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Abstract  
 
Environmental concern due to handling of hazardous chemicals is growing. This issue draws 
stakeholder attentions more than before to risks associated with accidental spillage in industry 
or traffic. This study aims at addressing the risks resulting from the spillage of one metric 
tonne nonylphenol from an imaginary traffic accident. 

The environmental risk assessment approach outlined in this study attempts to address the 
concern for the potential impact of hazardous substances on the environment by examining 
both exposures and effects of such incidents on the structure and function of the ecosystem. 

 Nonylphenol has been selected as the discharged contaminant in this thesis for these reasons. 
It is an organic liquid with low vapour pressure. It is not produced in Sweden. About 2400 
tonnes are imported yearly. It is mainly used for making nonylphenol ethoxylates, which have 
a wide use as detergents, emulsifiers, lubricants and additives in a variety of industries. It is 
released from the ethoxylates in waste water. There are some published reports on its toxicity 
as well as endocrine property to species. 

In this study the exposure concentrations are predicted through developing a multimedia fate-
exposure model for the Göta älv fresh water ecosystem. It is a dynamic version of QMX-
fugacity model applicable for river basins. This fate model is integrated with a simplified food 
web model in order to quantify the extent of nonylphenol concentration in organisms. 
Moreover the dose response correlation derived from the most validated experimental studies 
is utilized to estimate Predicted No Effect Concentration for aquatic ecosystem. 
 
The probability of accidental spillage of nonylphenol is extremely low and is not part of this 
study. On the other hand the consequence of spillage affecting the ecosystem is treated from 
several aspects, mainly by using the PEC/PNEC ratio. In the aquatic ecosystem pelagic (free 
water) and benthic (bottom zone) organisms are studied.  

Estimated risk concerning the spillage suggests that acute toxicity among pelagic organisms is 
plausible up river especially in the Trollhättan region. However sub-lethal effects such as 
reproduction and growth inhibition will probably be observed all along the river with most 
concern in up river. In the sediment phase the benthic organisms are shown to be put at risk 
for a prolonged period of time and organisms may suffer from chronic toxicity. In addition the 
sediment acts as a sink for contaminant with potential release of the hazardous substance.  

However, it is difficult to predict a full extent of adverse consequences. But it seems that sub-
lethal effects on benthos and consequent side effects on other populations should be 
concluded as the most important direct consequence of a nonylphenol spillage.   
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1 Introduction 
  
Many situations exist that a chemical has been or is being discharged into a fresh water 
ecosystem resulting in contamination of water and sediment.  One of these situations is 
spillage of organic pollutants coming from the traffic accidents or any accident in the plant 
which might be ultimately caused a large volume of substance end up into the fresh water 
ecosystem and consequently create a potential hazard for the ecosystem . In this regard, 
conducting an environmental risk assessment and predicting the consequences caused by a 
potential accident would be very helpful for making new regulations concerning prevention 
policy or any mitigation action plan.  
 
Environmental risk assessment comprises three main steps as follows (TGD, 2003): 
 

1. Exposure assessment: to estimate the magnitude of environmental contamination as 
well as duration of this exposure for potential population at risk. Also it addresses the 
main pathways by which ecosystem may be exposed. 

2. Effect assessment: comprises of hazard identification and dose response assessment in 
order to estimate the severity of ultimate effect on the species with considering the 
level of exposure. 

3. Risk characterization: to quantify the likelihood of estimated adverse effect on 
environment  

 
Multimedia models are often used for risk and exposure assessment purposes. They are 
appropriate tools for decision makers providing a quantitative framework to evaluate their 
understanding of the complex interactions between chemicals and the environment, besides 
the fact that they provide useful information without demanding for large input data.  
 
To provide a brief background, fate models based on mass balance equations, developed for 
the first time in 1979 by Mackay. By the late 1980’s multimedia modeling had become 
established and so far large numbers of applications have been reported by scientists. It is 
successfully applied into the fresh and marine environment in various degree of complexity 
for steady and unsteady state conditions. This model could be applied in the river basins as 
well. Warren et al (2005) introduced a novel approach. He described the connectivity of river 
segment through an n×n matrix and then a tiered exposure assessment method was addressed. 
Later, a successful application of this approach has been published for two river basins 
(warren et al, 2007) under steady state situation. However in case of episodic events like 
chemical spills this model could be developed in a dynamic version. 
 
This study aims at investigating the probable risk resulting from spillage of one metric tonne 
nonylphenol into a fresh water ecosystem like Göta älv in Sweden. Environmental 
concentration of this episodic event is predicted by developing a dynamic fate and exposure 
model which will be explained in more detail. Fate model is integrated with a simplified food 
web model. So it ultimately predicts the concentration of contaminant in species of a 
simplified fresh water food web. Also this model is intended for estimating the time scale at 
which the river would be recovered besides giving the chemical concentration trend during 
that period. Calculations have been carried out in Matlab. A full evaluation of environmental 
fate model is impractical due to lack of accurate chemical emission and concentration for a 
real case of spill and also uncertainties regarding spill scenario. The model just will be 
evaluated with limited monitoring data. 
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In this report, chapter 2 deals with establishing a spill scenario and then the physiochemical 
property of the organic pollutant, Nonylphenol, is presented in chapter 3. Then in chapter 4 
Göta älv geographical situation as well as the segmentation of the river system utilized in 
model, is described. Next it is time to develop the model and estimate the required parameters 
(chapter 5 and 6) in order to address the probable NP concentration in river. In chapter 7 the 
results regarding exposure assessment are presented. Chapter 8 is expressing a summary of 
dose response assessment studies. Finally a risk characterization will be followed and possible 
environmental effect of this spillage will be discussed. 
 

2 Creation of plausible spill scenario 
 
Transportation, and principally car traffic, continued to grow all around the world. In Sweden 
accidents on the roads have increased, particularly accidents involving industry-registered 
vehicles. In this study it is assumed that an accidental release of the chemical into the fresh 
water ecosystem takes place from a traffic accident. However to the best knowledge of the 
author, a traffic accident which results in spillage of an organic pollutant into fresh water 
ecosystem has not been reported in recent years. In this regard to make a relatively genuine 
scenario for the case of traffic accident and getting a satisfactory level of approaching a real 
case, it will be proper to set some parameters in order to select the organic contaminant. 
 
Firstly, the organic chemical should be handled by truck road or railway. Also probability of 
happening accidents in the road may be raised if substance has a big import/export/production 
capacity. Secondly, it should be classified as dangerous substance for the environment as the 
aim of study is exploring probable consequences for the aquatic environment. Further it 
would be valuable if a case of historical accident has been recorded for it.  
 
In this regard, by searching on available lists of priority substances provided by European 
Chemical Bureau and the H-class database provided by Nordic ministry, a total of 24 
chemicals identified as dangerous into the environment (Appendix 1). Taking into account 
declaration of Swedish chemical agency on the list of production, import and export of certain 
chemicals hazardous to the environment and health, nonylphenol was selected as the organic 
substance that is going to discharge into the aquatic ecosystem. Nonylphenol is not produced 
in Sweden any more and it is imported in large amounts. Around 2428 tonnes of this 
substance have been imported in 2004(SCB, 2004).  
 
More over, a detail study around the potential locations that accident is likely to happen along 
Göta älv is not discussed in this study. However it may seems that release of chemical in areas 
where the road or railway passes so close to river or bridges cross the river is more likely to 
create a worst case scenario. Here spillage is assumed to take place somewhere around the 
origin of Göta älv in order to see the trend of chemical concentration all along the river. While 
it should be caution that location of accident taking place has a great contribution in the 
ultimate observed consequences on ecosystem. So the Estimated risk in this report has been 
build up based on discharging nonylphenol into Vargön area. 
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3 Nonylphenol 

Nonylphenol (NP) is a member of the Alkylphenol group. It is a product of alkylation’s process of 
phenol. As a result it is commonly found as a mixture of isomers. In fact, the position of the 
nonyl group on the phenol molecule and the degree of branching of the nonyl group 
determines the isomers. The property of isomers in some cases is varied broadly in the extent 
that they may have their own CAS numbers. While nonylphenol shows some acute toxicity, it is 
also able to mimic important hormones resulting in the disruption of several processes by 
interfering with the signals that control the overall physiology of the organism. 

Most of NP is used as an intermediate to produce a worldwide used surfactant, Nonylphenol 
ethoxylates (NPE). Primarily as soon as it released directly into environment or into the waste 
water treatment plants it is transformed by microorganisms to NP which is more persistent 
and toxic for aquatic life than NPE. In this regard in order to estimate the worst case scenario 
it is assumed that all NPE is transformed into NP. 
 

3.1 Physical-Chemical properties 

It is reported that Nonylphenol mixtures are clear to pale yellow viscous liquids with an 
approximate molecular weight of 220g.mol-1. A range of values concerning physical chemical 
properties have been reported for substance which could be explained by differences in 
method of experiments and slight differences in nature of produced substance by various 
companies. As quoted in European Commission report (2002) the two main sources of data 
for nonylphenol properties are Hüls and ICI.  

Table  3-1 summarizes the key physiochemical properties of NP  
  Property  Value Reference Comment 
Molecular weight 220.34 g/mol -  
Relative density  0.949-0.952 

0.95 
Hüls, 1994 
Merck Index, 1989 

For modeling : 
0.95 at 20°C 

Vapor pressure 0.3 pa at 25°C EC,2002  
Water solubility  11 mg/l at 20°C  

6.23 mg/l at 25°C,pH 7  
5.43 mg/l at 20ºC. 

Hüls, 1994 
Roy F. Weston Inc., 1990c  
Ahel, 1987 

For modeling: 
6 mg/l at 20ºC 
 

 log KOW 
 

3.28 at 20ºC 
4.2 - 4.7 
5.76 
 

Hüls 1989a 
ICI, 1995 
Itokawa et al., 1989 

For modeling : 
4.48 
 

Henry’s law constant 11.02 Pa.m3.mol-1 EC,2002  
 pKa  10 EC,2002  
 

3.2 Sources of Nonylphenol in environment 

Nonylphenol and nonylphenol ethoxylate (NPE) are used widely around the world and thanks 
to this; occurrence of this compound is reported in many fresh and marine waters. World 
demand for nonylphenol is 18,200-20,500 tonnes per year. It is very much managed by 
demand for nonylphenol ethoxylate, which in Europe is expected to diminish in future (SCA, 
2007). 
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In EU over the period of 94-97 about half of nonylphenol capacity is used for production of 
nonylphenol ethoxylate. Another main use of Nonylphenol is in the plastic industry as a 
monomer in the production of phenol/formaldehyde resins besides production of tri-(4-
nonylphenyl) phosphite (TNPP). Generally production of resins, plastics and stabilizers make 
up 43%.  Also it is used as a raw material for production of phenolic oximes which are used 
as a reagent for the extraction and purification of copper from ore. This process take place in 
just one site in the EU and the total quantity for this application is 2500tones per year (EC, 
2002). Nowadays NP is not produced in Sweden any more. The substance is imported in large 
amounts as an intermediate for synthesis of nonylphenol ethoxylate.  

Nonylphenol ethoxylates are used as oil soluble detergents and emulsifiers that can be 
sulfonated or phosphorylated to produce anionic detergents, lubricants, antistatic agents, high 
performance textile scouring agents, emulsifiers for agrochemicals, antioxidants for rubber 
manufacture, and lubricant oil additives (Vazquez-Duhalt et al  2005). Also it is applied in 
various industries such as chemical, pulp and paper, electrical, textile, metal, leather, paint 
industry. It is worth mentioning that domestic consumption of this group of products has been 
phased out in EU since 2000 (EC, 2002). 

Since the NPE comprise one of the main uses of NP and under some conditions in the 
environment, NP is one of its dangerous metabolite, all NPE potential releases into the 
environment is considered as point sources discharge NP into the environment. 

All of these applications make common sources of environmental release of NP besides the 
fact that some unexpected events in each stage of product life cycle could also contribute as a 
source for release of this substance into the environment.  

3.3 The fate of Nonylphenol 

Environmental fate of organic pollutant depends strongly on their physiochemical properties, 
hydrodynamic conditions as well as biological processes. Nonylphenol released into the 
atmosphere is likely to be degraded within 8 hours. And also low Henry’s law constant of this 
compound suggesting volatilization of this compound from the surface water to air is 
improbable. However in some urban area small amount of NP in the range of ng/m3 have 
been detected (Vazquez-Duhalt et al., 2005). In contrast NP primarily tends partitioning into 
soil, suspended particular matter in aquatic environment and the bed sediment. 

