other reproductive hormones raise concern regarding 

neurodevelopment and childhood behaviour, but also causes concerns regarding diseases in 

adults and effects on the brain of adults. Endocrine disrupting chemicals (EDCs) are linked to 

different type of cancers. The risk for breast cancer, endometrial cancer, ovarian cancer and 

prostate cancer increases with higher estrogen exposure during lifetime, and also possible 

involvement of estrogen to thyroid cancer has been addressed. Estrogens can influence bone 

maturation and mineralization as well as (among other hormones) are important for 

metabolism. The impacts of EDCs on humans are reviewed comprehensively by Bergman et 

al. (2013) at State of Science of Endocrine Disrupting Chemicals - 2012. (Bergman et al., 2013) 
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5 EVALUATING THE FATE OF ESTROGENS IN AQUATIC 

ENVIRONMENT USING MODELS 

Because of the several complex processes involved, time dependence and high number of 

sampling and analysis required, the determination of the fate and impacts of chemical 

compounds in the aquatic environment is a very difficult task. For some compounds, a number 

of factors can make the estimation of impacts even more difficult. In the case of estrogens, one 

complicating factor is that they affect the environment in very low concentration and measuring 

such trace amounts from water and sediment matrices is difficult and expensive. The use of fate 

models based on the most significant processes, properties of chemical compounds and 

properties of environments is a fast and cost-effective tool while trying to understand the 

environmental fate of chemical compounds and to simulate impacts of planned actions in long-

term. Multimedia models have been developed to evaluate the concentrations of chemicals in 

multiple environmental matrices simultaneously, while single-media models for air, water or 

soil pollution were not comprehensive enough for assessing the total environmental impacts of 

chemicals (Suciu et al., 2013). Two fundamentally different model types are used while 

evaluating the environmental fate of chemical compounds: 1) statistical, knowledge-based 

models and 2) mechanistic, process-based models (Webster et al., 2005, p.11). Examples of 

different environmental fate models are listed in Table 1 (Socopse, 2009; Suciu et al., 2013; 

Nurmi 2016). The majority of the environmental models seems to be based on principles 

presented by Mackay (2001), as well as in this thesis the focus is on the equilibrium criterion 

approach (EQC) and FATEMOD model, which are introduced in this chapter. 

While modelling the fate of chemical compounds, the focus of interest can be e.g. on evaluating 

the concentration of that substance in specific environmental matrices with time. When 

evaluating the impact of a substance to the environment, six factors are important: quantity, 

persistence, bioaccumulation (i.e. uptake by organisms), potential for transportation, toxicity 

and other adverse effects (Mackay, 2001, pp.31-35). The complexity of assessing the impact of 

a specific substance increases when mixtures of different substances occur. This is due to the 

combined or synergetic effects caused by the mixture. Substances might cause different effects 

when they exist simultaneously with other substances, or the magnitude of the effects might 

vary.  
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Table 1. Environmental fate models used in aquatic environments (refered by Socopse, 2009, 

Suciu et al., 2013 and Nurmi 2016). 

Model Description Reference 

EQC-models See Chapter 5.1. Mackay, 2001. 

FATEMOD See Chapter 5.5. Paasivirta, 2006; 

Nurmi, 2016. 

SimpleBOX Multi-media environmental 

fate model including levels 

III-IV of Mackay calculation 

(see Chapter 5.1). Used in 

risk assessment in EU. 

Schoorl et al., 2015. 

POPCYCLING-Baltic Fate assessment of persistent 

organic pollutants in the 

Baltic Sea environment. 

Wania et al., 2000. 

AQUATOX Evaluates fate and effects of 

various stressors in aquatic 

ecosystems. 

Park et al., 2008. 

ChemCAN Evaluates fate of chemicals 

in a region. Includes level III 

of Mackay calculation (see 

Chapter 5.1). 

Webster et al., 2005. 

GREAT-ER The geo-referenced regional 

exposure assessment tool for 

European rivers. Used in 

environmental risk 

assessment. 

Kehrein et al., 2015. 

 

The removal of a chemical substance from the aquatic environment is mainly performed by 

hydrodynamic transport or transformation through chemical reactions, or the combination of 

both. Hydrodynamic transport is usually three dimensional and can include advection, 

dispersion and/or vertical turbulent mixing and convection. Advection is the horizontal 

transport caused by flowing media, e.g. inflow and outflow of water or particles present in 

water. In the rivers, the longitudinal advection is generally the primary flow while lateral 

advection across the river channel is usually small. Dispersion refers to the horizontal spreading 

by turbulent mixing and molecular diffusion caused by concentration gradients. Convection is 

the vertical transport, and it is usually very small in rivers. (Ji, 2008) 
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5.1 Equilibrium criterion approach 

The equilibrium criterion approach is founded on the mass balance principle, which states that 

mass is not created nor disappeared. An important parameter within the equilibrium criterion 

approach used in models elaborated to access the fate of chemical compounds in the aquatic 

environment is Fugacity. Fugacity is a quantity that describes chemicals tendency to escape 

from phase to another, and it is used as equilibrium criterion. The principle of fugacity is similar 

to that of partial pressure, in a mixture of ideal gases they are identical. Fugacity is 

logarithmically related to chemical potential, and nearly linearly related to concentration. It is 

also used in a form of the ratio of fugacity to chosen reference fugacity, and is then called 

activity. Fugacity was first introduced by G.N. Lewis in 1901. (Mackay, 2001, pp.73-74) 

The fugacity equation (1) for a solution in liquid phase at low concentrations is presented below.  

𝑓𝑖 = 𝑥𝑖𝑖
𝑓𝑅      (1) 

where:  

fi = fugacity of solute i in solution 

xi = mole fraction of solute i in solution 

i = activity coefficient of solute i 

fR = reference fugacity 

Reference fugacity is the fugacity of a solute in pure liquid state when xi is 1.0 and i is 1.0. 

(Mackay, 2001, p.79) 

When assessing environmental partitioning, one key quantity is Z, which is fugacity capacity 

and it has units of mol/(m3Pa). A solute has affinity to migrate or stay in the phase, which has 

the largest fugacity capacity, and by movement it balances the differences. Fugacity capacity 

depends on the nature of the chemical, the nature of the medium, temperature, pressure and 

concentration. (Mackay, 2001, pp.78, 102, 110) 

Fugacity equation (2) at low concentrations is described below (Mackay, 2001, p.78). Equations 

for calculating fugacity and fugacity capacities are described in detail by Mackay (2001). 
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𝐶 (
𝑚𝑜𝑙

𝑚3
) = 𝑍 (

𝑚𝑜𝑙

𝑚3𝑃𝑎
) × 𝑓(𝑃𝑎)    (2) 

where:  

C = concentration 

 Z = fugacity capacity 

 f = fugacity 

Mackay (2001, cited in Webster et al., 2005, pp.17-20) has divided modelling calculation in 

four levels: 

- Level I: Simple equilibrium partitioning 

- Level II: Equilibrium partitioning with advection and reactions 

- Level III: Steady-state with multimedia transport 

- Level IV: Unsteady-state 

Level I assumes closed system at equilibrium and steady-state conditions, it is the simplest 

multimedia environmental representation. Level II includes also inflows, outflows and 

reactions, and a continuously stirred tank reactor (CSTR) assumption is made, meaning that the 

volume of phases are assumed to be well stirred (i.e. have equal concentrations). Level III do 

not assume environmental partitions to be in fugacity equilibrium (i.e. compartments can have 

different fugacities), but shifting toward equilibrium state (Nurmi, 2016, p.23). Level IV is 

extended to assume unsteady-state conditions. Level III representation is the most commonly 

used, while the most realistic Level IV representation is often not used due to its complexity 

and data requirements (Kilic and Aral, 2009). 

5.2 Environment partitions in models 

Generally, environment can be divided in three main sections: atmosphere (air and aerosols), 

hydrosphere (water, particulate matter and aquatic biota) and lithosphere (bottom sediments 

and terrestrial soils). Models can be elaborated with more or less detailed environment 

partitions, for example, it can be a simple four-compartment environment or a more accurate 

eight-compartment environment. The environment segments in the eight-compartment 

environment division are air, aerosols, soil, terrestrial biota, water, aquatic biota (e.g. fish), 
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suspended matter and bottom sediment. More divisions are possible to improve the description 

or accuracy of referred partitions and their interactions. (Mackay, 2001, pp.55-62) 

When modelling estrogens E1, E2 and EE2 discharge from treated wastewater effluent to 

surface waters, the important environment types to consider in the model are water, aquatic 

biota, suspended matter and bottom sediment. Since the estrogens E1, E2 and EE2 do not have 

tendency to partition to air (see Chapter 5.3). In addition to different environment types, 

environment can also be divided into sections, which are assumed to be well-mixed volumes, 

and using this sectioning-approach e.g. lake or river is considered to be a series of connected 

environment compartments (Mackay, 1983). 

5.3 Important attributes and parameters 

The number of used environment compartments increases the complexity of the model, which 

is also dependent on the surveyed chemical compound and its behaviour in the environment. 

Complexity also increases the number of parameters and attributes needed in the model, and 

they usually have some uncertainty, meaning that also the overall uncertainty of the model 

increases with complexity. Still, environmental fate models are based on several parameters or 

attributes necessary to represent the processes they describe. In this chapter, the important 

attributes in modelling the fate of estrogens in aquatic environments are presented. (Socopse, 

2009) 

Partition coefficient is the ratio of the concentrations of chemical substance in two different 

phases (Mackay, 2001, p.72). The octanol-water partition coefficient (KOW) is the ratio of the 

concentration of the substance in 1-octanol and water at equilibrium state at specific 

temperature, and it describes chemicals tendency to partition out of water (Mackay, 2001, 

pp.87-88). Correspondingly, the organic carbon partition coefficient (KOC) is a ratio of the 

concentrations of the substance in organic carbon and water, and it describes well the partition 

between sediment and water (Mackay, 2001, p.94). These coefficients can be used as indicators 

of a compound tendency to sorb to organic matter, where higher coefficient values indicate 

greater sorbing tendency to organic matter (Lai et al., 2000). Coefficients can also be used to 

estimate bioaccumulation tendency (Mackay, 2001, p.36). The magnitude of partition 

coefficients is often large and then they are expressed on a logarithmic scale. Estrogens E1, E2 

and EE2 have large log KOW, and are thus expected to adsorb onto the solid phase quite easily 
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(Adeel et al., 2017). The tendency of organic acids to form ionic species at high pH is described 

by the acid dissociation constant KA, or its negative base ten logarithm pKA (Mackay, 2001, 

p.41). Estrogens E1, E2 and EE2 are weak acids (Adeel et al., 2017). 

Estrogens have low water solubility, but reported values of estrogens solubility in water varies 

between different researches, which indicates that aqueous solubility is dependent not only on 

temperature, but also on pH and other experimental conditions (Yu et al., 2004). Chemicals 

vapour pressure is a main factor in controlling its tendency to evaporate into the atmosphere, 

and high vapour pressures indicates high tendency to partitioning into the air phase (Mackay, 

2001, p.40). Estrogens E1, E2 and EE2 has significant low vapour pressures and are thus non-

volatile (Adeel et al., 2017). 

Persistence describes chemicals resistance to transformation, and it is often expressed as a 

substance half-life (Mackay, 2001, p.34). Natural estrogens E1 and E2 have short half-lives, 

but synthetic estrogen EE2 is more persistent in aquatic environment (Adeel et al., 2017). 

Degradation is also dependent on the redox state of the environment, and based on the results 

reported by Ying et al. (2003) in anaerobic conditions the degradation of E2 is significantly 

lower, while the degradation of EE2 remains unchanged. Jürgens et al. (2002) reported 

transformation of E2 into E1 in anaerobic sediments, while E1 seemed to accumulate more in 

anaerobic sediment bed. In addition, the occurrence of specific bacteria affects the degradation 

(Adeel et al., 2017). Degradation of estrogens is described more closely in Chapter 4.1. 

5.4 Transport and transformation processes in modelling 

Transport and transformation processes occurring within and between the different partitions 

of the environment are crucial processes to be described while evaluating the fate of a particular 

compound in that environment. Thought, these processes can be difficult to assess, because 

conditions in the environment are constantly changing. Common transport and transformation 

processes, when evaluating the fate of estrogens E1, E2 and EE2 using a model that includes 

the environment partitions water, aquatic biota (fish), suspended matter and bottom sediment, 

are described in this chapter. 

The main transport processes of estrogens originating from treated wastewater effluent to 

aquatic environment include water inflow and outflow, sediment transport in and out, inflow 
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and outflow of suspended matter, sorption from water onto suspended matter and the reverse 

process of desorption, sediment deposition and resuspension, water to sediment and sediment 

to water diffusion, sediment burial, fish inflow and outflow, and absorption by fish. Processes 

determining the fate of estrogens in aquatic environment are described and estimated using the 

common schematic model proposed by Mackay (1983), and Kilic and Aral (2009). Processes 

are presented in Figure 7. 

 
Figure 7. Potential transport processes in section model while evaluating environmental fate of 
estrogens E1, E2 and EE2 in aquatic environments. 

 

Intermedia exchange comprises the exchange between environment compartments e.g. through 

diffusion, sedimentation or resuspension (Webster et al., 2005, p.13). Diffusion at the sediment 

bed is not as significant as sorption on suspended matter for strongly sorbing chemicals 

(Schwarzenbach et al., 2003). Fish bioaccumulation processes consists uptake and loss via gills, 

uptake from food, loss by metabolism, loss by egestion and growth dilution (Mackay, 2001, 

p.214). 
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The main transformation processes affecting the fate of estrogens are presumably photolysis 

and biodegradation (Writer et al., 2012). Photolysis and biodegradation are usually treated as 

first-order reactions (Webster et al., 2005, p.26). First-order reaction rate (3) law is used to 

determine the half-life of a substance (Webster et al., 2005, p.26; Chowdhury et al., 2011). 

𝑡1/2 =
𝑙𝑛2

𝑘
     (3) 

where: t1/2 = half-life of substance 

 k = first order rate constant 

Biodegradation of estrogens occurs in water as well as in sediment beds. Degradation rates 

usually depends strongly on environmental conditions (temperature, solar intensity), and on 

microbial community (Webster et al., 2005, p.26), which appears to be an important factor for 

estrogens biodegradation especially in sediment beds. Degradation of estrogens is described 

more closely in Chapter 4.1. 

Transformation of estrogens occurs via several different pathways, and estrogens are known to 

convert from one to another, e.g. E2 to E1 and vice versa. Transformation processes of E1, E2 

and EE2 are described more closely in Chapter 3.2. Transformation processes are complex and 

hard to define in the models, when the precise mechanism of transformation, or under which 

conditions transformation occurs, is not known. Also for example microbial community at 

modelled area might be unknown. 

5.5 FATEMOD model 

FATEMOD model is an environmental fate model developed by late Professor Jaakko 

Paasivirta (University of Jyväskylä) and it is based on fugacity principles presented by Mackay. 

Model takes into account the effect of temperature on different attributes (e.g. solubility in 

water and vapour pressure), and the effect that acids and bases have on the dissociation of 

compounds. In water solution, while evaluating strong acid and base solutions, the pH of the 

environment affects fugacity capacities. The current FATEMOD model contains calculation, 

which describes the complexity of Level III (steady-state with multimedia transport). (Nurmi, 

2016, pp.38-41) 
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M.Sc. Tuomas Nurmi (University of Jyväskylä) has developed the FATEMOD software that 

can be used for modelling the fate of chemicals in the environment using the principles of 

FATEMOD model. The main sections in the FATEMOD software are: chemicals, environment, 

environment compartments and flows. The attributes and properties of chemicals that are used 

in the model are defined in the chemical section, which can also be a common (i.e. not model 

dependent) database for chemicals. The different environment partition types in the FATEMOD 

software are: air, aerosol, fish, sediment, soil, suspended and water. Environment compartments 

can have multiple sub-parts, and the number of environment compartments is not limited. The 

different flow types in the software are: intermedia transport (or advection), reaction, 

degradation using half-life and residence. Flows and environment compartments can be saved 

as an environment. (Nurmi, 2016, pp. 50-53) 

Degradation processes are represented by first-order reactions in FATEMOD. The temperature 

effect on degradation processes is described in FATEMOD software as presented in Equation 

4. It is nevertheless optional to take temperature into account during simulations using the 

model (Nurmi, 2017b, p.9). Equations and parameters used by the FATEMOD model are 

described in detail by Nurmi (2016 and 2017b). 

𝐻𝐿𝑐𝑜𝑟𝑟 = 𝐻𝐿𝑟𝑒𝑓 × 𝑦(𝑇𝐻𝐿−𝑇)/19    (4) 

where: HLcorr = corrected half-life according to the temperature of the environment 

 HLref = reference half-life 

 y = constant (1.2 for air, 2 for other environment types) 

 THL = temperature of reference half-life 

 T = temperature of environment compartment 
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6 CASE STUDY: MODELLING THE FATE OF ESTROGENS 

IN AQUATIC ENVIRONMENT USING FATEMOD 

It is suspected that the occurrence of endocrine disrupting compounds might be affecting the 

aquatic ecosystem of the selected study site (Lake Pyhäjärvi, Tampere, Finland). Unusual 

reproduction behaviour of pike perch is observed with higher percentages them being immature 

than expected based on their size and age (Westermark and Kolari, 2017). Thus the aim of this 

practical phase of the master thesis was to evaluate the environmental fate of estrogens E1 

(estrone), E2 (17--estradiol) and EE2 (17--ethinylestradiol) originating from the wastewater 

treatment plant discharge using an environmental fate model.  

Modelling and simulations were carried out using the FATEMOD software (Nurmi, 2017a), 

which utilizes the equilibrium criterion approach described in Chapter 5.1 and the FATEMOD 

model described in Chapter 5.5. The goal was also to access the suitability of this modelling 

approach in the evaluation of the environmental fate of estrogens. The focus was on impacts on 

aquatic environment, and fate of estrogens occurring in sludge as well as impacts on terrestrial 

ecosystems were excluded. It was hypothesized that: (1) estrogens partly accumulates in the 

sediments, (2) a portion of E2 transforms into E1 which further biodegrades and (3) EE2 is the 

most persistent in the environment. Also considering the conditions at the site (fast flow 

velocity): (4) the majority of estrogens is transported out of the study site with outflowing water, 

while (5) some are also absorbed by fish. 

6.1 Study site 

The selected modelling area is located in the northern part of Lake Pyhäjärvi (Tampere, 

Finland) extending from Viinikanlahti bay to Rajasaari bridges (Figures 8 and 9). Viinikanlahti 

receives inflow from Lake Näsijärvi through Tammerkoski rapids and its outflow discharges 

through Emäkoski rapids to Lake Kulovesi and from there further through River Kokemäenjoki 

to Gulf of Bothnia in the Baltic Sea. The area of Lake Pyhäjärvi is 121.6 km2, the mean depth 

is 5.5 m and the maximum depth is 50 m. The basin area of the lake is 17 073 km2. (Finnish 

Environmental Institute, 2016) 

The characteristics of the bay result in a river-like behaviour and the key feature of the study 

site is the fast water flow with 146 m3 s-1 mean discharge (Ilus and Saxén, 2005). The discharge 
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is regulated using short term regulation (Finnish Environmental Institute, 2016). The water in 

Lake Pyhäjärvi is well mixed and temperature stratification is weak (Niemi and Eloranta, 1984). 

Through history, Lake Pyhäjärvi has been affected by heavy nutrient inputs from e.g. 

wastewater treatment plants and pulp and paper industry (Niemi and Eloranta, 1984). The area 

of the study site from Viinikanlahti bay to Rajasaari bridges is about 20 km2 and has an 

estimated volume of 175.9  106 m3 (Frisk et al., 2007), the mean depth is approximately 9 m 

and the maximum depth is 42 m (Länsi-Suomen Ympäristölupavirasto, 2007). 

The catchment area of the selected area of the lake to be modelled is approximately 29 km2, 

and loading to the lake is mainly point loads. For example, only 2 % of phosphorus loading 

comes from agriculture. (Frisk et al., 2007) 

 

Figure 8. The north part of Lake Pyhäjärvi (base map from National Land Survey of Finland, 

Kansalaisen Karttapaikka, 2017) that was used as experiment site in models. Red dot 1 = 

WWTP Viinikanlahti. Red dot 2 = WWTP Rahola. 



40 

 

 

 

Figure 9. A view to Lake Pyhäjärvi towards Tammerkoski rapids. 

 

WWTP Viinikanlahti discharges treated wastewater effluents to Viinikanlahti bay. The 

discharge from the WWTP Viinikanlahti is approximately 75 200 m3 d-1 (Tampereen Vesi, 

2016). WWTP Viinikanlahti utilizes mechanical, biological (activated sludge) and chemical 

treatment as wastewater purifying processes (Tampereen Vesi, 2014a). Treated wastewater 

effluent from WWTP Viinikanlahti is discharged 185 m from the shore to the bottom of the 

channel basin approximately at the depth of 15 m. There is reverse current at the Viinikanlahti 

bay and treated wastewater effluent flows at the bottom to the direction of Pyynikki. (Länsi-

Suomen Ympäristölupavirasto, 2007) WWTP Rahola discharges treated wastewater effluent 

further downstream. The discharge from WWTP Rahola is approximately 17 100 m3 d-1 

(Tampereen Vesi, 2016). WWTP Rahola utilizes biological and chemical treatment as 

wastewater purifying processes (Tampereen Vesi, 2014b). 

Based on the results reported by Ilus and Saxén (2005), the surface layer (0 - 2 cm) of the 

bottom sediment at Lake Pyhäjärvi is very soft watery mud, the next layer (2 - 7…8 cm) is 

organic "gyttja-clay" and the bottom layer is hard clay. The river-like features of the lake makes 
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the soft sediment layer thinner, and the near-bottom currents makes the sediment more compact. 

The depth of the sediment is only 16 cm before hard clay bottom. The sedimentation rate is 

about 5 mm a-1. 

6.2 Modelling phases 

The first and the most difficult phase of the modelling process is to collect the required input 

data for the chemicals, environment and currents of the lake. In this thesis, this phase was 

accomplished via literature review and utilizing Finnish databases (Hertta database, Finnish 

Environmental Institute, etc.), where data regarding lake monitoring is stored. Data from flow 

model developed by Ph. D. Janne Juntunen (Finnish Environmental Institute) was utilized in 

the estimation of lateral and vertical flow velocities. In this first phase, the decision of the scope 

of the modelling area and how it would be divided was taken, e.g. vertical and horizontal water 

sections, sediment layers and the seasoning of the model (spring/summer/autumn/winter), if 

there are differences in the features between different seasons. Furthermore, based on the scope 

of the model and the chemicals to be studied, the environment partition types to be included in 

the model were also considered. 

The second phase consisted the set-up of the features and properties of the chemicals and the 

environment compartments into the FATEMOD software. This phase also included the decision 

of the structure of the environments to be used, i.e. which environment compartments would 

be defined as parts and which as subparts. 

The third phase involved the estimation and definition of the transport between environment 

compartments, and the chemical reactions. This was done partly automatically by using the 

automatic features of the FATEMOD software as well as by manually defining the processes. 

The forth phase involved the viewing of the results, which can be done at Levels I, II or III in 

FATEMOD software. Assumptions of calculation levels are described in Chapter 5.1. Results 

were exported to Microsoft Excel for further analysis and reporting. Also sensitivity analysis 

was performed to evaluate models sensitivity to variation in different properties. 
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6.3 FATEMOD model of the study site 

Two FATEMOD models were built; one model representing the northern part of the Lake 

Pyhäjärvi from Viinikanlahti bay to Rajasaari bridges, and one detailed model describing the 

conditions near to the effluent discharge point of the WWTP Viinikanlahti. 