In this regard, fate of Nonylphenol in the environment strongly is controlled by absorption 
and biodegradation. Considering the hydrophobic characteristic of NP, it has strong affinity to 
associate with aquatic particles. Some studies reported that around 20% of NP is found in 
suspended particles (Isobe et al., 2001). In this regard sediment is the main destination for NP. 
Johnson et al. (1998) in a research show that giving a long time to substance for distribution, 
large proportion of it will end up in the bed sediment. Remarkably, sediment with highest 
organic content and a greater proportion of clay sorbed the highest quantities of NP. on the 
other hand depending on hydrology of river and the degree of water flow turbulence, 
resuspension of sediment could take place in which contaminant is become released into the 
water phase. Further studies exhibit that abiotic processes such as photolysis and hydrolysis 
could not be considered the main removal rout of substance from the media. 
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4 Göta Älv River  
 

Göta älv river is the largest river in Scandinavia. It is 
situated on the southwest coast of Sweden (figure 1). 
It has a catchments area of 50 180 km2 which 
correspond to one-tenth of Sweden’s land surface. 
The Göta River drains from Vänern Lake and 
discharges into the sea. It has an average flow rate of 
550m3/s and varies from 150 to 800m3/s. The Göta 
River splits into two branches at Kungälv, about 20 
km upstream of Göteborg, one part, still called Göta 
River, continues trough Göteborg and the other part 
called Nordre Älv which has its outlet north of the 
island Hisingen. Nordre Älv has 75% of total flow 
rate. The catchment’s area is largely characterized 
by crystalline bedrock covered by a thin till layer 
and coarse glaciofluvial sediment, followed by clay 
deposits of up to 100 m thickness (Klingberg et al, 
2006).  

It serves drinking water of 700,000 people as well as 
process and chilled water of a number of industries 
located along the river. The river is also one 
important transport pathway of goods. Traffic on the 
Göta River is about 6 to 8 vessels considering both 
directions. It is reported annually approximately 3.5 
millions tonne goods, above all oil and others 
petroleum products are transported (Klingberg et al, 
2006). Such activities potentially increase the risk of 
release of toxic chemicals into the river. Further the 
main road and a double-tracked railroad between 
Göteborg and Trollhättan follow the eastern 
riverside and in some parts it is very close to the 
riverbanks.  

4.1 Sediment characteristics  

In a research done by Klingberg et al. (2006) bottom 
of Göta River has been investigated. It has been 
illustrated that the sediment thickness normally is 
more than 100 m south of Lilla Edet but less further 
to the north. The maximal sediment thickness ca. 
225 m was recorded in the vicinity of Dösebacka 
between Bohus and Älvängen. In this area a coarse 
grained deposit with a thickness of up to 100 m was 
found below glacial clay. Glacial clay is the most 
common sediment along the river. A thin top layer 
of sand is quite common. Sand deltas are situated 
north of Lilla Edet and north of Dösebacka. 

Figure  4-1 map of Gota alv 
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4.2 Göta älv water flow 

Göta Älv is being monitored for a long time. Seven monitoring stations are recording the 
water quality over the past years. As it is shown in figure 1 a large number of streams 
discharge into the river and among them the six biggest tributaries are Slumpån, Gårdaån, 
Grönån, Lärjeån,  Säveån and Mölndalsån.  

The mean annual water flow is recorded for Lilla Edet and Lärjeholm stations along the river 
as well as Säveån  and Mölndalsån . In the present model it is assumed that the upstream of 
Lilla Edet have the same water discharge as Lilla Edet and water discharge of rest tributaries 
are being modeled with PULS-model (Göta älv vattenvårdsförbund, 2006). In this study 
average flow rate of Göta river in the past 8 years is utilized (table 4-1) in model.  

Table  4-1 Göta älv water flow from 1998 to 2006 

Source: Göta älvs vattenvårdsförbund reports2002-2006 
 

4.3 Göta Älv segmentation  

There are no specified criteria for segmentation of a river basin due to inherent characteristics 
of the river basins. It is totally designer decision. However some parameters should always 
take into consideration when segmentation is carried out. In fact the segment boundaries 
should capture differences in physical system properties accurately (e.g. locations with large 
variation in water flow, sediment type) and represent the river network according to available 
resources in the best way. The location of monitoring stations of water quality could be 
another criterion. Also the physical property (e.g. degradation rate) of the contaminant should 
be considered.  For example when the substance is degraded rapidly, small segments will 
present the chemical concentration trend with respect to spatial variation more precisely. In 
addition for the case of accidental release resulted from a traffic accident, the road or railway 
distance from the river or availability of bridges passing the river should be noticed.  

In this study Göta Älv is split into 8 parts. A brief description of each segment is provided 
next (figure 4-2). 

 1998 1999 2002 2003 2004 2005 2006 Ave 
Göta Älv         
Vargön  530 790 515 364 429 449 541 519 
Trollhättan 530 790 515 364 429 449 541 519
Lilla Edet 530 790 515 364 429 449 541 519 
Lärjeholm  170 210 159 145 149 156 160 164 
         
Inflow streams         
Slumpån - - 5 3.4 5.6 4.6 7 5.12 
Gårdaån - - 0.8 0.6 0.9 0.7 1 0.8 
Grönån - - 2.7 1.9 2.9 2.5 3.6 2.72 
Lärjeån - - 2.3 1.9 2.4 2.1 3.3 2.4 
Säveån - - 23.5 14.6 23.3 18.4 27.5 21.46 
Mölndalsån - - 4 2.5 3.5 3.5 5.4 3.78 
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4.3.1 Vargön- Segment 1  

The Göta river drains from lake Vänern. It continues ahead towards the island of Vargön. A 
bridge passes the river in Stålbron. The segment holds a length around 5km. 

4.3.2 Trollhättan -Segment 2 

Trollhättan historically it is housed to the NOHAB industries that produced locomotives, and 
Stridsberg & Biörk who had specialized in saws for sawmills as well as a number of 
industries, for example main production sites for Saab Automobile and Volvo Aero and  a 
large number of suppliers to these two facilities. Further Trollhättan has its own port. It also 
serves as a terminal for loading and unloading small-scale vessels with a loading capacity of 
up to 3,500 tons besides a port for ships bound directly for the continent and feeder traffic to 
the Göteborg deep water port. The national road 45 is far away from river but thanks to the 
Stallbacka Bridge highway 45 connects Trollhättan both to Göteborg and the trans-European 
highway, E6. Further National highway 44 offers links with the ports of Uddevalla and 
Lysekil as well as the E 20 and Stockholm. National highways 42 and 47 connect to industrial 
and communications centers in south-western Sweden. Thus it is a high density region. 
Further by building a railway bridge in 2001, the rail route connects Oslo, Göteborg and 
Copenhagen and it provides freight traffic of 20 trains per day on weekdays (Betsgren, 2006). 
 

4.3.3 Lilla Edet -Segment 3 

The region around Lilla Edet is characterized by its coastline and long valleys with deep 
deposits of marine soft clays. Clay layer depths of between 15 and 100 m are common. In 
urbanized areas of town dwellings, schools, service areas, a major lock, a water power plant 
and other constructions are situated close to Göta Älv River (Fallsvik, 2007). In this region 
there have been a number of industries including a paper mill since 1880, crepe paper 
manufacturer since 1940, toilet paper producer, power station, etc. At Borgaråsen there is a 
bridge but neither railway nor route 45 follow close to the bank river in this region. A number 
of small streams empty into the river which, of Slumpån is the main one with a flow rate 
about 7m3/s.  

4.3.4 Göta Segment 4  

In this segment Gårdaån discharges into the river. There has been a paper mill at Göta since 
1907. The pulp was transported by the factory’s own boats and a small fleet was based at 
Göta and Haneström. In this segment the route 45 and railway are very close to the river.  

4.3.5 Kungälv Segment 5 

In this segment Grönå discharges into the river near Älvängen where the river flows around a 
island, Tjurholmen. Most of the river banks in this area are farmlands. However a number of 
industries such as shipyards, a fishing industry, brick factory, saw mills and the country’s 
rope makers could be found at Älvängen. 

4.3.6 Surte -Segment 6 

Surte is an industrial town. It is located some 15km north of Göteborg. In this area there was a 
bottle factory until 1978. Also in 1950 after a rainy spell there was a great landslide at Surte 
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and houses and factories were washed out into river. Jordfall Bridge is located in this 
segment.  

 

4.3.7 Lärjeholm-segment 7: 

This segment starts from Surte. It has a length around 15 km. Three main rivers Lärjeån, 
Säveån and Mölndalsåm discharge into this segment. By Olskroken is the Tingstad Tunnel 
where the E6 passes under the Göta Älv in two 445 meter long tunnels. Two bridges 
Marieholm and Angered are located in this segment. Marieholm Bridge is a swinging railway 
bridge serving  industries and port facilities. Also route 45 is close to the river all the way. 

4.3.8 Nordre Älv- segment 8: 

After the split of Göta river at Kungälv, about 75% of Göta älv flow rate flows through 
Nordre Älv. In 1934 a power plant was built in Ormo. Also route E6 crosses the river in this 
segment.  

 
 

 

 

 

Figure  4-1 map of river segments 
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5 Multimedia fate and exposure model 

In multimedia models, environment is treated as a set of compartments that are 
homogeneous and subsystems exchange gas, water, solids, and chemical contaminants 
with other adjacent compartments. Mackay introduced fugacity multimedia model in 
1979. This model is based on fugacity concepts as a criterion of equilibrium, introduced 
by G. N. Lewis in 1901. During the past years multimedia models has been applied in 
various research studies and it has been proved to be a convenient method for calculating 
concentration in environment. This model is able to address the fate of chemicals in the 
environment, based on its physical and chemical properties in different media. 
Furthermore it provides great insight into the predominant contaminant loss processes.  

Depending on the particular application of fate model, it could be designed as a specific 
or generic model. The generic model has a broad range of applications without being 
specific to any particular geographic location or scenario. On the other hand, even though 
the specific models have the same framework, they include regionally geographical 
databases. To provide some examples, it can be pointed out to ChemCAN (Mackay et al., 
1996c), CalTOX (McKone, 1993), EUSES (RIVM, 1996), BETR-world model (Mackay 
et al, 2003)ELPOS and the earlier versions of Simple BOX (Brandes et al., 1996),. 

Mackay et al (1983) developed a version of fugacity model named Quantitative Water 
Air Sediment Interaction (QWASI) model. There are a number of reports indicating the 
application of QWASI model under different circumstances (Mackay and Southwood, 
1992; Woodfine et al, 2000). Warren et al (2005) introduced a novel approach for 
assessing a contaminant in a river basin using QWASI. It was QWASI matrix fugacity 
(QMX-F).  The proposed model defined the connectivity of segments through 
introducing a matrix which completely satisfies an intermediate complexity in water 
systems.  

Through this study a dynamic version of the QMX-F model coupled with a simple food 
web model will be addressed. This model is flexible to be used in any river basin with a 
minor change in the river segments connectivity matrix. The segments are connected by 
the advection outflow of water and particular matters following from upstream into down 
stream.  

5.1 General Principals on multimedia models 

5.1.1 Background information on multimedia models: 
 
The multimedia models can be assembled with a variety of structural complexity and 
applied for various purposes. The following three types of system condition are the most 
commonly used (Mackay, 2001). 
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• Closed system at steady state: Under this condition environment is treated as a 
closed system at equilibrium condition. A simple mass balance with equilibrium 
partitioning is applied under this circumstance. 

• Open system at steady state: At this level the influence of advection inflow and 
outflow besides the reactions (abiotic or biotic) taking place in each 
compartment, are being considered in mass balance equations.  

• Open systems at unsteady state: Mass balance equations are applied to each 
compartment in unsteady state conditions. The rate of inter media transport and 
all chemical removal processes could be time dependent. This calculation is 
most useful for estimating the recovery times of a contaminated system. 

5.1.1.1  Fugacity 

In 1901 fugacity a new equilibrium criterion was addressed by G.N. Lewis. It is regarded 
as the measure of chemical tendency for migrating into or from a environmental phase 
and logarithmically related to concentration. Fugacity has unit of pressure (Mackay, 
2001). At low partial pressure under ideal conditions fugacity and partial pressure 
become equal.  

5.1.1.2  Z value:  

For non-ionizing substances at low concentrations, substance’s fugacity and 
concentration are linearly related. The proportionality constant is named as Z value. In 
fact it describes the affinity of chemical to be present in a media. It has the unit of 
mol/m3Pa (Mackay, 2001). In ideal conditions the fugacity capacities are just a function 
of pressure and temperatures and independent on the concentration. 

iii ZfC =  

5.1.1.3 D value: 

D values are defined as transport parameters. It is the product of media flow rate and 
associated Z value. It has unit of mol/Pa h. When it is multiplied by fugacity, it gives rate 
of transport. Apparently large D value belongs to fast processes (Mackay, 2001). 

5.1.2  Model limitations  

However this model has its own inherent limitations. The fugacity approach in the model 
would be best applied for non ionic organic chemicals. More over, it will not be valid for 
the cases in which fugacity exceeds the vapor pressure of substance.  It can occur when 
water does not have sufficient capacity to dissolve all the spilled chemical.  Under this 
circumstance, a separate pure phase of the chemical will be formed in water phase.  