6.3.1 Model of the northern part of Lake Pyhäjärvi 

The area of the northern part of the Lake Pyhäjärvi from Viinikanlahti bay to Rajasaari bridges 

has approximately 20.0 km2 and volume of 175.9  106 m3 (Frisk et al., 2007). The mean depth 

is approximately 8.8 m (calculated using volume divided by area). The water profile of the 

experiment site was divided into upper (from 0 to 3 m) and lower (below 3 m) water layers. 

The effluents of the WWTP Viinikanlahti and the WWTP Rahola discharge to the lower water 

layer. The modelled area is presented in Figure 10. 

 

Figure 10. Modelled study site (base map and depth contours: Finnish Transport Agency, 2017). 

Red dots = WWTPs. 

 

6.3.2 Detailed model near WWTP effluent discharge point 

The model was done utilizing the sectioning approach (Mackay et al., 1983), where 

environment compartments are considered as a series of connected well-mixed volumes. The 

model includes four sections downstream from the discharge point of WWTP Viinikanlahti. 

The discharge point was estimated based on the information that it is located at the site (185 



43 

 

 

meters from the shore at the bottom of the channel basin approximately at the depth of 15 m) 

(Länsi-Suomen Ympäristölupavirasto, 2007), however the exact location is not known. A plan 

view of the environmental part division of the detailed model is presented in Figure 11 and the 

side view in Figure 12. Distances from the WWTP discharge point are 0 - 100 m (section 1), 

100 - 500 m (section 2), 500 - 1000 m (section 3) and 1000 - 2000 m (section 4). In vertical 

direction, the water profile was divided into upper (from 0 to 10 m) and lower (below 10 m) 

water layers. 

 

Figure 11. Four environment sections of the detailed model and the estimated discharge point 

of WWTP Viinikanlahti (base map and depth contours: Finnish Transport Agency, 2017). 

 

 

Figure 12. A side view of the environment compartments of the detailed model. Red dot (right 

corner) = discharge point of the WWTP effluent. 
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6.4 Properties used in the models 

The properties used in the models are presented in this chapter. The detailed model is made for 

the summer season, and the northern part of the lake is modelled separately for all seasons. The 

seasons used in the models were: 

- Spring: from March to May 

- Summer: from June to August 

- Autumn: from September to November 

- Winter: from December to February 

6.4.1 Physiochemical properties of studied estrogens 

The physiochemical properties of the estrogens E1, E2 and EE2 that were used in models are 

described in Table 2. 

Table 2. The physiochemical properties of the estrogens E1 (estrone), E2 (17--estradiol) and 

EE2 (17--ethinylestradiol) used in models. 

Property Unit E1 E2 EE2 Source 

Molecular weight 
g mol-1 270.4 272.4 296.4  

Melting point K 532.15 451.65 455.65 Adeel et al., 2017 

Melting entropy 
J K-1 

mol-1 
56.5 56.5 56.5 

default value in 

FATEMOD 

software 

Solubility in water, 

term A 
- 17.68 17.846 17.809 (*) 

Solubility in water, 

term B 
- 5680.8 5680.8 5680.8 (*) 

Vapour pressure Pa 310-8 310-8 610-9 
Lai et al., 2000; 

Adeel et al., 2017 

LogKOW - 3.43 3.94 4.15 

Lai et al., 2000; 

Yu et al., 2004; 

Nie et al., 2014 

KOC / KOW - 3.037 0.564 0.28 Yu et al., 2004 

pKa - 10.3 10.6 10.4 Adeel et al., 2017 

Acid/base/neutral - acid acid acid Adeel et al., 2017 

Concentration in 

treated WW effluent 
ng L-1 10 1.3 1 (**) 
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(*) Determination of solubility in water was made by calculating the slope (5680.8) of the 

temperature dependent water solubility of E1 reported by Moodley et al. (2016) and placing 

the curve based on the water solubility of E1, E2 and EE2 at 23 C (295.15 K) reported by 

Yu et al. (2004), because Yu et al. did not have temperature dependency and Moodley et al. 

had only calculated it for E1. More comprehensive temperature dependent data for water 

solubility of estrogens was not found. Equation (5) was used to determine water solubility 

(Nurmi, 2016, p.40). 

 𝐿𝑜𝑔𝑆 = 𝐴 −
𝐵

𝑇
     (5) 

where: S = solubility in water [mol m-3] 

 A = solubility in water, term A 

 B = solubility in water, term B 

 T = temperature [K] 

(**) Äystö et al. (2014) has reported values of E1 10 ng L-1, E2 <5 ng L-1 (below the limit of 

quantification) and EE2 <5 ng L-1 (below the limit of quantification) measured from 

WWTP Viinikanlahti effluent. Because the concentrations of E2 and EE2 were below the 

limit of quantification, the concentrations of E2 and EE2 are estimated based on values and 

estimations reported by Vieno (2014). 

Estrogens E1, E2 and EE2 have significant low vapour pressures and FATEMOD software did 

not support such small values, thus the smallest possible value (10-6 Pa) was used for all 

estrogens. The melting entropy values used were the default values from FATEMOD software. 

The referred values are not important in this model, because they effect to partition into air 

phase, which is not included in this model. Furthermore, some of the physiochemical features 

of the estrogens are not used in the models, because the models did not include air or aerosol 

partitions. Air and aerosol partitions were excluded because estrogens E1, E2 and EE2 are non-

volatile in aquatic environment (see Chapter 5.3). 

6.4.2 Properties of the environment compartments used 

Both models included the same environment compartment types: upper water layer, lower 

water layer, suspended matter, surface sediment (0-2 cm), lower sediment (2-16 cm) and fish. 

Suspended matter and fish were defined as subparts of water partitions. In the northern part 
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model, the upper water layer was from 0 m to 3 m depth and lower water layer below 3 m depth. 

In the detailed model, the upper water layer was from 0 m to 10 m depth and lower water layer 

below 10 m depth. 

Suspended matter and its organic carbon content 

Suspended solid (SS) content in water samples from the experiment area (sampling location 

"Pyhäjä 6a Naistenmatka") taken on the 25.6.2008 was from 1 m depth 3.0 mg L-1, from 10 m 

depth 2.8 mg L-1, from 15 m depth 2.4 mg L-1 and from 22.5 m depth 9.1 mg L-1 (Finnish 

Environmental Institute, Hertta database). The volume of suspended matter in the water was 

estimated based on the reported results. Density of suspended solids used was 1500 kg m-3 

(Mackay, 2001, p.62). 

Total organic carbon (TOC) and dissolved organic carbon (DOC) measured from the 

experiment area (sampling location "Pyhäjä 107 Lehtisaari") on the 25.10.2004 are: TOC 8.7 

mg L-1 and DOC 8.1 mg L-1 (Finnish Environmental Institute, Hertta database). Based on these 

measurements, TOC consists 93.1 % dissolved carbon (= (8.1 mg L-1 /8.7 mg L-1)100 %) and 

6.9 % of particulate carbon. 

The organic content in SS was calculated based on the percentage of particulate carbon found 

in the samples collected on 2004, and TOC and SS values found in samples collected in 2006. 

Samples collected on the 21.8.2006 from the study site (sampling location "Pyhäjä 107 

Lehtisaari") contained TOC 9 mg L-1 and SS 2.2 mg L-1 in average (Finnish Environmental 

Institute, Hertta database). Based on these values, the organic content in SS is 28.2 % (estimated 

DOC is 93.1 % of 9 mg L-1 = 8.379 mg L-1, particulate organic carbon contained within the SS 

is 9 mg L-1 - 8.379 mg L-1 = 0.621 mg L-1, which is (0.621 mg L-1/ 2.2 mg L-1)  100 % = 28.2 

% of the total SS content of the sample). The role of dissolved organic matter on biological 

uptake of estrogens is unclear, and therefore alternative scenarios were modelled with 

suspended content including also organic content of DOC, which increased values of organic 

content of the suspended solids to 100 % and 9 mg L-1. 
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Based on described values and calculations, the SS and OC content used in models were: 

1. SS 2.9 mg L-1 (upper water layers), with 28.2 % OC content in SS. 

2. SS 2.9 - 6 mg L-1 (lower water layers), with 28.2 % OC content in SS. 

3. Alternative scenario for testing the effect of DOC: SS 9 mg L-1, with 100 % OC 

content in SS. 

Organic carbon content in sediment 

Mackay (2001) used e.g. 4 - 5 % for the organic carbon content of sediments, but in Finland 

sediments are usually rich in organic components (Ilus and Saxén, 2005). Labadie et al. (2007) 

measured much lower organic carbon contents (TOC < 1 %) from deeper clay layers of river 

sediment bed than from surface sediment that contained less clay. In the year of 2005 (Kalmar 

Industries Oy Ab), few samples were taken from the study site from sediment depth 0.05 - 0.15 

m near shoreline. Samples from water depth 3.20 m and 3.85 m included 21.5 % and 23.6 % 

organic matter content. Mackay (2001, p.59) reported that typically organic matter includes 50 

% of organic carbon, which would indicate that sediment contains 10.8 - 11.8 % organic carbon, 

but values were not reported to different sediment layers separately. Other samples (Kalmar 

Industries Oy Ab, 2005) were taken from shallower water depths and contained more organic 

matter. Based on these references, the estimations used for organic carbon content in surface 

sediment were 11 % and in lower clay-rich sediment layer 1 %. 

Fish 

The quantity of fish biomass in the summer, winter and spring season utilized in the models 

was 0.002 kg m-2 and in the autumn season 0.003 kg m-2. No measured values for total fish 

amount in Lake Pyhäjärvi was available and the estimations were done based on the research 

of fish in the Lake Vesijärvi (Malinen and Vinni, 2016), where fish amounts were measured 

during July and August from years 2009 - 2015. The fish mass utilized is lower than values 

reported from the Lake Vesijärvi, because the study site is not considered fish rich. Under this 

modelling approach the accurate value is not so important, because the mass of the fish is not 

high enough that it would affect the absorption of the chemicals by fish. The fish lipid content 

used was 5 %, which was a default value in FATEMOD software. The density used for fish 

was 1 000 kg m-3. 
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Dimensions, temperature and pH 

The dimensions, temperature and pH used for each environment compartment is presented in 

in Appendix 1 for the model of the northern part of the lake and in Appendix 2 for the detailed 

model. Volumes of the upper and lower water parts, and the depth of the water, are rough 

estimates that are made visually based on the depth contours at Lake Pyhäjärvi (Finnish 

Transport Agency, 2017). The temperature and pH were estimated based on monitoring reports 

from the study site (Finnish Environmental Institute, Hertta database, "Pyhäjä K7 

Pyynikinsaari" 17.8.2015 (summer model), 27.10.2014 (autumn model), 27.1.2016 (winter 

model) and 11.3.2015 (spring model). 

6.4.3 Transport processes 

The main processes occurring between environment partitions in the river-like condition found 

at the study site were estimated using Mackay (1983), Kilic and Aral (2009), and 

Schwarzenbach et al. (2003) as references, and are listed in Table 3. Transport and 

transformation processes used in north part lake model for summer season are listed as an 

example in Appendix 3. 
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Table 3. Processes between environmental parts used in model. 