5.1.3 Modeling methodology  

Modelling tasks could be split into 4 steps. First for a chemical fate a conceptual model 
should be established and then identifying which processes and parameters are the most 
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important in chemical fate in the aquatic environment. Second by considering the 
topology of the river system and the point sources, an appropriate segmentation should be 
carried out. In this model all the segments are connected via water flow and particle 
flows. Third, as soon as assumptions have been set it is time to collect the required data. 
Data could be divided into four groups: 1) the physiochemical properties of chemical; 2) 
environmental properties for the all segments; 3) emission and 4) point sources 
contaminant rates. In fact, it needs a considerable effort at collecting the precise data for 
the key parameters. For instance, if it is looking into the fate of a hydrophobic substance 
like nonylphenol, definitely the sediment characteristics and particular matter 
concentration in the environment would have a key role in obtaining reliable modelled 
results. Finally, the mass balances are written for each phase.  In case of spillage of a 
substance into the fresh water, it is vital to find out how long it takes that system is being 
recovered or in which episodes water quality limits are exceeded and cause a threat for 
living organisms in the ecosystem. So in this study QMX-F model is developed under 
unsteady state condition. 

With unsteady state conditions, a general mass balance equation for the phase i can then 
be written as (Mackay, 2001):  

iTijjii
i

ii fDfDI
dt
df

ZV −+= ∑ )(  

Where iI is the input rate, which can be a function of time, jji fD is the intermedia input 
transfer and iTi fD  is the total output 

In order to solve the system of equations, first all Z-values and D-values the input rates 
along with the initial condition in each compartment should be calculated. Then the 
partial differential equations with the variable of fugacity will be solved. Once the 
fugacity has been determined for each phase the concentrations and the all process rates 
will be revealed. 

5.2 Nonylphenol fate model 

The main motivation for developing a multimedia model for spillage of dangerous 
pollutant in aquatic environment was to study the short and long term possible effects of 
this episodic event on the fresh water ecosystem. In particular demonstrate the extent of 
removal pathways in the system.  

The control volume of the model comprises the whole water body of a river basin 
including the atmospheric boundary layer above water body. It is worth mentioning that 
atmospheric concentration of contaminant and its concentration in river or streams 
emptying into the river are among model input parameters supplied by the user.  

The presented model is based on QMX-F model coupled with a generic food web model 
for the fresh waters. As illustrated in chapter 4, the Göta river is split into 8 segments. 
The segments are linked by the water and particle flows. Each segment describes water, 
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air, and sediment bulk phases besides 8 types of species in a simple aquatic food web. It 
is assumed that the water particles are in equilibrium with the water. Also sediment 
transportation between segments has not been considered.  

5.2.1 Model structure  

QMX-F model structure is based on QWSAI model as each segment holds all features of 
QWSAI model and the segments have been linked to each other in a matrix format. In 
QWASI model, the evaluative segment consists of water body, sediment and suspended 
particles and air. Selection of environmental parameters play a key factor in chemical fate 
results, as finally contaminant will end up in nature based on chemical and environmental 
property. Thus in this study it is tried to include the most important properties of each 
media in simulating the nature of environment. Figure 5-1 show the transport and 
transformation processes treated in this model. In following sections a brief description of 
each compartment and the treated processes will be presented. 

5.2.1.1   Bulk air compartment   

Air compartment is the main destination for chemical with high vapour pressure. 
However this is not the case for nonylphenol. Since the model is applied for a localized 
situation so it is reasonable to assume a maximum height of 2000 m for the compartment 
(Mackay, 2001).  

Also aerosol particles are the other key factor in air compartment property as they 
perform crucial role in deposition of chemicals. They have a large surface area so they 
tend to absorb the contaminants especially those with low vapor pressure. They play a 
very critical role in the fate of chemical because there is a chance for chemical to be 
subject to dry or wet deposition and being transferred into the earth by them. However 
the process is slow and the falling velocity is the function of atmosphere turbulences, size 
of particles and the nature of ground surface. But a typical velocity is 0.3 cm/s. 
According to a reported data from Environmental Department of Gothenburg 
Municipality, Sweden, a concentration of 23 µg/m3 of particular matter is considered in 
this report. (luftfororreningar, 2007).  

The other treated process is wet deposition which happens through three different 
mechanisms such as precipitation, in-cloud scavenging and snow scavenging. In the first 
two mechanisms the aerosol particles are removed through the coagulations with the 
transfer media.. It is obvious that the rain rate varies greatly with climate condition. Over 
the past 30 years, it has had a mean value of 830 mm/year. However in 1998, 1999 and 
2000 it reached a high value of 1100mm in Göteborg (Göta älv vattenvårdsförbund, 
2007). While concerning nonylphenol, it is expected that wet deposition will not be a 
significant process in the fate of this compound. Here a mean rate of 850mm/y has been 
adopted for the model. The background concentration of nonylphenol in air for modeling 
has been adopted to be zero. 
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5.2.1.2  Bulk water compartment  

Water compartment comprises water body, particular matters and species. The physical 
data that are needed for this compartment consists of surface area, depth and advective 
inflows and outflows which is being addressed in detail in section (6.1.6.). Suspended 
particle concentration is mostly a function of overland type soil, vegetation cover and 
precipitation (Coulibaly et al 2004). So it is suggested that a concentration of 20 and 10 
mg/L is adapted for urban and rural area respectively. In addition, the fraction rate of 
organic carbon content of particles is estimated to be 0.17 anywhere along the river.   

Further in this study the most important environmental processes in the water 
compartment are considered. Processes are dispersion, advection flows in and out of the 
compartment, absorption between the liquid and sorbed phase of suspended particles and 
sediment layer, and degradation. Summaries of all of treated processes could be found in 
table 5-1 

5.2.1.3  Bulk sediment compartment 

Bottom of river is usually covered by nepheloid active layer at water sediment interface. 
It may be made of deposited particles or dead bodies of living organisms. It is highly 
organic in nature. The physical characteristics of sediment compartment include the 
sediment pore water, the fraction of organic carbon and the active layer depth. This active 
layer is estimated to have a depth of 0.05m (Mackay, 2001 and CEPA, 1993). The active 
layer could be aerobic or anaerobic. This condition just has a profound implication on the 
fate of inorganic chemicals and it has relatively small impact on destiny of organic 
chemicals except for influencing the biodegradation pathways for organic chemicals.  

 5-1 D value in the QWASI model and their multiplying fugacity (Mackay, 2001) 
Processes D value Definition of D value Multiplying fugacity 
Sediment burial DB GBZS fS 
Sediment transformation DS VSZSkS fS 
Sediment resuspension DR GRZS fS 
Sediment to water diffusion DT kTASZW fS 
Water to sediment diffusion  DT kTASZW fW 
Sediment deposition DD GDZP fW 
Water transformation DW VWZWkW fW 
Volatilization DV kWAWZW fW 
Absorption DV kWAWZW fS 
Water outflow DJ GJZW fW 
Water particle outflow DY GYZP fW 
Rain dissolution DM GMZW fA 
Wet particle deposition DC GCZQ fA 
Dry particle deposition DQ GQZQ fA 
Water inflow DI GIZW fI 
Water particle inflow DX GXZP fI 
Direct emission - EW  
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Figure  5-1 Transport and transformation processes treated in the model (Mackay, 2001)
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To the best knowledge of author data concerning organic carbon fraction of sediment in 
göta älv was not available and a general value of 0.16 is assumed for modelling purpose. 
Processes take place in sediment top layer including deposition, transformation and 
resuspension. 

5.3 Food web model  

The main motivation to integrate a simple food web bioaccumulation model with a fate 
model is to have an overview on in what extent the nonylphenol could concentrate and 
bioaccumulate in organism’s tissue over the time. In this way the possible toxic effects of 
the spillage will be quantified. The output of this model calculates the chemical 
concentration through the food chain in aquatic environment with respect to time. 

So far various food web bioaccumulation models have been developed while the most 
frequently used ones are those developed by Thoman et al (1984) and Gobas (1993). 
These models estimate the concentrations of hydrophobic organic substances in various 
organisms of aquatic food-webs uptake from chemical concentrations in water and 
sediments. Also Campfens and Mackay (1997) developed an alternative fugacity based 
model that is basically a reformulation of a model by Thoman and it has been applied in a 
steady state conditions. Through this work a dynamic version of Campfens and Mackay 
(1997) will be applied. Figure 5-2 illustrates the conceptual structure for bioaccumulation 
food web model. 

5.4 Equations 

As mentioned above, there are a total of 8 compartments including fate and food web 
models. In this way the system of equations comprises 10 mass transfer equations for 
each river segment resulting in a system of 80 equations in total. The general mass 
balances are summarized below. It should be noted that the notations are only illustrative 
and they do not label which segment is considered. 

Water differential equation  
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Sediment differential equation 
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Organism’s differential equations  
 
The general equation for organisms is as follows: 
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The system of equations can be written more compactly as follows: 
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5.5 Solving equations 
 
Matlab functions have powerful tools for solving the systems of linear differential 
equations such as ode45, ode23, ode113, ode15s, and etc. The functions have different 
applications according to levels of stiffness and the desired precision. The ode45 is a non 
stiff differential equation which solves the equations using Runge-Kutta method. It has a 
medium order of accuracy. The developed program is presented in Appendix 12.3. 
 
The functions of Matlab ordinary differential equations solver implement numerical 
integration methods, using the initial conditions. It begins at initial time, goes through the 
time intervals and computes a solution for each interval. The solution will be acceptable 
provided that it satisfies the solver tolerance criteria. Otherwise the solver reduces step 
size and tries again. The user needs to enter some input data at the beginning of running 
the program. They embrace the integration time interval and the spilled amount of 
substance. Moreover it considers some default conditions for each segment which could 
be modified by the user. The program has ability to be tailored and applicable for any 
river.
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6 Estimation of parameters describing nonylphenol fate and 
exposure model 

6.1 Fate model parameters  

6.1.1 Fugacity capacity-Z values  

It is common for fugacity-based models (Mackay, 2001) that equilibrium phase 
partitioning is being expressed in terms of Z-values or fugacity capacities. This parameter 
expresses the compartment capacity to hold a chemical for a certain rise in fugacity. It 
has unit of mol/Pa m3. This parameter could be estimated for each media using the 
partitioning coefficient. While for solutes in gas and liquid phase the fugacity capacity 
could be examined based on the thermodynamic criteria. The definitions of all the Z 
values for pure phase have been presented in table 6-1. 

Table  6-1 Z value Definitions  
Compartment  Relationship Definition of Z value 

Air  ZA= 1/RT R=8.314 Pa.m3/mol.K    
T=temp. (K)

Water  ZW= 1/H Henry’s law constant  (Pa m3/mol) 
Particular 
organic carbon Zpoc= 0.41 Kow ZW ρoc/1000 Kow : Octanol water partitioning coefficient  

ρoc : sediment density(kg/m3) 
Aerosol  ZQA=ZA KQA KQA: aerosol air partitioning coefficient 
Octanol phase ZO= Kow ZW Kow: Octanol water partitioning coefficient 
Biota ZB=L Zo L=lipid fraction; ZO: Z value for Octanol
Pure solute Zp=1/Ps v v =solute molar volume(m3/mol) 
 
In this work the bulk capacity of each compartment has been utilized. The bulk Z-value is 
an average of fugacity capacities making up this compartment that is weighted by the 
volume fraction of associated sub-phases.  
 
Nonylphenol Z values  
 
Z for Air:  

The air compartment is considered to be a gaseous phase including particular matters.  
Hence the bulk air Z value could be calculated by: 

SVFZZZ QAAB ×+=  
Where SVF is defined as solid volume fraction in the air and in this case it has a value of                     
1.53 ×10-10. Also in modelling part, a mean temperature of 8oC is considered for Sweden. 
KQA is estimated from below equation at which s

LP  is liquid vapour pressure. (Mackay, 
2001).Applying this equation, s

LQA PK /106 6×= , will result in a bulk fugacity capacity 

of 41029.4 −×  3/ mPamol .  
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Z for water: 

As mentioned above the pure water fugacity capacity is the reciprocal of Henry law’s 
constant which it could be calculated from the vapor pressure, molecular weight and 
water solubility of the substance using the following equation: 

ilityso
VMW

H p

lub
×

=  

Using a vapor pressure of 0.3 Pa, a molecular weight of 220.34 g/mol and a water 
solubility of 6 mg/l provides a Henry’s law constant of 11.02Pa m3/mol for nonylphenol. 
Now having H value it is time to calculate bulk water fugacity capacity. Since water bulk 
compartment comprises particulate organic carbon and water phase thereby it can be 
calculated through: 

POCWBW ZOVFZZ ×+=  

Where OVF is organic carbon volume fraction in the compartment (5.3 × 10-6) and ZPOC 
is particular organic carbon Z value. Consequently the ZBW is about 0.091. 

Z for sediment  

In general hydrophobic chemicals such as nonylphenol tend to sorb to organic carbon 
present in the suspended particular matter, sediment and soil. As mentioned earlier the 
sediment compartment is made of pore water, deposited particular and dead body of 
living organism which has high organic carbon content. A fraction of 0.48 is considered 
for the particulate content of sediment (Egestrom, 1999). 

POCsWsBS ZVFOVFPZVFPZ +−= )1(  
Where VFP is the volume fraction of particulate in sediment and VFO is the organic 
carbon fraction of the particulate in sediment which here is considered to be 0.1 (Mackay, 
2001). Indeed it results a bulk value of 94.29 for sediment. 
 
Z for biota: 

The fugacity capacity for biota could be defined as ,OB ZLZ = where L is the lipid 
fraction of organisms and Zo is Octanol Z-value. The lipid fractions are derived from the 
previous modelling publications (Gobas, 1993). Therefore the Z values for the species in 
this study are offered in table.  
 
Table  6-2 Species Z value 
 plankton Zooplankton Oligochaetes pontoporeia Sculpin Alewife smelt salmonids

L% 1.5 4 1 3 8 7 4 16 
ZB 41.44 110.52 27.63 82.89 221 193.5 110.5 442.1 
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6.1.2 Estimating of KW/KS 

In multimedia models all chemical transformation and reaction is treated as first order 
rate constant. Contaminant removal in aquatic compartment could be followed through 
abiotic or biotic degradation mechanisms. Regarding the abiotic mechanism, hydrolysis 
and photolysis have been studied. In a research Corti et al (1995) stated that different 
experiments show a very small removal rate through abiotic mechanism. Thereby they 
concluded that due to stability of Nonylphenol in different experiments, hydrolysis and 
photolysis rates could be neglected. 

There are abundant of research have been conducted and many researchers investigated 
the biodegradation of nonylphenol under various standard conditions. Many of them test 
the biodegradation capability in a wastewater treatment plant. Some of these studies are 
presented in table 6-3 

Table  6-3  a list on some of research regarding biodegradation of nonylphenol 

Test method NP Conc 
(mg/l) Temp Degrad. 

level-Day Reference 

Modified Sturm test 22.8 21-23 102%-20 Hüls, 1996a 
 

Modified Sturm test 22.8 activated sludge 0%-401 
78%-402 

Hüls, 1996b 
 

OECD 301B 12.2 - 53%-28 Williams and 
Varineau ,1996

OECD 301F 31.1 22 19%-10 
68%-28 

Staples et al., 
1999), 

BOD 334 activated sludge 7%-28 Hüls, 1996c 

1.without emulsifier, 2. with emulsifier  

In a study conducted by Sundaram and Szeto (1981) the degradation of nonylphenol in 
stream and pond water has been investigated under simulated field conditions. The water 
samples were incubated in either closed or open flasks. And results showed that the 
closed samples held a degradation half life of 16.5 days while the open flasks had only 
2.5 days. However in samples of water with sediment, most of the nonylphenol adsorbed 
onto the sediment phase. And it reached its own maximum after 10 days. However just 
20% of the nonylphenol was present in sediment after 70 days. 

In this regard several explanations may justify this variation in the results. One reason 
could be due to the toxicity of NP to microorganisms in some testing concentrations. The 
second thought is that microorganisms need a period of adaptation for starting the 
degradation. The third idea is that, since NP is a mixture of compounds with different 
degree of branching; it seems in some tests due to their nature they become degraded 
faster than the others. 

Upon all above, according to a report of European Commission (EC) (2002), a half-life 
for biodegradation in surface waters of 150 days will be completely consistent with the 
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measured data. Also based on a half-life of 300 days in soil, the rate constant for 
degradation of nonylphenol in sediment would be around  2.3 10-4 1−d . 

Since biodegradation is one of major routes in removal of substance from ecosystem, it 
has been corrected for the environmental temperature applied in modelling by suggested 
equation by Anderson and Hites (1996) and Toose et al (2004): 

⎥
⎦

⎤
⎢
⎣

⎡
−

∆
= )11(exp

tr
rt TTR

Ekk  

Where tk is defined as biodegradation rate in rt kKT ),(  is the parameter at reference 
temperature at )(),15.298( 1−∆ molJEKTr  is described as the activation energy for the 
nonylphenol biodegradation, and R is the gas law constant (8.134J/ K mol). Activation 
energy of 42.7kJ/mol for nonylphenol is obtained from a study by Kauser et al (2007). 

6.1.3 Transport parameters 

To calculate the intermedia mass transport fluxes it is required to estimate the transport 
rate constants. In this study due to different nature of Göta River and its estuary, some 
parameters have been established based on the geographical situation (Simon 2001).Table 
6-4 provides a summary of utilized parameters. 

Table  6-4 transport values implemented in nonylphenol fate model 
Parameter symbol Suggested value Reference: 
Air side MTC  (m/hr) kva 3 Mackay,2001
Water side MTC(m/hr) kvw 0.03 Mackay,2001 

Rain  rate(mm/y) UR 830 Göta älv 
vattenvårdsförbund,2007 

Sediment deposition rate m/hr Udp 
River: 4.6 10-8 

Estuary (seg7): 6.27. 10-7 

 
Mackay, 2001 
Simon,2001 

 

Sediment resuspension (m/hr) Urs 
River: 1.1 10-8 

Estuary (seg7): 1.56. 10-7 

 
Mackay, 2001 
Simon,2001 

 
Sediment burial (m/hr) Ubs 3.4 10-8 Mackay,2001 
Dry particle depos(m/hr) Uq 10.8 Mackay,2001 
Sediment water MTC (m/hr) KT 0.01 Mackay,2001 

6.1.4 Sedimentation rate 

In reality the sedimentation of particles in the water column has spatial and dynamic 
variability and depends on some factors such as river morphology, slope of the channel 
and the characteristics of the particles themselves. In parts of the river (all segments 
except for some part of Lärjeholm), both identified particle size and the river flow rate 
suggest a preventing mechanism from deposition of finer material into the sediment. The 
deposition rate increased in the middle part of estuary and makes it possible that the 
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major part of released contaminant finally ends up in the sediment of this part. As data for 
the entire river was not available  the sediment deposition rate in all segments is assumed 
to be equal to general data which is reported by Mackay, except for the Göta älv estuary 
(Simon, 2001). 

6.1.5 Nonylphenol estimated environmental release   

Nonylphenol environmental release could take place in all stages of its life cycle. The life 
cycle comprises four main steps: 1) production of NP, 2) production of NP derivatives, 3) 
release during private use and 4) release over disposal. Also nonylphenol could be 
produced as a breakdown product of nonylphenol ethoxylate in the environment. 

Nonylphenol is not produced in Sweden any more so release from production phase is not 
considered in this investigation. Also because production of nonylphenol ethoxylate take 
place in a plant that is not situated along the river it would be appropriate to overlook it as 
well. Therefore in this study only release of nonylphenol ethoxylate is considered at 
process usage phase. Researches indicated that nonylphenol is the major biodegradation 
of nonylphenol ethoxylates (Kauser et al 2007).Hence as a worst case scenario, it is 
assumed that it is completely breakdown and transformed into nonylphenol. 

  
Table  6-5 a list of companies along Göta älv and their estimated nonylphenol release  
Company Nature of activity Location Estimated 

release(kg/d)
Holmen paper AB 
 

Paper production Vargön, Seg 1 
5 
 Svenska Cellulosa AB 

 
Paper production Lilla Edet, Seg3 

Eka Chemical AB Production of chemicals Bohus, Seg. 6 

1.88 
Neste Oxo & Eka 
 

Production of chemicals Nol,  Seg 5 

Saab Automobile AB 
 

Automobile production Trollhättan Seg. 2 

2.28 
 

Volvo Aero Corporation 
 
 
 

Production of parts 
foraircraft-, rocket- and gas 
turbine engines 

Trollhättan Seg. 2 

Volvo personvagnar Automobile production Hisingen Seg.7 
 

AB Ferroprodukter 
 

Production of parts for 
automobiles and vessels 

Trollhättan, Seg.2 

Electrical industry 
 

Power plants Trollhättan Seg. 2 1.02 

Shell Oil gas petrochemical Hisingen, Seg7 0.4
 
In this regard the emission rates of NPE from the industries along the river derived from 
estimated release values for each type of industry (EC 2002) at local scale scenario (table 
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6-5). Worth mentioning that since the data regarding an automobile industry has not 
supplied in the report specifically it is assumed that it holds 5% of the local release from 
metal extraction refining and processes category.  

6.1.6 Physical parameters for segments  

Physical characteristics needed for each segment are: surface area, depth and the 
advective inflow and outflows. Depth of river is estimated based on a research performed 
by Klingberg (2006) however for modeling purposes an active layer with depth of 0.1 m 
is adopted. The segment dimensions including length and width have been obtained from 
local maps. In literature the river resident time is proposed to be in a range of 1.5 to 5 
days and it is worth mentioning that the modeled river holds a resident time of 4.5 days.  

Regarding the volumetric flow rate of Göta älv as pointed out earlier in section 4.4, the 
water discharge is recorded in three stations along the river as well as the main streams 
that empty into the river. Thereby a mean value of river flow rate over the past 8 years is 
utilized. Complete environmental properties of the whole 8 compartments are provided in 
table 6-6. 
  
        Table  6-6 Physical properties of Göta älv segments 

Segment Dimensions Water flowb 
 Length Width Deptha Sediment –D Inflow Outflow 

1 Vargön 7000 300 10 0.1 0 513.88 
2 Trollhättan 17500 220 18 0.1 5.12 519 
3 Lilla Edet 15500 180 15 0.1 0 519 
4 Göta 10000 150 6 0.1 0.8 519.8 
5 Kungälv 20000 360 6 0.1 2.72 522.52 
6 Surte 5000 120 7 0.1 0 136.36 
7 Lärjeholm 15000 150 8 0.1 27.64 164 
8 Nordre  16000 180 10 0.1 0 386.16 

       Segment dimensions (length and width) estimated from local maps. 
       a Estimated from study on bottom geology in Göta Älv (Klingberg et al, 2006) 
       b Measured in segment 1,2 and 8. Data for the rest of segments has been interpolated.  

6.2 Parameters describing food web model  

6.2.1 Modeled Species  
 
Running waters are home to a wide range of aquatic species from small bacteria to large 
vertebrates. However depending on biotic and abiotic conditions such as morphology, 
reproduction, life history patterns, communication and behavior certain species could live 
in different river or streams.  In this model it is tried to choose the most typical organism 
in each trophic level living in the river and its estuary. This has been approached by 
taking into account the biology of river and estuary (Simon, 2001) as well as a food web 
model species developed by Gobas (1993).  A brief description over the modeled species 
(figure 5.2) in the river system is coming as follows. 
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• Phytoplankton: term of phytoplankton covers all photoautotrophic 
microorganisms in aquatic food webs. They are the primary energy producers in 
river systems (Allan 1995). The most important groups of phytoplankton include 
the diatoms, cyanobacteria and dinoflagellates, as well as many other groups of 
algae.  

• Invertebrate: common invertebrates found in flowing waters include mollusks 
such as snails, limpets, clams, mussels, as well as crustaceans (Cushing and Allan 
2001). In this work two groups of benthos and one type of zooplankton are chosen 
as invertebrate in the river system. Oligochaeta and pontoporeia affinis are the 
benthos organisms. Oligochaeta is a subclass in the biological phylum Annelida 
and includes various terrestrial and freshwater worms. Pontoporeia affinis is a 
yellowish benthic organism which belongs to phylum of Arthropoda and order of 
amphipod. They originally live in freshwater ecosystem. In water phase a shrimp 
like creature named Mysis relicta is considered to represent zooplanktons (Gobas, 
1993). 

• Fishes: Fishes are probably the best known inhabitant of a river system. Vänern, 
the Göta älv origin, is home to sculpin, smelt and salmon. Thus it is a reasonable 
assumption that those species could be found in Göta river as well. Besides it is 
reported that Göta älv is one of the best salmon fishing rivers in Sweden. Thus 
based on preceding information and assumption, sculpin, smelt, alewife and 
salmon reported in Gobas (93) food web model are taken into consideration in this 
investigation.  

6.2.2 Feeding relationships through the food web 

In this study due to a rare data on the Göta river feeding preferences, the required data 
have been taken from Flint (1986) and Campfens &Mackay (1997). 

 

6.2.3 Bioavailability 

It is stated that, bioavailability refers to “the fraction of chemical in a medium that is in a 
state which can be absorbed by the organisms” (Gobas and Morisson, 2000). It is defined 
as the fraction of chemical in the water phase that is freely dissolved. It is calculated 
through this equation. 