Process From To 

Sediment burial Sediment, lower Out 

Sedimentation Surface sediment Sediment, lower 

Sediment deposition Suspended, lower Surface sediment 

Sediment resuspension Surface sediment Suspended, lower 

Migration among pore water and sorption Water Sediment, lower 

Diffusion, sediment to water Surface sediment Water 

Diffusion, water to sediment Water Surface sediment 

Water inflow Out Water 

Water outflow Water Out 

Vertical mixing by turbulence Water Water 

Vertical mixing by turbulence Out Water 

Lateral mixing by turbulence Water Out 

Suspended inflow (among water inflow) Out Suspended 

Suspended outflow (among water outflow) Suspended Out 

Sorption to suspended Water Suspended 

Desorption from suspended Suspended Water 

WWTP effluent Out Water, lower 

Absorption by fish Water Fish 

Fish inflow Out Fish 

Fish outflow Fish Out 

 

Suspended matter and fish are subparts of the water partitions, and therefore they are in fugacity 

equilibrium with water in the FATEMOD model. This affects the processes: sorption to 

suspended matter, desorption from suspended matter and absorption by fish. Estimation of 

separate flow rates are not needed to these processes in FATEMOD model. Sediment transport 

from upstream to downstream is not included in the model to simplify the model structure. 

There are also some deep basins in the bottom of the lake, where sediment is probably 

accumulated and not transported further downstream, but taking these factors into account 

would make the model more complicated and would require some measurements of the 

sediment transport. 
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The transport processes in the experiment site are dominated by the strong advective transport 

to downstream. The mean discharge of the water in Viinikanlahti bay is 146 m3 s-1 (Ilus and 

Saxén 2005). It is used directly in the northern part model and in the detailed model the flow 

velocity of water is calculated dividing the mean discharge by estimated cross section area of 

the lake. Longitudinal mixing by dispersion was estimated to be very small compared to the 

mean discharge, and it has been left out of the model for simplicity. Lateral and vertical flows 

are were estimated based on the data obtained from Ph. D. Janne Juntunen (the Finnish 

Environmental Institute), who has developed a flow model of the Lake Pyhäjärvi. The used 

data was from time interval 1.6.-31.8.2013. Lateral mixing processes are included only in the 

detailed model (which includes only summer season), because in the model of the northern part 

of the lake there is no division of water in horizontal direction. Vertical mixing between upper 

and lower water layer is taken from the flow model at the depth of 10 m. The data from the 

flow model was not completely applicable to this purpose and therefore velocities are rough 

estimates and averages from area near to the modelled area. The water velocities used in the 

detailed model are listed in Appendix 4. The vertical flow velocity used between upper and 

lower water layers in the northern part model was 0.000097 m s-1 for both directions, like in the 

detailed model. 

The wastewater effluent discharge from WWTP Viinikanlahti to the study site is estimated to 

be 77 790 m3 d-1 in spring, 74 870 m3 d-1 in summer, 67 580 m3 d-1 in autumn and 72 350 m3 d-

1 in winter. Estimations are based on reported values by WWTP Viinikanlahti (Tampereen Vesi, 

2016). The wastewater effluent discharge from WWTP Rahola to the study site is included only 

in the model of the whole bay, and it is estimated to be 18 630 m3 d-1 in spring, 17 110 m3 d-1 

in summer, 15 900 m3 d-1 in autumn and 16 760 m3 d-1 in winter. Estimations are based on 

reported values by WWTP Rahola (Tampereen Vesi, 2016). 

The sedimentation rate in Lake Pyhäjärvi was reported to be about 5 mm a-1 (Ilus and Saxén, 

2005). The used sediment resuspension rate is 0.001 m y-1. The suggested value by Mackay 

(2001, p.178) for lake sediments is 0.0001 m y-1, but this value is estimated to be higher because 

the river-like situation at the study site. In rivers, dynamic sorption and desorption between 

water and sediment occurs continuously (Zhang et al., 2011). 

Water-sediment and sediment-water mass transfer coefficient, including molecular and 

turbulent diffusion, is estimated to be 0.1 m h-1. The value is a rough estimate, and the 
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estimation is made based on typical value 0.01 m h-1 given by Mackay (2001, p.178) for lakes. 

The experiment site is more in a river-like condition, and Mackay (2001, p. 177) mentions that 

value underestimates mass transfer coefficients under turbulent conditions in rivers. 

Schwarzenbach et al. (2003, p.828) has reported typical molecular and turbulent diffusivities 

in lakes and rivers, and vertical turbulent diffusivity in deep water of lake was 10-1000 times 

smaller than turbulent vertical mixing in rivers. The values are for water phase not for the water-

sediment interface, and therefore the smallest difference (10 times higher) was used, ending-up 

to value 0.1 m h-1 (=0.01 m h-1  10). 

Labadie et al. (2007) reported that E1 probably migrates to lower sediment layers among pore 

water and then occurs sorption into sediments. FATEMOD software does not include specific 

flow for this process. It was described in the model using diffusion process between water and 

lower sediment layer. The mass transfer coefficient kM (i.e. the net diffusion velocity) was 

calculated as presented by Mackay (2001, pp.152-153) dividing the diffusivity by thickness of 

the diffusing layer. Thickness of diffusing layer is assumed to be the thickness of the lower 

sediment (0.14 m) and diffusivity is assumed to be 10-5 cm2 s-1 (= 8.64  10-5 m2 d-1) based on 

typical molecular diffusivities in water reported by Schwarzenbach et al. (2003, p.828). Using 

these values kM is (8.64  10-5 m2 d-1) / 0.14 m = 6.17  10-4 m d-1 = 2.57  10-5 m h-1. 

6.4.4 Transformation processes 

Transformation processes of estrogens used in models of this study are described in Table 4. 

Half-lives are determined as a first-order decay in FATEMOD software (Nurmi, 2016, pp.22-

23). Equation (3) for calculating half-life of a substance is presented in Chapter 5.4. 
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Table 4. Transformation processes and half-lives (at 25 C) used in models. 

Degradation process Half-life 

(at 25 C) 

[d] 

Reference value 

Photochemical degradation of EE2 

in upper water layers 

2 Zuo et al. (2013); 23 h; lake, 25 °C,  

Massachusetts, USA 

Photodegradation of E2 in upper 

water layers 

8.49 Jürgens et al. (2002); 10 d; river, clear 

water and 12 h sunlight per day, England 

Transformation of E2 into E1 in 

water 

3.24 Jürgens et al. (2002); 0.2 - 9 d; river, 20 

°C, England 

Degradation of E1 into CO2 in water 3.24 Jürgens et al. (2002); 0.2 - 9 d; river, 20 

°C, England 

Degradation of EE2 in water 12.02 Jürgens et al. (2002); 17 d; river, 20 °C, 

England 

Transformation of E2 into E1 in 

anoxic sediments 

14.77 Czajka and Londry (2006); 12 d; at 28 

C 

Transformation of E2 into E1 in 

oxic sediments 

0.08 Jürgens et al. (2002); 0.11 d; at 20 °C 

Degradation of E1 into CO2 in 

anoxic sediments 

9.19 Jürgens et al. (2002); 11.5 - 14.3 d, 20 °C 

Degradation of E1 in oxic sediments 0.30 Jürgens et al. (2002); 0.42 d; at 20 °C 

 

The reference values of transformation processes (listed in Table 4) are not used directly, but 

by choosing an average value or value most suitable for this situation, and then correcting it to 

the temperature of 25 C using equation (4) which is the same equation which is used in 

FATEMOD software (equation presented in Chapter 5.5). In FATEMOD software, half-lives 

were set on 25 C and the alternative function "fix the rate to temperature of environment part" 

is used. The applicability to calculate temperature effect to degradation of estrogens using this 

equation is not known. 

Photodegradation is assumed to occur in the upper water layer and only in spring, summer and 

autumn models, not during winter situation. Water visibility at the study site is approximately 

2.9 m (Finnish Environmental Institute, Hertta database - report 17.8.2015 "Pyhäjä K7 

Pyynikinsaari"). Based on this information, photodegradation is assumed to occur only in the 

depth from 0 m to 3 m at the upper water layer.  
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Jürgens et al. (2002) reported half-lives of 0.2 to 9 d in microbial transformation of E2 to E1 at 

20 C in river water, and after that E1 was further more degraded at similar rates via 

intermediate products to CO2. In same study, photodegradation of E2 was also observed with 

half-lives of 10 d (clear water and 12 h of sunlight per day). The half-life used in the models 

was 5 d at 20 C (= 3.24 d at 25 C) for transformation of E2 to E1 in the water and for 

degradation of E1 in the water. The half-life used for photodegradation of E2 in the models was 

12 d at 20 C (= 8.49 d at 25 C).  

Zuo et al. (2013) reported half-life of 23 hours for the photochemical degradation in the lake 

water under sunlight irradiation. The half-life used for photochemical degradation of EE2 in 

water in the models was 2 d at 25 C. 

Jürgens et al. (2002) reported 17 days half-life of EE2 in microbial degradation in river water 

at 20 C, which was significantly lower than the half-life observed in the case study by Zuo et 

al. (2013), which was 108 days in the lake water. The conditions at the study site are more river-

like, and the half-life used for degradation of EE2 in water in the models was 17 d at 20 C (= 

12.02 d at 25 C). 

Based on samples (Finnish Environmental Institute, Hertta database) collected from the study 

site, the bottom water is oxic during the whole year, and the first 5 mm depth of the surface 

sediment layer is assumed to be oxic. The accurate measurements for oxygen penetration depth 

to sediment at Lake Pyhäjärvi was not found and values 0-8 mm reported by Huttunen et al. 

(2006) from Finnish lakes were used as a reference. For the surface sediment layer (5 mm oxic 

layer and 15 mm anoxic layer), was calculated the average degradation rates based on oxic and 

anoxic degradation half-lives. 

Czajka and Londry (2006) reported transformation of E2 to E1 in anoxic sediments at average 

of half-life of 12 days, and the value is used as a reference in the models for the transformation 

of E2 to E1 in anoxic sediment layers. Transformations rates vary between different studies, 

and e.g. Jürgens et al. (2002) reported half-lives of 0.37 and 0.66 days for transformation of E2 

to E1 in anoxic sediments, also mentioning that this might lead to accumulation of E1 in 

sediment beds. Also transformation of E1 back to E2 under some conditions was suggested by 

Czajka and Londry (2006), but rates and conditions were not accurate enough to include this 

process in the model. 



54 

 

 

Jürgens et al. (2002) reported half-lives of 11.5 and 14.3 days for degradation of E1 in anoxic 

sediments and half-life 0.42 d for degradation of E1 under aerobic conditions. The half-life used 

for degradation of E1 in anoxic sediments in the models was 13 d at 20 C (= 9.19 d at 25 C) 

and 0.42 d at 20 C (= 0.30 d at 25 C) in oxic sediments. 

The different environmental conditions and the presence of different microbes affects to 

transformation and degradation rates of estrogens, and it is therefore hard to estimate these 

accurately. Radke and Maier (2014) studied differences in the transformation of 

pharmaceuticals in river sediments and found significant variability even within streams, e.g. 

half-lives obtained from three sediment samples at different locations of a river in Germany 

varied up to a factor of 2.5. The studied pharmaceuticals were not estrogens, but the possibility 

of great variations in transformation rates of estrogens should also be acknowledged. 

Transport and transformation processes used in north part lake model for summer season are 

listed as an example in Appendix 3. 

6.4.5 Sensitivity analysis 

The models sensitivity to variations in different parameters used was evaluated using iterative 

sensitivity analysis, where the value of one parameter was changed at a given time and the 

resulted changes in estrogen concentrations in the different environmental compartments was 

examined. Parameters evaluated were: water flow velocities (all decreased by 20 %), 

degradation processes (half-lives increased by 20 %), estrogen concentrations in WWTPs 

effluent (concentrations increased by 20 %), water solubility of estrogens (solubility decreased 

by 20 %), Kow partition coefficients (increased by 20 %) and fish quantity (increased by a factor 

of 10). Sensitivity analysis was performed using the northern part of the lake model and winter 

season, and results are presented in Chapter 6.5.3. 