)1.01/(1 OCDOCpDW KKF φφ ++=  
Where Pφ  is the concentration of particulate organic matter in the water (kg/L), Dφ  is the 
concentration of dissolved organic carbon in the water (kg/L). 
 
By applying above equation and assuming a maximum organic matter concentration of 
3.4gr.m-3 along the river the bioavailability of nonylphenol is about 78 percent. However 
there is uncertainty upon the obtained result as the organic matter concentration along the 
river is not reported for Göta älv and is derived from Mackay (2001). 
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6.2.4 Uptake /clearance rates by respiration 

Gill uptake and ventilation are combined processes and they are estimated through the 
correlations suggested by Gobas and Mackay (1987): 

OWBB KQVQVk /)/()/(/1 211 +=  

)/(001.0
)/(3.88

12

6.0
1

dLQQ
dLVQ B

=
=

  

 
Where VB is the volume of species in the studied area (Liter), k2, clearance rate can be 
calculated using  )/(12 OWLKkk =  where L is the lipid content of species of the interest. 

6.2.5 Metabolism rate constant 

 Unfortunately, information is limited concerning the metabolic fate of alkylphenols in 
aquatic animals. In a survey (Coldham et al 1998) biotransformation, tissue distribution, 
and elimination rate of [3H]- 4-nonylphenol were investigated in juvenile rainbow trout. 
It has been shown a half life of 99 hours in specie’s liver and muscle that is small 
compared with k2 in phytoplankton, zooplankton and invertebrate and it is applied just for 
fishes. 

6.2.6 Uptake dietary rate constant 

A rate that the chemical is absorbed by fish from diet is described by kD (kg food/kg 
fish/d) and it is defined as FDDD VFEk /.=  (Gobas et al. 1988).  

Where ED is the absorption efficiency and FD is the feeding rate (kg/d) which is a 
function of fish body weight and temperature (oC). Equations described below  provide a 
simple method to estimate kD.  
  
         3.2101.5/1 8 +×= −

OWD KE                  (Gobas et al, 1988) 
 
          )06.0exp(..022.0 85.0 TVF FD =                   (Weininge, 1978) 
 

6.2.7 Fecal egestion rate constant (kE) 
 

kE represents the rate at which the chemical is eliminated through egestion of fecal 
matter. Studies show that fecal egestion rate is approximately 3 to 5 times lower than the 
ingestion (Gobas, 1993). In other words KD/KE is the biomagnification’s factor. More 
over it is demonstrated that for chemicals with log Kow<5 the fecal egestion rate in most 
organisms is too low (Gobas and Morisson, 2000). Thereby in this study thanks to small 
biomagnification of NP through the food chain (EU, 2002) the biomagnification factor is 
set to 3. 
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6.2.8 Growth rate constant 

Growth rate (1/day) is estimated by the following equation (Thomann et al., 1992). 

                 2.0000502.0 −= FG Vk             (With temperatures around 10o C) 
 

6.2.9 Estimating food web D-values: 

In the proposed food web, simply six processes make the transfer of contaminant in the 
whole chain. Contaminant enters the organism’s body by uptake via respiration and diet. 
On the other side elimination of the chemical occurs mostly through metabolic 
transformations, fecal egestion, and loss by respiration. The growth of organisms could 
also be perceived as a loss process because it tends to dilute the internal concentration in 
the organisms, although there is no net loss of chemical mass from organism. Table 6-7 
shows the definition for associated D values. 

Table  6-7 D value definition for food web 
Process Symbol Definition of  D value Parameters 
Chemical uptake from food DD EDGDZD GD=kD VB 
Chemical loss by egestion DE DD /Q  
Chemical loss by metabolism DM VB ZF kM  
Chemical loss by growth DG GG ZB GG=kG VB 
Chemical uptake by respiration DR1 VB k1 ZW  
Chemical loss by respiration  DR2 VB k2 ZB  
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7 Exposure assessment  

In the present assessment, the model has been applied for two scenarios. The first 
scenario represents the circumstances at which there is no background concentration in 
the river system but industries along the river are considered as point sources discharging 
nonylphenol into the river system. This scenario could reflect reality in a better way 
because the influence of both spill and direct sources is taken into account. The second 
scenario deals with circumstances in which  there is no background concentration and 
point source emission along the river. This scenario helps us to understand the pure 
behavior of spillage of one metric tonne nonylphenol when ignoring the background 
concentration as well as point sources.  Next section deals with presenting the model 
output but first the model is evaluated with a limited number of monitoring data.  

7.1 Validation of model 

In order to verify if the model outputs are reliable and the assumptions are appropriate it 
would be sensible to compare the predicted NP concentrations with the measurement 
campaign data. It is worthwhile to mention that to the best knowledge of author, a 
measurement campaign, carried out just after an accidental release of nonylphenol into an 
aquatic system, is not available. Therefore a conservative approach to validate the model 
is to ignore the accidental release of NP into the river system and only consider the 
probable NP concentration in the Göta älv resulting from consumption of nonylphenol 
ethoxylate by the industries in that region. As mentioned already (section 6.5), the 
information on environmental release of nonylphenol into the surface water for Göta 
region has been taken from European Commission (2002) report. On the other hand, the 
monitored data just could be found for water column concentration in 2 stations, located 
at segments 1 and 7 respectively. In Vargön the concentration is recorded to be less than 
0.5µg/l and in Lärjeholm, it reaches 0.087µg/l.  To verify the model, the background 
concentrations of the river system are set to zero. Besides, industries along the river are 
perceived as the point sources for discharging NP into the river. It is assumed all the 
manufacturing plants contribute equally to water pollution in case of NP. 

Monitored and predicted NP 
concentrations are illustrated in figure 
7-1. The model outputs have been 
taken when the system reached a 
steady state. The model has indicated 
that it takes around 200 hr that the 
system reaches steady state in each 
segment. Comparing predicted 
concentration of NP in Göta river with 
the available NP concentrations from 
monitoring stations reveals that in 

segment 7, the predicted value is 2.5 times the monitored data and in segment 1 it is just 
in the range of the monitored value. Although the lack of adequate monitoring data does 
not permit to conclude in a full extent that model output is consistent with the monitored 
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Figure  7-1 comparison predicated and monitored NP 
concentration in water phase  
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data. It could show the reliability of model outputs and consequently can be adopted for 
predictions. 

7.2 NP concentration in water compartment  

Here the nonylphenol concentration resulted from dramatically accidental contamination 
of aquatic ecosystem has been depicted in figure7.2. This simulated output rely on the 
first scenario. The model is carried out for a period of about 16 days to illustrate the trend 
of water concentration. As it is shown (figure 7.2) the NP concentration drops off sharply 
in the first hours and after about 10 days nonylphenol concentration in all along the river 
gets below 0.5µg/l. Considering Trollhättan as an example reveals that 50% of NP 
dissipate in 1.5 days after getting its maximum concentration. It is just in consistence 
with the field study done by Heinis et al.(1999). In that study after applications of NP to 
several enclosures with different concentration the enclosure which exposed to a 
nominate concentration of 30µg/l reached 50% of nominate concentration after 1.2 days.   

 
Figure  7-2 NP concentration based on first 
scenario 

 
Figure  7-3 NP concentration based on second 
scenario 

 
Figure  7-4 maximum concentration that each 
segment experience.                          

 
Figure  7-5 NP concentration (µg/l) in 1st 
,5th,10th,16th day after spill 

 

Comparing the results obtained based on the first and second scenario (figure 7-3) reveals 
that the rate of contaminant discharge from point sources is very small compared with 
spillage. So up to 16 days the chemical concentration in river is dominated by the 
spillage. Figure 7-4 demonstrates maximum concentrations that each segment 
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experiences. It should be noticed that the concentration drops rapidly as it gets down 
about half of the river length and surprising the maximum concentration in the Göteborg 
region is just as low as 1.6µg/l.  

More over, the multi-segmented multimedia model makes the possibility to examine 
spatial variation of concentration at a moment. In this regard figure 7-6 represents the NP 
concentration at 1, 5, 10, and 16 days after release. It shows that after 24 hour of accident 
the second segment has the highest concentration and Lärjeholm holds the lowest value. 
But as time becomes close to 5th day the concentration at Nordre älv has the maximum 
value and the concentration in Vargön where the incident happened is the lowest. It could 
be justified based on the fact that about 75 percent of Göta älv discharges into Nordre älv 
besides the fact that advection flow is the prevailing process which removes the 
nonylphenol in each segment and transfers it into the next segment. In the 10th day, 
nonylphenol concentration in all segments shows a very low value compared with the 
5thday. However at this time Lärjeholm gets the highest value (0.31µg/l) while the Nordre 
älv get the second position (0.27µg/l). It could be explained by taking into account that in 
both Surte and Lärjeholm there are point sources which release nonylphenol 
continuously. In addition, the approximate resident time is 5 days for the river system so 
the last segments will have higher concentrations after a while. 

7.3 NP concentration in sediment (PECsediment) 
 
Due to the hydrophobic property of the nonylphenol, it has a strong tendency to be 
absorbed to suspended particles and deposited into the bottom sediment of the river 
system. However the sediment organic carbon content and the flow pattern in river have a 
significant influence on the fate of nonylphenol. Figures 7-6 to 7-11 show nonylphenol 
concentration obtained for three time periods. Through evaluating the two scenarios, it is 
induced that in the earliest hours, the sediment concentration will be dominated from the 
spillage (figure7-7 and 7-8).  However after 326 hours all the segments get their 
maximum value (Appendix 11.2.1) and then the graphs starting going down in the second 
scenario.  But if continuous emission is included in the scenario (first scenario), all 
segments get their maximum after 22.7 years. It implies that an episodic event like the 
simulated spillage could have less impact and may cause less chronic toxicity than 
continuous release of contaminant in a long time period even though the nonylphenol 
concentration in the water phase is very low and poses no chronic toxicity risk in aquatic 
organisms. But definitely spillage imposes the highest concentration in a shorter time like 
13.5 days. 

Also comparing the concentrations along the river based on second scenario, shows that 
Trollhättan has the highest concentration. It seemed to be in consistence with high 
nonylphenol concentration in the water phase of this segment so it could be expected that 
an intense amount of nonylphenol was transported into the bottom sediment.  
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Figure  7-6 NP concentration accordance with 
first scenario 

 

 
Figure  7-7 NP concentration based on second 
scenario  

 

 
Figure  7-8 NP concentration accordance with 
first scenario                                            

 

Figure  7-9 NP concentration accordance with 
second scenario 

 

 
Figure  7-10 NP concentration accordance 
with first scenario 

 

 
Figure  7-11 NP concentration accordance with 
second scenario 



 37

This explanation is correct in the other segments as well. In the case of first scenario 
again Trollhättan holds the maximum concentration but it is interesting to see that in a 
long term simulation the concentrations increase in the Surte and Lärjeholm regions and 
they get close to the corresponding concentration in the Trollhättan segment. This could 
be explained by considering the fact that the total point source discharges in these areas 
are equal with Trollhättan region.  

7.4 NP concentration in target species  
 
The ecosystem vulnerability is being evaluated through observing the exposure extent of 
the most common and susceptible species in defined trophic levels of a fresh water 
ecosystem. The nonylphenol concentration in species has been simulated for both two 
scenarios.  

7.4.1 Fishes: 

The exposure extent of fishes into the spillage is illustrated in figure 7-12. At the first 
glance it seemed that graphs in all segments follow the same trend. It means that the 
nonylphenol concentration drops from organisms in top trophic level which is perfectly 
consistent with the previous studies on nonylphenol concentration through the food chain 
(EC 2002). As demonstrated among the four type of fishes considered in this model, NP 
concentration in sculpin has a peak as high as 19.3µg/g in Trollhättan at 56 hours after 
accidental release while exactly at this time in Lärjeholm the concentration in sculpin is 
as low as 0.16µg/g. Nonylphenol concentration in the first hours after spillage is 
substantially higher in sculpin than the others especially in Trollhättan. The higher 
concentration may be attributable to the uptake by respiration. It seems to be the 
dominant process in the first hours owning to greater rate constant. Therefore as 
concentration of nonylphenol in water phase drops, sculpin concentration decreases 
gradually. NP concentrations in all type of fishes reach a fairly steady state condition 
after around 500 hours and also under these circumstances the concentration in sculpin 
like before is top which definitely it is because of sculpin feeding preferences. 
Pontoporeia make about 82% feed portion for sculpin which feed on the sediment 
particular matters and since nonylphenol concentration in sediment decreased very slowly 
over time so sculpin maintains the maximum concentration among fishes. 

Regarding salmon it should be noticed that the trend of nonylphenol concentration in 
salmon along the river follows a moderate manner. It ranges from 2 to 0.1µg/g in a time 
period of 16 days. Perhaps it could be attributed to its feeding preferences as it feeds on 
small fishes so it is not related directly to the changes in media like sculpin. Also 
nonylphenol is not significantly biomagnified in a food chain and the intake rate for this 
organism is lower than for other fishes.   