6.5 Results 

6.5.1 Results from the model of the northern part of Lake Pyhäjärvi 

Results from Level III representation of the northern part of the lake model are presented in 

Table 5 (summer), Table 6 (autumn), Table 7 (winter) and Table 8 (spring). Estrogens outflow 

pathway percentages are presented in Table 9 and estrogen outflow quantities in different 

environmental matrices based on summer season simulations are presented in Table 10. 
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Overall, the concentrations estimated by the model for E1 and E2 were found to be higher 

during the spring season in all environment partitions, while for EE2 higher concentrations 

were found during the winter season (Tables 5-8). The highest concentrations of estrogens 

estimated by the model were found in suspended matter and fish during spring season for E1 

and E2 (Table 8) and for EE2 during winter season (Table 7). Lowest concentrations of E1, E2 

and EE2 were found in all environment partitions during summer season (Table 5). The 

concentration of E1 and EE2 in fish almost double between summer and spring seasons, and 

summer and winter seasons consecutively. In sediments, E2 and EE2 were highest at the bottom 

sediment layer with more than 10-fold higher concentration than in surface sediment (Tables 

5-8). For E1, the difference in concentration between surface and bottom sediment was not very 

high and during summer season the concentration in bottom sediment layer was more than 2 

times higher than in surface sediment, but in other season the concentrations were nearly the 

same in surface and bottom sediment layers. 

Regarding the contributions of transport and transformation routes to the outflow of estrogens 

from the modelled area, advection accounted for the highest % contribution during the winter 

season (Table 9) especially for EE2. This was expected since due climate conditions 

photochemical degradation (not accounted for in models during winter season) and other 

degradation rates are much lower during the winter. This pattern was then reverse during the 

summer season with transformation and degradation processes having the highest contribution 

in the outflow of estrogens from the modelled area. Overall, total estrogen outflow from the 

modelled area due to advection transport with outflowing water was higher than that observed 

due to advection outflow with sediment, because the water discharge rate was significantly 

higher than sediment burial rate (Table 10).  
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Table 5. Results of simulations run at Level III representation from FATEMOD model of the 

northern part of the lake for summer season. 

 E1 E2 EE2 

Environment 

part 

Fugacity 

capacity 

Concen-

tration 

Fugacity 

capacity 

Concen-

tration 

Fugacity 

capacity 

Concen-

tration 

 mol/(m3Pa) ng L-1 mol/(m3Pa) ng L-1 mol/(m3Pa) ng L-1 

Water upper 2.551011 0.0284 3.741011 0.0073 3.441011 0.0027 

Water lower 2.281011 0.0303 3.351011 0.0077 3.071011 0.0031 

SS upper 8.831014 98 7.781014 15 5.751014 4.5 

SS lower 7.901014 105 6.961014 16 5.141014 5.1 

Surface sed. 8.201013 0.15 7.231013 0.03 5.351013 0.01 

Bottom sed. 7.601012 0.23 6.781012 0.37 5.061012 0.14 

Fish upper 3.441013 3.8 1.631014 3.2 2.431014 1.9 

Fish lower 3.071013 4.1 1.461014 3.3 2.171014 2.2 

 

Table 6. Results of simulations run at Level III representation from FATEMOD model of the 

northern part of the lake for autumn season. 

 E1 E2 EE2 

Environment 

part 

Fugacity 

capacity 

Concen-

tration 

Fugacity 

capacity 

Concen-

tration 

Fugacity 

capacity 

Concen-

tration 

 mol/(m3Pa) ng L-1 mol/(m3Pa) ng L-1 mol/(m3Pa) ng L-1 

Water upper 3.901010 0.0369 5.711010 0.0075 5.241010 0.0037 

Water lower 3.891010 0.0385 5.711010 0.0077 5.241010 0.0040 

SS upper 1.351014 127 1.191014 16 8.761013 6.2 

SS lower 1.351014 133 1.191014 16 8.761013 6.6 

Surface sed. 1.591013 0.21 1.401013 0.03 1.031013 0.01 

Bottom sed. 1.471012 0.23 1.311012 0.38 9.781011 0.19 

Fish upper 5.241012 5.0 2.481013 3.3 3.701013 2.6 

Fish lower 5.241012 5.2 2.481013 3.4 3.701013 2.8 
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Table 7. Results of simulations run at Level III representation from FATEMOD model of the 

north part of the lake for winter season. 

 E1 E2 EE2 

Environment 

part 

Fugacity 

capacity 

Concen-

tration 

Fugacity 

capacity 

Concen-

tration 

Fugacity 

capacity 

Concen-

tration 

 mol/(m3Pa) ng L-1 mol/(m3Pa) ng L-1 mol/(m3Pa) ng L-1 

Water upper 1.261010 0.0462 1.851010 0.0089 1.701010 0.0059 

Water lower 1.261010 0.0479 1.851010 0.0091 1.701010 0.0061 

SS upper 4.371013 160 3.851013 18 2.851013 10 

SS lower 4.371013 166 3.851013 19 2.851013 10 

Surface sed. 5.731012 0.29 5.051012 0.04 3.741012 0.02 

Bottom sed. 5.311011 0.28 4.741011 0.45 3.541011 0.30 

Fish upper 1.701012 6.2 8.071012 3.9 1.201013 4.2 

Fish lower 1.701012 6.4 8.071012 4.0 1.201013 4.3 

 

Table 8. Results of simulations run at Level III representation from FATEMOD model of the 

northern part of the lake for spring season. 

 E1 E2 EE2 

Environment 

part 

Fugacity 

capacity 

Concen-

tration 

Fugacity 

capacity 

Concen-

tration 

Fugacity 

capacity 

Concen-

tration 

 mol/(m3Pa) ng L-1 mol/(m3Pa) ng L-1 mol/(m3Pa) ng L-1 

Water upper 1.431010 0.0490 2.101010 0.0089 1.931010 0.0050 

Water lower 1.431010 0.0508 2.101010 0.0092 1.931010 0.0052 

SS upper 4.961013 170 4.361013 19 3.231013 8.3 

SS lower 4.961013 176 4.361013 19 3.231013 8.8 

Surface sed. 5.941012 0.29 5.241012 0.04 3.881012 0.02 

Bottom sed. 5.501011 0.28 4.911011 0.45 3.661011 0.25 

Fish upper 1.931012 6.6 9.151012 3.9 1.361013 3.5 

Fish lower 1.931012 6.8 9.151012 4.0 1.361013 3.7 
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Table 9. Percentages of estrogens outflow pathways from the modelled area in different seasons 

based on simulations. 

Season Estrogen 
Degradation and 

transformation 
Advection 

  % % 

SUMMER  

E1 69.2 30.8 

E2 77.9 22.1 

EE2 59.3 40.7 

AUTUMN  

E1 50.8 49.2 

E2 63.1 36.9 

EE2 40.6 59.4 

WINTER  

E1 39.9 60.1 

E2 51.2 48.8 

EE2 13.0 87.0 

SPRING  

E1 40.7 59.3 

E2 53.6 46.4 

EE2 31.7 68.3 

 

Table 10. Estrogen outflow quantities with different environmental matrices based on summer 

season simulations. 

Outflow Discharge E1 E2 EE2 

 m3 h-1 mol h-1 pg L-1 mol h-1 pg L-1 mol h-1 pg L-1 

1.1 Water upper 

layer outflow 

179 284 1.9010-5 29.2 4.8310-6 7.3 1.6310-6 2.7 

1.2 Water lower 

layer outflow 

350 138 3.9710-5 30.7 9.9210-6 7.7 3.6310-6 3.1 

1.4 Sediment burial 11.4 9.6310-9 228.2 1.5410-8 368.5 5.5310-9 143.6 

 

An alternative scenario for testing the effect of DOC was modelled for winter season using 

suspended matter 9 mg L-1 with 100 % OC content in suspended matter (see Chapter 6.4.2). 

Results from this scenario and results from the initial scenario (where only particulate organic 

matter was included in the OC content of suspended matter) are presented in Table 11. 

Concentration of estrogens in suspended matter became much higher in this new scenario, and 

in fish lowered a bit, but other effects were minor. 
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Table 11. Results from the alternative scenario modelled to test the effect of DOC. Simulations 

run at Level III representation from FATEMOD model of the north part of the lake for winter 

season. 

 E1 E2 EE2 

Environment 

part 

Initial 

concen-

tration 

Concen-

tration 

Initial 

concen-

tration 

Concen-

tration 

Initial 

concen-

tration 

Concen-

tration 

 ng L-1 ng L-1 ng L-1 ng L-1 ng L-1 ng L-1 

Water upper 0.0462 0.0433 0.0089 0.0086 0.0059 0.0058 

Water lower 0.0479 0.0452 0.0091 0.0088 0.0061 0.0060 

SS upper 160 531 18 63 10 34 

SS lower 166 553 19 65 10 35 

Surface sed. 0.29 0.27 0.04 0.04 0.02 0.02 

Bottom sed. 0.28 0.27 0.45 0.43 0.30 0.29 

Fish upper 6.2 5.8 3.9 3.7 4.2 4.1 

Fish lower 6.4 6.1 4.0 3.8 4.3 4.2 

 

6.5.2 Results from the detailed model near WWTP effluent discharge point 

Fugacity capacities and concentrations of estrogens E1, E2 and EE2 in the different 

environment compartments resulting from the Level III representation of the detailed model 

during summer season are presented in Table 12. Graphs reporting the model estimated 

estrogen concentrations as a function of distance from the WWTP discharge point for different 

compartments are presented in Figures 13-20. Modelled distances between compartments and 

WWTP discharge point were: 0-100 m (section 1), 100-500 m (section 2), 500-1000 m (section 

3) and 1000-2000 m (section 4). 
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Table 12. Results of simulations run at Level III representation from FATEMOD model of the 

detailed model for summer season (0-100 m (1), 100-500 m (2), 500-1000 m (3) and 1000-2000 

m (4)). 

 E1 E2 EE2 

Environment 

part 

Fugacity 

capacity 

Concen-

tration 

Fugacity 

capacity 

Concen-

tration 

Fugacity 

capacity 

Concen-

tration 

 mol/(m3Pa) ng L-1 mol/(m3Pa) ng L-1 mol/(m3Pa) ng L-1 

1 Water upper 2.551011 0.011 3.741011 0.001 3.441011 0.001 

1 Water lower 2.281011 0.432 3.351011 0.056 3.071011 0.043 

2 Water upper 2.551011 0.033 3.741011 0.004 3.441011 0.003 

2 Water lower 2.211011 0.235 3.241011 0.031 2.981011 0.024 

3 Water upper 2.551011 0.030 3.741011 0.004 3.441011 0.003 

3 Water lower 2.141011 0.086 3.141011 0.012 2.881011 0.009 

4 Water upper 2.551011 0.006 3.741011 0.001 3.441011 0.001 

4 Water lower 2.111011 0.008 3.091011 0.001 2.841011 0.0008 

1 SS upper 8.831014 37 7.771014 2.9 5.751014 1.8 

1 SS lower 7.901014 1494 6.961014 116 5.141014 71 

2 SS upper 8.831014 114 7.771014 9.2 5.751014 5.6 

2 SS lower 7.651014 812 6.741014 65 4.981014 40 

3 SS upper 8.831014 102 7.771014 8.5 5.751014 5.1 

3 SS lower 7.411014 296 6.531014 24 4.831014 15 

4 SS upper 8.831014 20 7.771014 1.7 5.751014 1.0 

4 SS lower 7.291014 27 6.431014 2.3 4.751014 1.4 

1 Surf. sed. 8.201013 2.16 7.231013 0.20 5.351013 0.12 

1 Bottom sed. 7.601012 0.73 6.781012 1.17 5.061012 0.87 

2 Surf. sed. 8.201013 1.20 7.231013 0.11 5.351013 0.07 

2 Bottom sed. 7.601012 0.41 6.781012 0.66 5.061012 0.49 

3 Surf. sed. 8.201013 0.45 7.231013 0.04 5.351013 0.03 

3 Bottom sed. 7.601012 0.15 6.781012 0.25 5.061012 0.18 

4 Surf. sed. 8.201013 0.04 7.231013 0.0004 5.351013 0.003 

4 Bottom sed. 7.601012 0.01 6.781012 0.002 5.061012 0.02 

1 Fish upper 3.441013 1.5 1.631014 0.6 2.431014 0.8 

1 Fish lower 3.071013 58 1.461014 24 2.171014 30 

2 Fish upper 3.441013 4.4 1.631014 1.9 2.431014 2.4 

2 Fish lower 2.981013 32 1.411014 14 2.101014 17 

3 Fish upper 3.441013 4.0 1.631014 1.8 2.431014 2.2 

3 Fish lower 2.881013 12 1.371014 5.1 2.041014 6.3 

4 Fish upper 3.441013 0.8 1.631014 0.4 2.431014 0.4 

4 Fish lower 2.841013 1.1 1.351014 0.5 2.001014 0.6 

 