The spatial variation of NP concentration all along the river is most obvious from 
Trollhättan to Kungälv. By passing this area for example in case of smelt about 75 
percent of initial concentration is reduced. Also it is observed that in Göteborg region the 
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maximum concentration in sculpin, smelt, alewife and salmon is 1.5, 0.8, 0.7 and 0.4µg/g 
respectively. 
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Figure  7-12 NP concentration trend in Göta river for the second scenario 
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Concerning bioconcentration factor in fishes, the experimental studies estimate that BCF 
in fish is in the range of 13-408 l/kg (Ahel et al1993).This factor is derived based upon 
the average concentration of nonylphenol in the water. Another survey was performed by 
Ekelund et al. (1990). Three-spined stickleback was exposed to NP at concentration range 
from 4.9-6.4 µg/l for 16 days. The observation indicates that nonylphenol concentration 
in tissue of fishes was of 5,730-6,300 µg/kg fresh weight and the BCF was estimated to 
be 1200-1300 l/kg. McLeese et al. (1981) studied the BCF of nonylphenol in juvenile 
Atlantic salmon (Salmo salar).The obtained BCF was 280 l/kg on fresh weight basis over 
4 day-exposure. The mentioned researches suggest that the experimental results vary 
significantly.  

The predicted BCF in fishes in a scenario of spillage and a scenario of considering just 
point source emissions has been illustrated (figure 7-13 to 7-18). The BCF in salmon 
from the scenario of point source emissions along the river is 350l/kg in Trollhättan 
where the nonylphenol concentration is around 0.2µg/l, which is in consistence with 
literature data.  

 
Figure  7-13 calculated BCF for the 
fishes in Trollhättan in case of spillage 

 
Figure  7-14 calculated BCF for the 
fishes in Lärjeholm in case of spillage 

 

Figure  7-15 calculated BCF for 
salmon in case of spillage 

 
Figure  7-16 calculated BCF for the 
fishes in Trollhättan in case of just point 
source emissions from industries 

Figure  7-17 calculated BCF for the 
fishes in Lärjeholm in case of just point 
source emissions from industries 

Figure  7-18 calculated BCF for 
salmon in case of just point source 
emissions from industries 
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BCF in sculpin does not support available reported data in the literature. However taking 
into account the experimental data from Ekelund et al(1990) in some extent, verifies the 
results. Considering the case of spillage, the water concentration gets 6µg/l at 78 hours 
after spillage although it ranges from 4 to 27 µg/lit (figure 7-3). Over this period BCF 
values for sculpin vary from 17.6 to 5000 and the nonylphenol concentration in tissue 
ranges from 17 to10µg/g. Comparing the predicted BCF with obtained results from the 
Ekelund et al(1990) study reveals that the maximum value of BCF is 3.8 times of 
reported BCF, while the exposed water concentration in case of spillage is 4.3 times more 
than experimental water concentration. It should be noticed that there are a number of 
uncertainties over the defined parameters such as metabolism rate constant, differences 
over experimental and modeled species, which certainly make a big contribution to the 
predicted results.  

7.5 Benthic organisms 
 
As mentioned earlier two groups of benthonic species, pontoporeia and oligochaetes, 
comprise benthos in the present work. It is obvious that nonylphenol concentration in 
benthos is determined by concentration in the bottom sediment. So it is expected that in 
case of the second scenario, benthos experiences an upward trend as time goes on but 
after approximately 350 hours it declines slowly (figure 7-21). It takes approximately one 
year until pollutant concentration in benthos tissue gets very low value and almost  
phases out. Also the spatial variation of NP in river should be noticed. In Trollhättan the 
maximum concentration in pontoporeia tissue is as high as 0.23µg/g but it get as small as 
0.024µg/g when it reaches Lärjeholm. Also in all segments pontoporeia has higher 
concentrations than oligochaetes. In comparison with nonylphenol concentration in 
fishes, nonylphenol concentration in benthos is lower in the first 400 hours. But as  time 
elapses the exposed concentration in benthos exceeds the one in fishes (figure 7-19)  as a 
consequence of  higher  concentration in sediment.  
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Figure  7-19 The ratio of NP concentration in 
benthos to fishes  according to first scenario 

Figure  7-20 NP concentration in benthos 
according to first scenario 

      
In case of considering the first scenario, concentration of nonylphenol in water and 
sediment reach to a steady state condition after about 9.7 years so subsequently the 
nonylphenol concentrations in invertebrates also approach a steady state. For example in 
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Lärjeholm it is around 0.3 and 0.11 µg/g for pontoporeia and oligochaetes respectively 
(figure 7-20), which is noticeably higher than the concentration that benthos are exposed 
to in case of incident.   
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Figure  7-21 Invertebrate’s NP concentration trend in Göta river for the second scenario 
 

This means we should pay more attention to the discharge of this pollutant into the 
aquatic ecosystem. The laboratory and field tests on alkyl phenols indicate that BCF in 
invertebrate ranged from 1 to 3400 whereas field bioaccumulation factors ranged from 6 
to 478 (Staples et al 1998). In this context, bioconcentration factor in benthos is predicted 
to be 8 and 18 in Trollhättan for oligochaeta and pontoporeia,  respectively. 
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7.6 Phytoplankton and zooplanktons: 
  
 This group of species has an immense potential to bioaccumulate the nonylphenol. As it 
is depicted in figures 7-22 and 7-23 for the second scenario, nonylphenol concentration in 
zooplanktons is slightly more than in phytoplankton which could be contributable to the 
lipid content level in organism. While both groups have a substantially higher 
concentration compared with the rest of organisms in the food chain. Figure 7-24 
suggests that the bioconcentration factor for phytoplankton and zooplankton are for 
example around 458 and 2000 respectively in Trollhättan region. Assuming no accident 
happens and just point sources along the river discharge nonylphenol into the river will 
suggest a BCF of 1000 for zooplanktons. The obtained BCF values are perfectly in range 
of reported data (EC, 2002). More over in case of second scenario it is observed that in 
first hours after the release the nonylphenol concentration in zooplanktons is 50 times 
larger than in salmon in Trollhättan. But it takes maximum 8 days for concentration in 
fishes to be bigger than in zooplankton. In contrast to second scenario, nonylphenol 
concentration in zooplanktons is higher than in all types of fishes except for sculpin in 
accordance with first scenario. Mentioned ratio is around 0.9 for sculpin which is quite 
close to 1 (figure 7-25). So it could be concluded that zooplanktons and phytoplanktons 
are very susceptible to any changes in water concentration. 
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Figure  7-22 NP concentration in phytoplankton 
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Figure  7-23 NP concentration in zooplankton 
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Figure  7-24 BCF in phytoplankton and 
zooplankton in Trollhättan  
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Figure  7-25 concentration of NP in 
zooplanktons compared with fish. 
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8 Effect Assessment 

Pollutant concentration in the environment has always drawn the stakeholders attention 
through motivating concerns over its impact on the ecosystem and human well being. In 
this regard, the effect assessment is approached through both hazard identification and 
dose-response assessment (TGD, 2003).  It explores the relationship between the 
pollutant concentration in the ecosystem and the severity of adverse effect in the exposed 
species or ecosystem as overall. Consequently this step aims to determine the 
concentration below which the adverse effect is not likely to occur (PNEC) for aquatic 
organisms. Acute and chronic toxicity, endocrine disruption as well as bioaccumulation 
of nonylphenol have been identified as potential hazards on the aquatic ecosystem.  Many 
studies have reviewed dose response relations of nonylphenol among fresh water species.   

 

8.1 Acute Toxicity effects to animals  

The acute toxicity of nonylphenol to freshwater animals has been determined in various 
species. Brook et al (1993) in a study on amphipod Hyalella azteca demonstrated that the 
lowest acute toxicity value of 96-hour LC50 20.7µg/L. He has been reported an EC50 of 
104µg/L for Daphnia magna. England and Bussard ( 1995) investigated LC50 on  midge, 
Chironomus tentans. They showed LC50 of 160µg/L for this specie. All the above 
research results could be an indication on the intermediate sensitivity among invertebrate 
species tested to nonylphenol. 

The studies focused on toxicity effects of NP on benthic freshwater invertebrate are few. 
Brook et al (1993) reported 96-hour LC50 values for 4-NP in L. variegates and snail 
Physella virgata that were 341 and 772µg/L, respectively. Also a survey (Mäenpää and 
Kukkonen 2006) examined the acute toxicity effects of 4-nonylphenol on oligochaeta 
worms. In that study the worms were exposed to 4 nonylphenol at concentrations of 0.66-
2.42 mg/L for 48 hours. The results showed that the lethal water concentration is around 
1378µg/L.  

Several studies regarding exploring fish acute toxicity have been conducted (Dwyer et al. 
1995; Brooke 1993a). Dwyer et al. (1995, 1999a) studied the acute toxicity on nine 
species of fish that were classified as threatened/endangered species. He concluded that 
LC50 is in range of 110(fountain darter) to 289µg/l (bonytail chub). Another survey 
(Brooke 1993a) examined the acute toxicity on fathead minnow. It was reported that LC50 
for this specie is 128µg/l. In fact it could be concluded that freshwater fish species were 
in the mid-range of sensitivity to nonylphenol. 

To summarize, species mean acute values (LC50) ranged from 55.72µg/L for an amphipod 
(Hyalella azteca) to 774µg/L for the snail Physella virgata. 
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8.2 Chronic Toxicity to aquatic animals 

Abundant research pointed out the chronic toxicity of nonylphenol on aquatic animals. In 
a study by Kahl et al (1997) the chronic toxicity of nonylphenol has been examined on 
midge Chironomus tentans. They were exposed to NP at nominal concentration of 12.5-
200 µg/l. The results indicated that the only significant observed effect was a drop in 
survival at 20 days which corresponds to a NOEC of 42µg/l and LOEC of 91µg/l. The 
chronic value based on this effect is around 66.5µg/l. More to the point, this test showed 
a raise in incidence of irregular shaped egg-masses and the NOEC for this effect is 
expected to be between 15-45 µg/l.  

England (1995) investigated the nonylphenol chronic toxicity on a type of cladoceran in a 
seven-day test. He looked into reproduction, survival as the endpoints. He showed that 
significant reproduction impairment takes place at 202µg/L and also survival diminishes 
at 377µg/L. Thus a chronic value of 133.9µg/L was set for specie. He repeated test for a 
period of 48 hr and calculated EC50 of 69µg/L for the same end points. 

Fliedner (1993) conducted a test on chronic toxicity to Daphnia magna. The test was run 
for 22 days and mean measured nonylphenol test concentrations were: 1.55, 1.34, 3.45, 
10.70, and 47.81µg/L. No effects were observed on mortality, the number of offspring 
per female. The only significant effect was seen on 9th day and it was on the total number 
of young per concentration. As a result, study reported the chronic value of 22.62µ/L. for 
D. Magna which is geometric mean value of NOEC and LOEC. Another study reports 
long term toxicity of NOEC of 24µg/L in 21-day experiment period for Daphnia magna. 
In that study surviving off spring was of interest (Comber et al., 1993). Brooke (1993a) 
examined the chronic toxicity effects of NP on Daphnia magna through a 21-day test. 
The author showed that growth and reproduction were affected at 215µg/L but not at 
116µg/L. so the chronic value was concluded to be around 157.9µg/L. Finally, Hüls 
(1992b) through a 21-day test exhibited NOEC of 100µg/l for reproduction effects on 
Daphnia magna. Quinn et al (2006) investigated the nonylphenol chronic toxicity on 
fresh water zebra mussels with the end point of mortality assessment. Toxicity 
assessment yielded LC50 values of 3.68, 2.19 and 1.62mg/L after 15, 35 and 50 days of 
exposure, respectively 

Regarding fish population in fresh water, Brooke (1993a) conducted a 91-day test on 
rainbow trout. It was exposed to NP concentration ranged from 6 to 114µg/L. Author 
looked into time to hatch, survival and growth. It was showed that time to hatch was not 
affected at the proposed nonylphenol concentration. However survival was reduced at 
concentrations between 10.3 to 23.1µg/L. Growth was a more sensitive chronic endpoint 
than survival. And it was observed at concentrations between 6 to 10.3µg/L. The chronic 
value calculate for this test was 7.861µg/L.  

Ward and Boeri(1991c) conducted a 33-day toxicity test to fathead minnow, Pimephales 
promelas. It was exposed at NP concentration ranging from 2.8 to 23µg/L. No significant 
effect on growth was observed at any concentration but fish survival was reduced in 
fishes exposed to nonylphenol concentration greater than 14µg/L. Survival rate was not 
affected at concentrations less than 7.4µg/L. Consequently the NOEC and LOEC 
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determined in this study were 7.4µg/L and 14µg/L, respectively. The chronic value for 
this test was 10.18 µg/L.  