Overall, estrogen concentrations decreased very quickly as the distance from the WWTP 

discharge point increased (Table 12, Figures 13 and 14). The high flow rate of water increase 

the transport of estrogens further way from the WWTP discharge point, but decrease of 

concentrations are overestimated because the lateral flow of water out of the model is relatively 

high and the balancing incoming water was assumed to have no estrogens. In reality, the 
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incoming lateral water to subsequent sections (2, 3 and 4) is partly outflow water from the 

previous compartments and therefore contains estrogen. This causes inaccuracy in the results 

obtained by the model, especially in regards to environmental sections 3 and 4, where the model 

is therefore expected to have underestimated estrogen concentrations. The concentrations 

estimated in these sections were lower than those estimated during simulations using the 

northern part of the lake model (Table 5). Concentrations estimated using the northern part of 

the lake model are representative of average concentrations to the whole modelled area. 

Because the detailed model area is located much closer to the discharge point of the WWTP, 

higher concentrations should be found in this area. 

As the WWTP effluent discharge point is at the bottom of the lake, estrogen concentrations in 

section 1 were higher at lower water layer near discharge point (Table 12 and Figure 13). In the 

lower water layer estrogen concentrations dilute with increasing distance from the WWTP 

discharge point (Figure 13). While in section 2 estrogen concentrations in the upper water layer 

increased with increasing distance (Figure 14). This points to the fact that vertical flow mixes 

the lower and upper water layers as longitudinal flow transports it further downstream from 

section 1 towards sections 2.  

 

Figure 13. Estrogen concentration in lower water layer as function of distance from WWTP 

discharge point in the downstream direction. 
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Figure 14. Estrogen concentration in upper water layer as function of distance from WWTP 

discharge point in the downstream direction. 

 

Similar patterns of estrogen concentrations variations seen in water layers were observed in fish 

(Figures 15 and 16) and in suspended matter (Figures 17 and 18). Both, suspended matter and 

fish, are subparts of water compartments and therefore concentrations are dependent on 

estrogen concentrations in water compartments. 

 

 
Figure 15. Estrogen concentration in fish in lower water layer as function of distance from 

WWTP discharge point in the downstream direction. 
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Figure 16. Estrogen concentration in fish in upper water layer as function of distance from 

WWTP discharge point in the downstream direction. 

 

 

Figure 17. Estrogen concentration in suspended matter of lower water layer as function of 

distance from WWTP discharge point in the downstream direction. 
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Figure 18. Estrogen concentration in suspended matter of upper water layer as function of 

distance from WWTP discharge point in the downstream direction. 

 

Estrogen concentrations in surface sediment (Figure 19) and bottom sediment (Figure 20) 

depend on the transport of estrogens within the lower water layer. Therefore, concentrations in 

sediment decreased while distance from discharge point increased similarly to the decrease in 

concentrations observed in the lower water layer. 

 

 

Figure 19. Estrogen concentration in surface sediment as function of distance from WWTP 

discharge point in the downstream direction. 
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Figure 20. Estrogen concentration in lower sediment layers as function of distance from WWTP 

discharge point in the downstream direction. 

 

6.5.3 Sensitivity analysis 

Sensitivity analysis was performed using the northern part of the lake model and the winter 

season. It should be noted that photodegradation is not assumed to occur for the winter season 

in the developed models. Results from the sensitivity analysis are presented in Table 13 (water 

flow velocities decreased by 20 %), Table 14 (half-lives of degradation increased by 20 %), 

Table 15 (estrogen concentrations in WWTPs effluent increased by 20 %) and Table 16 (Kow 

partition coefficients increased by 20 %). 

Overall, among studied parameters, the variation in estrogen concentrations in WWTPs effluent 

and the variation in water flow velocities caused the biggest changes in estrogen concentrations 

estimated by the model. When the model was run using 10 times higher fish quantity, the model 

estimated concentrations in all environmental compartments remained almost the same 

(changes in estrogen concentrations below 0 %). When water flow velocities were decreased 

by 20 %, the highest changes were in E2 concentrations, which increased by 25 %, while E1 

and EE2 concentrations increased by 16-25 % (Table 13). Increasing half-lives of degradation 

by 20 % caused 0-5 % increment in estrogen concentrations in different compartments (Table 

14). Increasing estrogen content in WWTPs effluent by 20 % caused an equal 20 % increment 

in estrogen concentrations in all compartments (Table 15). 
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Table 13. Results from the model of sensitivity analysis (water flow velocities decreased by 20 

%). 

 E1 E2 EE2 

Environment 

part 

Initial 

concen-

tration 

New 

concen-

tration 

Initial 

concen-

tration 

New 

concen-

tration 

Initial 

concen-

tration 

New 

concen-

tration 

 ng L-1 ng L-1 ng L-1 ng L-1 ng L-1 ng L-1 

Water upper 0.0462 0.0536 0.0089 0.0111 0.0059 0.0072 

Water lower 0.0479 0.0558 0.0091 0.0114 0.0061 0.0074 

SS upper 160 186 18 23 10 12 

SS lower 166 193 19 24 10 12 

Surface sed. 0.29 0.34 0.04 0.05 0.02 0.03 

Bottom sed. 0.28 0.35 0.45 0.56 0.30 0.36 

Fish upper 6.2 7.2 3.9 4.8 4.2 5.1 

Fish lower 6.4 7.5 4.0 5.0 4.3 5.2 

 

Table 14. Results from the model of sensitivity analysis (half-lives of degradation increased by 

20 %). 

 E1 E2 EE2 

Environment 

part 

Initial 

concen-

tration 

New 

concen-

tration 

Initial 

concen-

tration 

New 

concen-

tration 

Initial 

concen-

tration 

New 

concen-

tration 

 ng L-1 ng L-1 ng L-1 ng L-1 ng L-1 ng L-1 

Water upper 0.0462 0.0487 0.0089 0.0089 0.0059 0.0061 

Water lower 0.0479 0.0503 0.0091 0.0091 0.0061 0.0063 

SS upper 160 168 18 18 10 10 

SS lower 166 174 19 19 10 10 

Surface sed. 0.29 0.31 0.04 0.04 0.02 0.02 

Bottom sed. 0.28 0.28 0.45 0.45 0.30 0.30 

Fish upper 6.2 6.6 3.9 3.9 4.2 4.3 

Fish lower 6.4 6.8 4.0 4.0 4.3 4.4 
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Table 15. Results from the model of sensitivity analysis (estrogen concentrations in WWTPs 

effluents increased by 20 %). 

 E1 E2 EE2 

Environment 

part 

Initial 

concen-

tration 

New 

concen-

tration 

Initial 

concen-

tration 

New 

concen-

tration 

Initial 

concen-

tration 

New 

concen-

tration 

 ng L-1 ng L-1 ng L-1 ng L-1 ng L-1 ng L-1 

Water upper 0.0462 0.0554 0.0089 0.0107 0.0059 0.0071 

Water lower 0.0479 0.0574 0.0091 0.0109 0.0061 0.0074 

SS upper 160 192 18 22 10 12 

SS lower 166 199 19 23 10 12 

Surface sed. 0.29 0.35 0.04 0.05 0.02 0.03 

Bottom sed. 0.28 0.34 0.45 0.54 0.30 0.36 

Fish upper 6.2 7.5 3.9 4.7 4.2 5.0 

Fish lower 6.4 7.7 4.0 4.8 4.3 5.2 

 

In the developed modes, water solubility is a function of two terms, A and B (see Chapter 6.4.1, 

equation 5). Variation applied in water solubility term A did not affect the results. This was due 

to the fact that in FATEMOD fugacity capacities of all environmental compartments are 

calculated in relation to water solubility, thus the effect of term A is the same for all 

compartments. Regarding the sensitivity to water solubility term B, due to the relatively small 

temperature variations between the environments, the effect of water solubility term B was also 

irrelevant being almost imperceptible (Tuomas Nurmi, 2017, personal communication). When 

term B of estrogens water solubility was increased by 20 %, the concentration of E1 in 

suspended matter decreased from 159.72 ng L-1 to 159.70 ng L-1 in the upper water layer and 

from 165.50 ng L-1 to 165.47 ng L-1 in the lower water layer. No other variations at the reported 

accuracy were observed. An important aspect is that the octanol-water partition coefficients 

(Kow) correlate with estrogens water solubility’s (Pinsuwan et al., 1995) and can have stronger 

influence in the model than water solubility. Therefore, when only water solubility was 

modified and Kow remained the same, the effect observed in the obtained results were minor. 

When partition coefficients Kow were increased by 20 %, estrogen concentrations in suspended 

matter, surface sediment and fish increased between 13-20 %, and changes in estrogen 

concentrations in water and lower sediment layer varied between 0-1 % (Table 16). 
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Table 16. Results from the model of sensitivity analysis (Kow increased by 20 %). 

 E1 E2 EE2 

Environment 

part 

Initial 

concen-

tration 

New 

concen-

tration 

Initial 

concen-

tration 

New 

concen-

tration 

Initial 

concen-

tration 

New 

concen-

tration 

 ng L-1 ng L-1 ng L-1 ng L-1 ng L-1 ng L-1 

Water upper 0.0462 0.0461 0.0089 0.0089 0.0059 0.0059 

Water lower 0.0479 0.0477 0.0091 0.0091 0.0061 0.0061 

SS upper 160 191 18 22 10 12 

SS lower 166 198 19 23 10 12 

Surface sed. 0.29 0.33 0.04 0.04 0.02 0.03 

Bottom sed. 0.28 0.28 0.45 0.45 0.30 0.30 

Fish upper 6.2 7.4 3.9 4.6 4.2 5.0 

Fish lower 6.4 7.7 4.0 4.8 4.3 5.2 

 

6.6 Discussion 

An important aspect of the modelling exercise carried out is that, all attributes, properties and 

other input values used were based on literature review and available databases. No actual 

measurements (sampling, flow rate, etc.) were made during this thesis work. This has direct 

implication on the obtained results adding significant errors since the part of the data was 

outdated, did not originate from the exact location of the modelled area etc. However, as a 

modelling exercise which intensions were to evaluate the model capabilities, easy to use, etc. 

this was a valid and very useful exercise. 

The first hypothesis (based on literature review) regarding the fate of estrogens in aquatic 

environment was that, estrogens partly accumulates in the sediments. This hypotheses was 

confirmed in the results of the models. Concentrations of estrogens in sediments were much 

higher than concentrations in water. Second and third hypotheses were that, a portion of E2 

transforms into E1 which further biodegrades and that EE2 was the most persistent in the 

environment. These basic principles of these hypothesis were used as inputs in the models and 

cannot be seen in the results of the modelling itself. Therefore, the approach regarding these 

hypotheses should have been conducted in a different way. The last hypotheses were that the 

majority of estrogens was transported out of the study site with water outflow, but that a 

significant portion was also absorbed by fish. According to the obtained results, total estrogen 
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transportation out of study site with the water outflow was significant (Tables 9 and 10), 

especially during winter season. Estrogens are also absorbed by fish and the concentrations 

estimated for fish were relatively high. 

The developed models for the study site took into account only estrogens originated from the 

WWTP effluents (e.g. estrogen concentrations in inflow from Lake Näsijärvi are not known 

and were therefore excluded). Therefore, it is hard to compare to results obtained with data 

reported in other studies. The concentrations of estrogens in water obtained from the 

simulations did not exceed predicted no-effect concentrations recommended by Caldwell et al. 

(2012), which are 6 ng L-1 for E1, 2 ng L-1 for E2 and 0.1 ng L-1 for EE2. Although, the 

developed models separated estrogens concentration in water and in suspended matter, and 

estimated concentrations in suspended matter were much higher. FATEMOD model does not 

take into account the accumulation of estrogens in fish via digestion, and that lowers the 

resulted concentrations in fish. The basal level 0.085 ng L-1 of E2 in fish (Langston et al., 2005) 

is so small that FATEMOD software did not support such a small value, and it could not be 

included in the model. In this study, concentrations in fish were 102-103 higher compared to 

concentrations in water. Langston et al. (2005) for example, refers to studies where 

accumulation of estrogens in fish was 104-106 higher than in water. Conversions between E1 

and E2 in fish are probable (Larsson et al., 1999), but they are not included in this model, 

because fish were modelled as subparts of water compartments and in FATEMOD software 

subparts cannot have their own transformation or degradation processes. Degradation rates are 

also too unclear to include them, but if more accurate data is found, fish could be modelled as 

an individual compartment. Also the role of dissolved organic matter on biological uptake of 

estrogens is unclear. Further studies are needed to clarify this matter. FATEMOD model should 

also be developed so that such effect could be taken under consideration in the model (e.g. 

possibility to include carbon content in water compartment or include it as an individual 

compartment similar to suspended matter). 

The detected concentrations of estrogens in water in Lake Pyhäjärvi on 17.8.2015 was 0.6 ng 

L-1 of E1 (1 m depth), 0.4 ng L-1 of E1 (20 m depth) and 0.064 ng L-1 of EE2 (20 m depth), 

while E2 was below the limit of quantification (<0.4) and EE2 at 1 m depth was below the limit 

of quantification (<0.035) (Siimes et al., 2016). Concentrations for water layers from the 

autumn model of the northern part of the lake were 0.04 ng L-1 for E1, 0.08 ng L-1 for E2 and 

0.004 ng L-1 for EE2 (at this accuracy there was no differences between upper and lower water 
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layer), which are lower than the measured values. It should be noticed, that the in situ sampling 

was conducted in the middle part of the stream and relatively near WWTP Viinikanlahti, while 

concentrations from the models are average for the whole modelled water volume. Estrogens 

E1, E2 and EE2 in water in the Lake Pyhäjärvi were not detected in measurements on 

17.3.2016, while the limit of quantification was 0.4 ng L-1 for E1 and E2, and 0.035 ng L-1 for 

EE2 (Siimes et al., 2016).  

The models estimated higher estrogen concentrations in spring than in autumn season. This can 

be due to the fact that the same mean discharge (146 m3 s-1) for water inflow and outflow was 

used in the northern part of the lake model for all the seasons. In the case that inflow-outflow 

variations would occur it would affect the model results. Furthermore, snow melting during 

spring season may dilute estrogen concentrations in WWTP effluents, because of leakages or 

discharge of rain water to sewage system. Rain water increases effluent discharge amount, but 

model does not take into account that concentrations might be smaller then. The model of the 

northern part of the lake treats water volumes as a big mixed volume, but in reality the water 

changes more rapidly at the mean channel basin, and stays longer at some parts of the lake, and 

estrogens are not spread equally among the water volume from the discharge points. These 

differences are hard to estimate and include in the model without making the model very 

complex. Nevertheless, it would not be possible to conduct any meaningful comparison 

between the results obtained in the simulations and the available data from the site even if a 

more complex model would have been developed. The number of samples and sampling 

campaigns in the lake and at the WWTPs are so small. A much greater number of samples and 

from different matrices as well as measurements of hydraulic conditions in the lake are needed 

so that more accurate modelling and more useful result can be achieved. 

Labadie et al. (2007) reported sediment estrogen levels of E1 3.30 ng/g (dw) and E2 0.97 in 

River Ouse (U.K.) at an alluvial freshwater site, and E2 0.61 ng/g at clay-rich estuarine site. 

Results from our simulations were significantly lower than the reported values. For example, 

winter season model resulted in estimated concentrations of E1 0.000126 ng /g (dw- sediment 

density 2300 kg m-3) in surface sediment, E1 0.000121 ng /g (dw) in lower sediment layer, E2 

0.000017 ng /g (dw) in surface sediment and E2 0.000195 ng /g (dw) in lower sediment layer. 

Labadie et al. (2007) observed a peak of E1 (28.8 ng/g) at the alluvium-clay interface at 15 cm 

depth, which was 9-fold higher than concentrations at the surface sediment. Similar variations 

were estimated by the northern part of the lake model between surface and bottom sediment 
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layers for E2 and EE2, but not for E1. Although, FATEMOD software does not have specific 

transport flow for modelling the migration within pore water, it was estimated using transport 

flow tool, which is made for modelling diffusion processes. Surface sediment layer in the model 

consisted of a 5 mm oxic layer and a 15 mm anoxic layer. The average degradation rates were 

calculated for the whole surface sediment layer. This was done to simplify the modelling, but 

more accurate results would have been obtained, if those were modelled as separate layers. 

Water flow velocities used in the detailed model were extremely hard to estimate and can 

therefore be a source of error in the model. Furthermore, the accurate discharge point of the 

WWTP Viinikanlahti is not known. Lateral flow in the detailed model is high, and the model 

assumes that balancing incoming water has no estrogens. These can increases the dilution effect 

compared to presumable real situation (incoming water comes partly from previous 

compartments and contains estrogens). Overall, the results cannot be considered realistic for 

the last sections of the detail model (more distant from WWTP discharge point), because 

concentrations of estrogens decreased below values obtained from the northern part of the lake 

model, and near the discharge point concentrations should be higher. This indicates that the 

mixing of water is overestimated. In addition, the amount of groundwater inflow and outflow 

at the study site is not known and was not included in the model. More complex model is needed 

to simulate and better describe the hydraulic condition in the model area. 

The accurate estrogen content in the WWTP effluents is not known and the suspended matter 

concentration of the effluent is not included in the model. The supended solids content is 

important because estrogens might sorb partly in suspended matter, while affecting their fate 

when entering the environment. FATEMOD software does not automatically take into account 

the temperature of the wastewater which might affect its flow pathway. For our simulations, 

the mean wastewater discharge was high and it was assumed that the effluent is mixed to lower 

water layer completely, with minor temperature effects. The study site has long history of heavy 

loading by industry and wastewater from the City of Tampere and e.g. radionuclides originated 

from the radioactive fallout from the accident at the Chernobyl nuclear power plant has been 

detected from the sediments of Lake Pyhäjärvi (Ilus and Saxén, 2005). The measured 

concentrations of the polychlorinated biphenyl (PCB) compounds from the sediment bed of the 

northern part of Lake Pyhäjärvi has exceeded the limits of hazardous waste (Frisk et al., 2007). 

Considering this, there are probably different compounds accumulated in the sediment bed, 

which might have affected the estrogens transformation, impacts, etc. This combined or 
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synergetic effects might lead to higher environmental risks than those predicted from 

concentrations of individual estrogen compounds. 

No common water solubility values for estrogens E1, E2 or EE2 was found, and there was some 

conflicting reports in the literature. Moreover, values for lower temperatures, which would 

apply better to Finnish climate, were not found. Temperature dependent values were found only 

for E1. The temperature dependency in water solubility was estimated for E2 and EE2 based 

on E1, which can be another source of error in the model. Campbell et al. (2006) mentions that 

estrogenic endocrine disrupting compounds water solubility may be enhanced through elevated 

pH. The potential effect of pH (i.e. pH difference between reference values and Lake Pyhäjärvi 

values) on solubility was not taken into account in the model. Although, based on sensitivity 

analysis the effect of water solubility on results was minor in the developed model. 

Furthermore, the octanol-water partition coefficient Kow values for estrogens reported in 

different references did not contain information about temperature or temperature dependent 

values. The values used in this study were used systematically in a number of references. It is 

of the author’s opinion that, because Kow correlates with water solubility (Pinsuwan et al., 1995) 

it should also have temperature dependent values. This can also add error to the estimated 

estrogen concentrations, especially in low temperatures. 

In FATEMOD model, separate models are created for different seasons, but in the future it 

might be more convenient if these could be included in one model. During sensitivity analysis, 

the most surprising result was that the temperature term A did not affect the results at all. The 

meaning of this term used in the model stayed a bit unclear to the author. FATEMOD is a 

software in development, six updated versions were published based on the needs and flaws 

that came-up during this modelling experiment. Overall, FATEMOD software appears to be an 

appropriate tool for modelling larger areas like the northern part of the lake model. However, 

it is more challenging to use it for small areas in a more detailed manner (for river-like 

situations) where the mixing of water is hard to estimate. Several water compartments and flows 

between them would have to be described so that coherent results could be achieved. 
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7 SUMMARY AND CONCLUSIONS 

Estrogens are steroidal hormones that can affect the endocrine system at very low levels. 

Impacts of natural and synthetic estrogens on environment are under arising concern, since they 

are systematically discharged into environment and impacts on ecosystems and accumulation 

via food webs are not fully known. Natural and synthetic estrogens originating from households 

enter the sewage systems and are conveyed to wastewater treatment plants (WWTP). Because 

current WWTPs are not designed to remove these compounds they are then discharged into the 

environment. Other significant source of estrogens is e.g. livestock waste. Combined and 

synergetic effects with other chemicals make the evaluation of the impacts of estrogens very 

complex. 

Estrogens are very transformable and occur in trace amounts in WWTPs effluents and in 

environment, and are therefore difficult and expensive to measure. Complementary sampling 

methods to chemical analysis has been developed, including e.g. biomarkers like induction of 

vitellogenin (VTG) in the blood plasma of male fish under estrogenic exposure. Estrogens are 

known to affect aquatic ecosystems at very low concentrations, but long-term effects are hard 

to estimate because of the complexity of ecosystems. Impacts on aquatic ecosystems has been 

consistently observed with for example the feminization and other abnormalities occurring in 

fish, DNA damages in developing zooplankton, reproduction changes in zooplankton, changes 

in embryo production of snails and tachycardia in bullfrog tadpoles. Nevertheless, to evaluate 

the impacts of estrogens is a very complex task. This complexity arises from combined and 

synergetic effects with other chemicals, and therefore the concentration of one or few 

compounds is not enough to assess the potential risk of the whole effluent. Chemical 

compounds can also already exist in the environment as a result of accumulation during for 

example a long history of heavy loading by e.g. industry and wastewater treatment plants. The 

relatively fast degradation rates of estrogens seem to be a factor decreasing their occurrence in 

environment in to a greater extent, but environmental conditions and microbial community 

strongly affect the degradation rates and synthetic estrogen EE2 is more persistent than natural 

estrogens E1 and E2. 

Environmental fate modelling is a fast and cost-effective tool to evaluate the environmental fate 

of chemical compounds, which is influenced by several complex processes. Environmental fate 

modelling is a fast and cost-effective tool to evaluate the environmental fate of chemical 
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compounds, which are influenced by several complex processes. Using models, the impacts 

can be predicted before the chemicals are discharged in the environment making it an important 

tool in assessing environmental impacts of chemicals such as estrogens. Furthermore, models 

can be used to evaluate the impact of planned measures such changes in discharge limits, etc. 

The majority of process-based models applied in the evaluation of the fate of chemicals in 

aquatic ecosystems seem to be based on equilibrium criterion approach, where fugacity is used 

as an equilibrium criterion. 