A field study focused on chronic toxicity of nonylphenol on macro benthic organisms 
(Schmude et al. 1999). Chironomidae, Oligochaeta and Mollusca, were found in samples 
taken from enclosures. oligochaete and chironomid groups were reduced significantly in 
numbers when they were exposed at 243 µg/L.  The authors concluded that NOEC and 
LOEC derived from the experiment were 23µg/L and 76µg/L based on the mean water 
concentrations in the enclosures over the first 20 days of the test. Also Mäenpää and 
Kukkonen( 2006) investigated the degree of survival and growth of  oligochaeta worms 
exposed to nonylphenol through a 10 day experiment . They exposed Oligochaeta 
Lumbriculus variegates, into the two types of sediment at maximum concentration of 
446mg/kg.  It was found that LOEC were 212 mg/kg and 39mg/kg in sediments with 
organic content of 3.2% and 1.6 % respectively. Also he showed that the NOEC for larval 
growth in sediment was 2.75 mmol 4-NP/kg sediment dry weights.  

8.3 Toxicity to aquatic plants 
 
A full valid study has been implemented by Kopf (1997). The author studied toxicity 
effects of nonylphenol on green algae. Results indicated a 72-hour EC50 of 56.3µg/l and a 
72-hour EC10 of 3.3µg/L on the biomass endpoint. In parallel studies on the growth 
pattern determined a 72-hour EC50 of 323µg/L and a 72-hour EC10 of 25.1µg/L. Ward and 
Boeri (1990a) exposed the green alga, Selenastrum capricornutum, to nonylphenol for 
four days. They calculated an EC50 of 410µg/L on growth rate endpoint. Also Servos 
(1999) proposed LC50 for algae is in range of 27-2500µg/L.  
 

8.4 Reproductive, Developmental and Estrogenic Effects of Nonylphenol 

It has been exhibited that the most serious effect of nonylphenol in the environment deals 
with its capability to take action as an estrogen and lead to disruption in development of 
some organs. Several review articles has been published describing the estrogenic activity 
of nonylphenol (Servos 1999; Sonnenschein and Soto 1998; Sumpter 1998). Several 
researches studied the oestrogenic effect of nonylphenol on fish and Daphnids. Most of 
the tests suggest that oestrogenic effects are identified at around 10-20 µg/L(EC 2002). In 
the following some of them are pointed out in a few words. 

To provide some background information, vitellogenin is a protein produced in the liver 
of female oviparous vertebrate species and deposited in the ovaries as the primary 
material for yolk in the ova. Male fish normally produce very little vitellogenin (EPA 
2005). Jobling et al. (1996) investigated the exposure of rainbow trout to nonylphenol at 
30µg/L for three weeks. The results showed that the fish exposed to nonylphenol had a 
significantly higher proportion of spermatogonia type A than standard one. Also the 
blood vitellogenin level was increased after exposure to 20.3µg/L. However at 5.02µg/L, 
the above effect has not been observed. So NOEC of 5.02µg/L is considered for this 
effect. 
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Also it showed that NOEC for testicular growth is 20.3µg/L. In another study, Ren et al. 
(1996b) demonstrated that nonylphenol could motivate the production of vitellogenin 
mRNA (which stimulates vitellogenin protein synthesis) within 4 hr at 10µg/L. He also 
showed that significant increases in vitellogenin production in rainbow trout will happen 
in case of exposure to nonylphenol at 100µg/L for 72 hr.  

Further Baldwin et al. (1997) examined the metabolism of the steroid hormone 
testosterone and any resulting effects on reproduction ability of Daphnia magna in 3-
week experiments.  Through that study it was revealed that nonylphenol is capable of 
disturbing the components of androgen metabolism at concentrations of ≤25 µg/L. From 
those data a geometric mean of the NOEC and LOEC of 71µg/L was derived for 
reproduction. 

Gray and Metcalfe (1997) looked into the sexual development of male and female 
Japanese Medaka (Oryzias latipes)  and exposed them to nonylphenol at concentrations 
of 10, 50 and 100 µg/L. The test period was 3 month at which the concentration was 
renewed every 72 hour over the first month and every 48-hour over the left period. The 
author found a significant increase in mean body weight and length for the fish in 10 and 
50 µg/L groups. Also in 50% of fishes exposed to 50µg/L, testis-ova characteristics have 
been observed and this effect reached to 86% in a group exposed to 100 µg/L.  

A study on salmon was conducted to check the effects of nonylphenol on steroid 
metabolizing enzymes from the liver (Arukwe et al., 1997). A dose of 1, 5, 25 or 125 
mg/kg bodyweight of nonylphenol was injected to the fishes. Remarkably with increasing 
the dose of nonylphenol an apparent decrease in liver activities was observed.  6β-
hydroxylase activity was identified in the 25 mg nonylphenol/kg body weigh however all 
of liver effects were seen at 125 mg nonylphenol/kg body weight group.  

Another study investigated the effects of prolonged exposure on growth (Ashfield et al. 
1998). Two series of experiments were conducted. In the first series the fishes were 
exposed to 1,10 and 50 µg/L nonylphenol for 22 days and then the monitoring continued 
for 86 days. In the second series the exposed concentration was1, 10 and 30 µg/L and it 
lasted for 35 days. After that the fishes were monitored for the next 431 days. Both tests 
showed no mortality. At the end of first series test, the fishes exposed to 1 and 50 µg/L 
showed a significantly lower body weight compared with the standard ones. In the second 
series, by the end of 55 days, in the 30 µg/L group the weight and length of fishes were 
lower than standard ones. However in the 10 µg/l group no significant difference in 
weight was observed. But the length was reduced. At the end of test it was clear that the 
30 µg/L group had the maximum reduction in body weight and in contrast the 10 µg/L 
group confirmed increased body weight and 1 µg/L group showed not important 
difference in their body weight.  

Giesy et al. (2000) investigated the fecundity in fish (fathead minnow) exposed to NP at 
0.5 to 3.4µg/L. It was observed that fecundity varied over the reproduction season. In 
fishes exposed at concentrations 0.3 to 0.4µg/L fecundity was reduced. In contrast fishes 
exposed to 0.09 and 0.1µg/L produced more eggs. Also change in vitellogenin 
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concentrations in the blood of male species, was not observed in NP concentration 
between 0.05 to 3.4µg/L. 

To sum up, the ability of nonylphenol to provoke estrogenic effects has rarely been 
reported at concentrations below the minimum freshwater chronic value of 3.3µg/L. It 
means that setting chronic value will perfectly cover the estrogenic effects of NP. 
 

8.5 Calculation of predicted no effect concentration (PNEC) 

The PNEC are usually determined based on toxicity results from laboratory tests taking 
into account adequate safety factor. The calculated PNEC is taken from European 
commission report (EC 2002). It was calculated using the method and factors detailed in 
Technical Guidance Document on risk assessment (EC 2003). The TGD proposed that 
72-hour or longer EC50 values are considered as equivalent to a short-term result, and that 
a 72-hour or longer NOEC is considered as a long-term result. Although for long-term 
studies an EC10 is also acceptable instead of NOEC. 

As mentioned earlier, abundant research has been conducted regarding short term and 
long term toxicity effects of nonylphenol on aquatic organisms. In sum, the studies of 
acute toxicity effects demonstrated that fresh water invertebrate (Hyalella azteca) with a 
96-hour EC 20.7µg/L is the most sensitive group to nonylphenol. In the case of long term 
effect it seems that the most sensitive group to be fresh water algae with a 72-hour EC10 
of 3.3 µg/L. Taking into account the long term studies of three category of species, 
representing three tropic levels, therefore an assessment factor of 10 has been agreed. 
Applying this to long term NOEC for algae gives a PNECwater of 0.33µg/L. It should be 
noticed the presented PNECwater successfully cover oestrogenic effects as the above 
toxicity data are lower than the concentration at which the oestrogenic effects are 
observed. 

Toxicity data are not widely available for sediment dwelling organisms. Therefore 
estimating the PNEC in sediment is approached by assuming an equilibrium partitioning 
method (TGD). The following formula is used to derive the PNECsed. 

1000.. water
susp

watersusp
sed PNEC

RHO
K

PNEC −=  

In which the Ksusp-water is partitioning coefficient of suspended particles and water, 
RHOsusp is the bulk density of suspended particles (kg .m-3), PNECwater (mg. l-1) and 
PNECsed (mg kg-1). Applying the formula results in PNECsed of 39µg/kg.  
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9 Risk characteristics and discussion  

This step provides information about the likelihood of observing adverse effect of 
spillage on the ecosystem. It is approached through combining the information from 
dose-response assessment and the exposure assessment. This approach comprises two 
phases. First step is to estimate the risk posed to organism population according to the 
results from dose-response analysis. Second step is to estimate how likely it is to pose 
such risks to ecosystem. Among several techniques reported for estimating the risk (EPA, 
1998), comparison the exposure distribution with a point estimate of effect is an 
appropriate method for dealing with chemical contamination of aquatic ecosystem. 
Normally, the ratio is expressed as PEC divided by PNEC. If the PEC/PNEC is greater 
than one the substance is” of concern” and a comprehensive approach is required 
(Sonnemann et al, 2003). 

9.1 Risk estimation for water phase 

As mentioned earlier for population living in water phase a PNEC of 0.33µg/L has been 
set. This value covers all the ecological entities in water phase from any type of hazard. 
Figure 9-1 illustrates the risk quotation over around 16 days in water phase. At the first 
glance, It seems that the spillage of one metric tonne nonylphenol into the Vargön region 
poses a severe risk especially in the first hours into the ecosystem. In Vargön, Trollhättan 
and Lilla Edet the nonylphenol concentrations reach 143, 80 and 33 times of PNEC. In 
Vargön the estimated risk drops dramatically over 56 hours and after that it poses no risk 
for organisms living in water phase. However it is not the case in Trollhättan. The 
estimated risk starts with a value of 40 and gets a maximum of 80 in 24 hours and after 
that the risk ratio is reduced but it takes 204 hours till the system recovers and the 
concentration of nonylphenol in water phase causes no hazard to the biota in this 
segment.  Although definitely consequences of imposed risk last for a longer period.  

 
Figure  9-1 Risk quotation of accidental release of nonylphenol along the river based on first scenario 
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Figure 9-1 reveals that the imposed risk to the ecosystem reduces along the river and it is 
predicted that Göteborg region experience a risk ratio of maximum 5. Accordingly it is 
wise to focus more on the direct consequences exposed to the up river rather than down 
river. 

To explain the risk distribution in a simple way, it would be appropriate to calculate an 
average risk for each segment and see its magnitude. The risk is calculated for both a 16 
and 91 day exposure period. This has been approached by calculating the area below the 
risk curve and dividing it by the period of simulation. The averaged risk in each segment 
is depicted in figures 9-2 and 9-3.  
 

 
Figure  9-2 average estimated risk in water 
phase based on a 16 days exposure simulation 

 
Figure  9-3 average estimated risk in water phase 
based on a 91 days exposure simulation 

The above result confirms the previous explanation as well. As it is seen average risk in 
short term exposure (16 days) in all segments are above one and show a serious risk all 
along the river. However average risk in long term simulation (91 days) passes limit just 
in Vargön, Trollhättan and Lilla Edet and in rest of river average risk is below one. Thus 
as pointed out earlier, up river suffers more than down river in case of accident and in 
these segments the risk of any adverse effects remain for a longer period. 

9.2 Risk estimation for sediment phase 

Nonylphenol is a lipophilic organic pollutant which mainly partitioned into the river bed. 
Sediment acts like both a sink and a source of chemicals. Therefore it may present a 
hazard to organisms in both sediment and water phase. As depicted earlier the 
nonylphenol concentration in sediment increases slowly over time along the river and it is 
removed very slowly from the sediment. Thus it is thought that the spillage imposes a 
long term hazardous impact into benthic organisms. With respect to this scheme the risk 
for sediment compartment is simulated for a long period of 34 and 1.14 years in case of 
first and second scenario correspondingly (figure 9-4 and 9-5).  
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It is clearly suggested that in case of second scenario the harmful impact is only expected 
in Trollhättan and Lilla Edet although the associated risk seems to last for a long period, 
almost one year in Trollhättan and 7 months in Lilla Edet. The lowest acute toxicity data  

 

(LC50) for benthos is 342µg/L. If equilibrium is assumed then the corresponding sediment 
concentration will be 30mg/kg which by applying a safety factor of 10, it would be 3 
mg/kg. This means that presumably benthic organisms, oligochaeta worms and snails are 
not at risk of acute toxicity in case of accident. Further the lowest NOEC derived from a 
field study is 23µg/L which corresponds to a sediment concentration of 2µg/kg. This 
estimated NOEC for benthos is below the assumed PNEC in sediment. Thus it suggests 
that there is a strong probability that sublethal toxicity effects like growth inhibition, 
impairment of reproduction and survival are being observed in benthos.  