In this thesis, FATEMOD was used and two separate models representing parts of Lake 

Pyhäjärvi (Tampere, Finland) were constructed. The modelling process involved the 

compartmentalization of the environment (matrices (water, sediment, suspended matter, fish) 

and their divisions and dimensions), the attribution of parameters describing environmental 

compartments (temperature, pH, etc.), the attribution of properties of the estrogens and the 

transport and transformation processes linked to the evaluated compounds and study site. These 

properties, parameters, etc. were found from available literature and databases. 

Lack of data, especially related to cold climate condition, caused uncertainty in models, 

especially temperature dependent data for input parameters such as partition coefficients. 

Reliable data would improve the accuracy of the models. Also, degradation rates of estrogens 

used in the models were hard to find and to specify, because besides other environmental 

conditions, they can also be affected by e.g. microbial community. 

It is of the author’s option that the main focus for managing estrogen impacts should first be on 

reducing their occurrence in sewage water. And second, on trying to minimize their discharge 

with WWTPs effluents via the development and application of wastewater purification methods 

that can remove such compounds. There are hundreds of chemicals that are known or suspected 

to be capable of interfering with the endocrine system. Studying the combine and synergetic 

effects of every possible chemical mixture on different organisms is not realistic. 
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Appendix 1. Environment compartments properties in the north part lake model. 

Part 

number 

Environment 

compartment 

Volume Area Depth Temperature, 

summer/autumn/winter/spring 

pH, 

summer/autumn/winter/spring 

  [m3] [m2] [m] [C] - 

1.1 water upper 60 000 000 20 000 000 3 18.6/7.2/0.8/1.5 7.1/7.4/7.0/6.7 

- incl. suspended 116 - - 18.6/7.2/0.8/1.5 - 

- incl. fish 10/15* - - 18.6/7.2/0.8/1.5 - 

1.2 water lower 115 900 000 17 000 000 6.8 17.7/7.2/0.8/1.5 6.95/7.3/7.0/6.7 

- incl. suspended 464 - - 17.7/7.2/0.8/1.5 - 

- incl. fish 30/45* - - 17.7/7.2/0.8/1.5 - 

1.3 surface sediment 400 000 20 000 000 0.02 17.0/7.1/1.3/1.5 6.8/7.3/7.0/6.8 

1.4 lower sediment 2 800 000 20 000 000 0.14 17.0/7.1/1.3/1.5 6.8/7.3/7.0/6.8 

*during summer, winter and spring season, used fish volume is 10 m3 (upper water layer) and 30 m3 (lower water layer). During autumn season, 

used fish volume is 15 m3 (upper water layer) and 45 m3 (lower water layer). 
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Appendix 2. Environment compartments properties in the detail model.  

Part 

number 

Environment 

compartment 

Volume Area Length Width Depth Temperature 

(summer) 

pH  

(summer) 

  [m3] [m2] [m] [m] [m] [C] - 

1.1 water upper 100 000 10 000 100 100 10 18.6 7.1 

- incl. suspended 0.193 - - - - 18.6 - 

- incl. fish 0.02 - - - - 18.6 - 

1.2 water lower 50 000 10 000 100 100 5 17.9 7.0 

- incl. suspended 0.097 - - - - 17.9 - 

- incl. fish 0.02 - - - - 17.9 - 

1.3 surface sediment 200 10 000 100 100 0.02 17.0 6.8 

1.4 lower sediment 1 400 10 000 100 100 0.14 17.0 6.8 

2.1 water upper 400 000 40 000 400 100 10 18.6 7.1 

- incl. suspended 0.773 - - - - 18.6 - 

- incl. fish 0.08 - - - - 18.6 - 

2.2 water lower 400 000 40 000 400 100 10 17.7 6.95 

- incl. suspended 1.600 - - - - 17.7 - 

- incl. fish 0.08 - - - - 17.7  

2.3 surface sediment 200 40 000 400 100 0.02 17.0 6.8 

2.4 lower sediment 1 400 40 000 400 100 0.14 17.0 6.8 

         

         

…to be continued 
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Part 

number 

Environment 

compartment 

Volume Area Length Width Depth Temperature 

(summer) 

pH  

(summer) 

  [m3] [m2] [m] [m] [m] [C] - 

3.1 water upper 500 000 50 000 500 100 10 18.6 7.1 

incl. suspended 0.967 - - - - 18.6 - 

- incl. fish 0.10 - - - - 18.6 - 

3.2 water lower 1 000 000 50 000 500 100 20 17.5 6.9 

- incl. suspended 4.000 - - - - 17.5 - 

- incl. fish 0.10 - - - - 17.5  

3.3 surface sediment 200 50 000 500 100 0.02 17.0 6.8 

3.4 lower sediment 1 400 50 000 500 100 0.14 17.0 6.8 

4.1 water upper 1 000 000 100 000 1000 100 10 18.6 7.1 

- incl. suspended 1.933 - - - - 18.6 - 

- incl. fish 0.20 - - - - 18.6 - 

4.2 water lower 3 000 000 100 000 1000 100 30 17.4 6.8 

- incl. suspended 12.000 - - - - 17.4 - 

- incl. fish 0.20 - - - - 17.4 - 

4.3 surface sediment 200 100 000 1000 100 0.02 17.0 6.8 

4.4 lower sediment 1 400 100 000 1000 100 0.14 17.0 6.8 
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Appendix 3. Transport and transformation processes used in the north part lake model for summer season. 

Degradation of EE2 in compartment Water 1.2 lower layer, reaction rate constant 0.00240259, half-life before temperature correction 288 h 

Degradation of EE2 in compartment Water 1.1 upper layer, reaction rate constant 0.00240259, half-life before temperature correction 288 h 

Intermedia transport from Water 1.1 upper layer outside with velocity 179284 m³/h 

Intermedia transport from compartment Water 1.2 lower layer outside with velocity 350138 m³/h 

Intermedia transport from compartment Water 1.2 lower layer to Water 1.1 upper layer with velocity 5.9364e+06 m³/h 

Intermedia transport from outside to compartment Water 1.1 upper layer with velocity 179284 m³/h 

Intermedia transport from outside to compartment Water 1.2 lower layer with velocity 6316 m³/h 

Intermedia transport from compartment Water 1.1 upper layer to Water 1.2 lower layer with velocity 5.9364e+06 m³/h 

Degradation of E1 in compartment Surface sediment 1.3, reaction rate constant 0.0041445, half-life before temperature correction 167 h 

Degradation of E1 in compartment Bottom sediment 1.4, reaction rate constant 0.00314185, half-life before temperature correction 221 h 

Degradation of E1 in compartment Water 1.1 upper layer, reaction rate constant 0.00891144, half-life before temperature correction 77.8 h 

Degradation of E1 in compartment Water 1.2 lower layer, reaction rate constant 0.00891144, half-life before temperature correction 77.8 h 

Degradation of E2 in compartment Water 1.1 upper layer, reaction rate constant 0.00340367, half-life before temperature correction 204 h 

Degradation of EE2 in compartment Water 1.1 upper layer, reaction rate constant 0.0144406, half-life before temperature correction 48 h 

Migration among pore water from Water 1.1 upper layer to Bottom sediment across 1.4, 3e+06 m² interface with velocity 2.57e-05 m/h 

Migration among pore water from Water 1.2 lower layer to Bottom sediment across 1.4, 1.7e+07 m² interface with velocity 2.57e-05 m/h 

Intermedia transport from compartment Bottom sediment 1.4 outside with velocity 11.4155 m³/h 

…to be continued 
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Intermedia transport from compartment Surface sediment 1.3 to Bottom sediment 1.4 with velocity 11.4155 m³/h 

Intermedia transport from compartment Water 1.2 lower layer to Surface sediment 1.3 with velocity 11.4155 m³/h 

Intermedia transport from compartment Water 1.2 lower layer outside with velocity 4.38376e-10 m³/h 

Transformation of E2 to E1 in Bottom sediment 1.4, reaction rate constant 0.0019549, half-life before temperature correction 354 h 

Transformation of E2 to E1 in Surface sediment 1.3, reaction rate constant 0.00260196, half-life before temperature correction 266 h 

Transformation of E2 to E1 in Water 1.1 upper layer, reaction rate constant 0.00891144, half-life before temperature correction 77.8 h 

Transformation of E2 to E1 in Water 1.2 lower layer, reaction rate constant 0.00891144, half-life before temperature correction 77.8 h 

Intermedia transport from outside (WWTP) to compartment Water 1.2 lower layer with velocity 713 m³/h, including estrogen content E1 10 µg/m³, E2 

1,3 µg/m³ and EE2 1 µg/m³  

Intermedia transport from outside (WWTP) to compartment Water 1.2 lower layer with velocity 3120 m³/h, including estrogen content E1 10 µg/m³, 

E2 1,3 µg/m³ and EE2 1 µg/m³  

Diffusion (water depth < 3 m): from Surface sediment 1.3 to Water 1.1 upper layer across 3e+06 m² interface with velocity 0.0001 m/h 

Diffusion (water depth < 3 m): from Water 1.1 upper layer to Surface sediment 1.3 across 3e+06 m² interface with velocity 0.1001 m/h 

Diffusion (water depth > 3 m): from Surface sediment 1.3 to Water 1.2 lower layer across 1.7e+07 m² interface with velocity 0.0001 m/h 

Diffusion (water depth > 3 m): from Water 1.2 lower layer to Surface sediment 1.3 across 1.7e+07 m² interface with velocity 0.1001 m/h 

Sediment resuspension (water depth < 3 m): from Surface sediment 1.3 to Water 1.1 upper layer across 3e+06 m² interface with velocity 0.001 m/h 

Sediment resuspension (water depth > 3 m): from Surface sediment 1.3 to Water 1.2 lower layer across 1.7e+07 m² interface with velocity 0.001 m/h 
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Appendix 4. Water velocities used in the detailed model. 

Flow Velocity 

[m s-1] 

Discharge 

[m3 h-1] 

ENV 1.1  1.2 Vertical flow, downward 0.000097 3 492 

ENV 1.2  1.1 Vertical flow, upward 0.000097 3 492 

ENV 2.1  2.2 Vertical flow, downward 0.000097 13 968 

ENV 2.2  2.1 Vertical flow, upward 0.000097 13 968 

ENV 3.1  3.2 Vertical flow, downward 0.000097 17 460 

ENV 3.2  3.1 Vertical flow, upward 0.000097 17 460 

ENV 4.1  4.2 Vertical flow, downward 0.000097 34 920 

ENV 4.2  4.1 Vertical flow, upward 0.000097 34 920 

   

Main flow, out  ENV 1.1 upper 0.0349 125 640 

Main flow, out  ENV 1.2 lower 0.0349 62 820 

Main flow, ENV 1.1  2.1 upper 0.0349 125 640 

Main flow, ENV 1.2  2.2 lower 0.0349 62 820 

Main flow, ENV 2.1  3.1 upper 0.0116 41 760 

Main flow, ENV 2.2  3.2 lower 0.0116 62640 

Main flow, ENV 3.1  4.1 upper 0.0065 23 400 

Main flow, ENV 3.2  4.2 lower 0.0065 58 500 

Main flow, ENV 4.1  out 0.0065 23 400 

Main flow, ENV 4.2  out 0.0065 70 200 

   

ENV 1.1 upper, lateral flow out 0.003 10 800 

ENV 1.2 lower, lateral flow out 0.0027 4 860 

ENV 2.1 upper, lateral flow out 0.003 43 200 

ENV 2.2 lower, lateral flow out 0.0027 38 880 

ENV 3.1 upper, lateral flow out 0.003 54 000 

ENV 3.2 lower, lateral flow out 0.0027 97200 

ENV 4.1 upper, lateral flow out 0.003 108 000 

ENV 4.2 lower, lateral flow out 0.005 540 000 

 