Further, modeled estimated risk based on the first scenario over a long time is highly 
informative. It suggests that point source emissions contribute in nonylphenol 
accumulation in sediment over the years. It is depicted that all segments except for 
Vargön and Göta suffer from chronic toxicity effects and Lärjeholm have the highest risk 
of sediment contamination. The observed difference could be addressed to both 
concentration of nonylphenol in water phase and sedimentation characteristics. The 
highest nonylphenol concentration in water phase belongs to Lärjeholm where the point 
source emission rate is 0.17 mol/hr. Also it is the last segment so the pollution from all 
the above segments reaches this region and contributes more to the contamination of river 
bed. 

9.3 Risk characteristics description and discussion 

The assumed PNEC provide a general overview from the hazard imposed into the river 
system. Thus to clarify more the quotient values predicted along the river, the risk  is 

Figure  9-4 risk estimation fro sediment phase 
over 1.14(y) in case of 2nd scenario 

 
Figure  9-5 Risk estimation for sediment phase 
over 34 (y) in case of 1st scenario 
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calculated  for various endpoint effects at trophic levels and the estimated risks are 
perceived more obviously according to selected endpoints. 

9.3.1 Acute toxicity in organisms 

As mentioned earlier acute toxicity to species ranged from 55.72µg/L for the amphipod 
Hyalella azteca to 774µg/L for the snail Physella virgata. Studies indicated that fishes 
show an average sensitivity to nonylphenol. In this regard, it is sensible to choose LC50 
associated with the most sensitive specie as fresh water acute value. So the fresh water 
Acute Value is 55.49µg/L. To the best knowledge of author, a safety factor to cover the 
degree of uncertainty in extrapolation from acute laboratory toxicity data for single specie 
to a real environment is not available for this particular endpoint. Therefore with taking 
into account, availability of toxicity data for three trophic levels of organisms the lowest 
assessment factor of 10 is assumed (TGD, 2003). Thus the criterion acute value in this 
risk assessment is 5.549 µg/L. 

By applying the above acute value, the risk of acute toxicity among species was 
simulated over 5 days. The results demonstrated that no acute toxicity is expected to be 
seen along the river except for Vargön, Trollhättan and Lilla Edet (figure 9-6). Estimated 
risk of acute toxicity in these regions gets the maximum of 8, 4.5 and 2 respectively. But 
it does not mean necessarily all these areas are at hazard. It should be noticed that, acute 
value derived from the experiment, run for 96-hour. However under these circumstances 
it takes maximum 56 hours that estimated risk becomes above the limit of one in Vargön. 
It means that the organisms are exposed at risk at a shorter period than in the test. Also it 
seems that Trollhättan experiences serious acute toxicity as estimated risk lasts almost for 
5 days. So it may be inferred that the severity is the most at Trollhättan, Vargön followed 
by Lilla Edet. More over, the spatial distribution of risk follows the same trend as water 
phase concentration. Up river organisms are more likely to get exposed to acute risk than 
down stream’s species. It is depicted that the maximum risk in Vargön is 8 which is about 
30 times of the one in Göteborg.  

Figure  9-6 Estimated risk for animal acute 
toxicity in aquatic ecosystem 

 
Figure  9-7 Estimated risk for animal chronic 
toxicity in aquatic ecosystem over 91-day 
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9.3.2 Chronic toxicity in organisms 

Now it is time to look at the severity of chronic toxic effects of nonylphenol on the 
organisms. Studies concerning dose response assessment of pollutant reveal that the least 
chronic toxicity value belongs to two species of fresh water fishes and cladocerans. 
Rainbow trout showed a chronic value of 7.861µg/L based on growth and regarding 
fathead minnow, a value of 10.18µg/L based on survival is reported. Additionally, 
chronic value associated with cladocerans ranged from 22.62 to 157.9µg/L based on 
reproduction. Therefore assuming a chronic value of 7.86 would be realistic which by 
applying the safety factor of 10 results in criterion chronic value of 0.786 among animals. 

Considering the first scenario, the model out come predicts that in general all segments 
face chronic toxicity hazard.  As it is illustrated (figure 9-7) estimated risk up the river in 
Vargön, Trollhättan and Lilla Edet reaches the maximum value of 60, 34 and 14 
correspondingly. However, caution should be used when explaining the estimated risk. It 
should be noticed that selected chronic value is derived from the experiment run for 91-
days. However under these circumstances it takes maximum 10 days that calculated ratio 
exceeds 1 (figure 9-7). In this context for more clarification about expected chronic 
effects, an average chronic toxicity is derived.  
 

As it is demonstrated (figure 9-8) average 
risk all along the river is below one. It 
means no chronic effect is supposed to be 
observed in aquatic life. However this 
conclusion could not be derived with sure 
as up river face a nonylphenol 
concentration of up to 60 times of NOEC 
in a short time. So it is probable that sub- 
lethal effects like reproduction and 
growth inhibition is seen only up river 
among the sensitive population.   
This hypothesis is supported by 
considering the chronic toxicity test run 

for a shorter period (less than 91-day) and comparing it with nonylphenol concentration 
in water phase. England (1995) performed chronic toxicity assessment on cladocerans, 
Ceriodaphnia dubia, for 7 days. At the end of 48 hr, survival reduction and reproduction 
impairments were observed and an EC50 of 69µg/L was calculated.  So by choosing this 
study as the reference, it is seen that the organism are in danger in up river.  

To sum, by taking into account both estimated risk and duration that the risk will last, it 
can be inferred that chronic effects such as some abnormality in growth or survival 
among the fishes is more likely than among the other communities, and also the 
likelihood of toxic chronic effect among the communities up the river is more than down 
the river.  

Average Estimated Risk for chronic toxicity
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9.3.3 Toxicity to aquatic plants 
                                                                                                                                                                    
The least toxicity value concerning aquatic plants is the one selected as NOEC to derive 
PNEC for the protection of ecosystem. The estimated risk for this group has been derived 
based on EC10 on biomass endpoint in a 72 hours test (figure 9-10). It appears that algae 
and phytoplankton are the most sensitive community in a food web and they are 
extremely affected in case of spillage. Almost in all segments from Vargön to Kungälv            
the estimated risk is greater than one and indicating concern over this community. The 
estimated risk for this group like others makes the maximum values in up river and as 

river flows down stream it decreases 
moderately. This group is primary 
energy producer in ecosystem and 
constitutes an important link in aquatic 
food chain. Any loss in this population 
will definitely affect indirectly the 
other organisms. For instance they are 
the primary food source for 
zooplanktons. And zooplanktons are 
food source for fishes so any changes 
in one community is likely to affect 
the rest. On the other hand it should be 
noticed that the reproduction rate of 
algae is high.  

  

9.3.4 Endocrine effects  

Evidence supporting the estrogenic effects of nonylphenol is plentiful. Most tests 
identified this effect at concentrations 5-20µg/L in daphnia magna and fishes (Jobling et 
al. 1996; Ren et al. 1996b; Gray and Metcalfe 1997; Ashfield et al. 1998). However a few 
studies demonstrated these effects below (Giesy et al. 2000) or above (Ren et al. 1996b; 
Baldwin et al. 1997) the proposed range. The least reported NOEC concerning blood 
vitellogenin level and testicular growth is 5.02 and 20.3µg/L respectively obtained from a 
three-week test. More over the minimum NOEC of71µg/L has been stated regarding 
reproduction effect as the end point. Here in this effect assessment a safety factor of 10 is 
applied to the endpoints to obtain associated risk.  

Based on the above studies, it could be concluded that in case of accidental release of 
nonylphenol into Göta älv a great concern will raise about oestrogenic effects of 
nonylphenol regarding blood vitellogenin level in fishes all along the river (figure 9-10). 
However the estimated risk is not of concern in all days. Average estimated risk for this 
endpoint reveals that this effect is expected to be seen in all segments (appendix 12.2). So 
the probability of observing this effect is immensely strong. 

 
Figure  9-9 Estimated risk for aquatic plant based 
on biomass endpoint in a 72 hours test 
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Figure  9-10 estimated risk for Vitellogenin level 
 

 
Figure  9-11 estimated risk for changes in growth 
 

Figure  9-12 estimated risk for changes in 
reproduction 
 

 
Figure  9-13 estimated risk for changes in steroid 
enzyme 

More over, endocrine disruption effect will be smaller concerning growth and 
reproduction effects.  It is expected that growth pattern is affected in biota especially in 
Vargön, Trollhättan and Lilla Edet and reproduction is not likely to reduce in any where 
along the river as the estimated risk magnitude in up river is not also very big. It is worth 
mentioning that calculated average risk for these endpoints is in consistence with the 
previous statement (appendix 12.2). The estimated average risk is just ‘of concern’ in 
Trollhättan. Likewise reproduction is not expected to be reduced in any segment. So it 
could be concluded that growth inhibition is most likely to be seen in up river and the 
probability of any reproduction impairment is small. 

From the other point of view, if just fish population in Göta älv is focused, it could be 
stated that fecundity in fishes is the most sensitive endocrine disruption effect as this 
endpoint will be affected in concentration below 3.5µg/L in fish population. So it is 
expected that fishes all along the river are put at a high risk in case of accident especially 
in up river. Nevertheless the consequences like reduction on steroid metabolizing 
enzymes from the liver are not expected to be observed among fishes at all (figure 9-13). 
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9.4 Risk characteristic uncertainties   
 
There are several uncertainties around risk characteristic results from obtained exposure 
concentration to effect assessment and their extrapolation from laboratory test to real 
environment. They must be addressed as clearly as possible to communicate visibly with 
decision makers and draw  attention to associated weaknesses. 

The exposure concentration derived from the fate model should be interpreted with 
caution. It should be remembered that the model simplifies the river into several boxes 
which are linked through advective flows. The environmental concentrations are averages 
for each segment (which were assumed well mixed). Also, there is a considerable degree 
of uncertainty due to the uncertainty in the determination of input parameters. For 
example sediment characteristic of Göta älv, sedimentation, degradation rate which are 
fixed values, constant transfer rates, etc. Also the routes of chemical exposure by biota 
are limited to several processes. Especially there is a uncertainty regarding the defined 
metabolism rate of nonylphenol due to limited provided data in literature for aquatic 
biota. 

Also quotients technique used in risk characterization has some coherent limitation which 
implies some uncertainty over the results. In fact by this method it is not possible to 
address clearly the effects for example on reproduction when the NOEC is derived based 
on growth endpoint. Moreover secondary consequences such as eutrophication, loss of 
pray species, etc could not be assessed.  However exposure distributions provided here 
decrease uncertainty in a way that it is possible to see how many days the endpoint 
concentration is exceeded. In fact the exposure period is derived from the effect 
assessment studies on exposing the organism for a certain period. Further more the 
assessment factors used in this study for describing risk estimation regarding certain 
endpoints was the author’s assumptions.  They were assumed based on the author’s 
understanding from the TGD (2003) and this was applied in order to extrapolate the acute 
toxicity for all entities. So the assessment factors assumed for endpoint risk assessment 
are those which limit our ability to draw conclusions with confidence. 
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10 Conclusion  
 
Mathematical fate models have been known as an invaluable tool for assessing exposure 
and risk for chemicals emitted to environment. Multi-segment models suggest an 
intermediate level of complexity which is well suited for predicting exposure in spatially 
heterogeneous environments, such as rivers (Warren et al, 2007).  
 
In this study a dynamic version of the QMX-F model was developed in order to predict 
exposure concentration of nonylphenol in Göta älv resulting from an imaginary spillage 
scenario. Through this model nonylphenol concentration in water, sediment, and target 
species has been estimated. Results emphasize that nonylphenol released into water phase 
will not remain for a long time in this phase. It will take maximum 10 days in all 
segments while it drops to 0.5µg/l. Actually most portion of discharged nonylphenol will 
be removed from each segment through advection outflows. So nonylphenol remains in 
the environment but it is just removed from defined environmental boundary in this 
study. Nonylphenol concentration trend in water phase is consistant with a similar field 
study. This could to some extent validate the model structure and input parameters.  

Also it was realized that nonylphenol deposited into the river bed will last for a long time. 
It takes approximately one year under spillage scenario till it got a very low 
concentration. More over it has been understood that the sediment concentration will be 
dominated from spillage for just maximum 20 days and as soon as water concentration 
diminished, the point source emission will contribute greatly in sediment concentration 
profile.  

Simulating nonylphenol concentration in target species confirms the literature statement 
regarding the capacity of nonylphenol bioaccumulation. Nonylphenol is highly 
bioconcentrated in species in low trophic level like phytoplanktons and zooplanktons. 
Nevertheless an exception has been seen in small fish’s bioconcentration factor with 
available experimental data. Salmon BCF is completely agrees with literature data while 
sculpin shows about 3 times larger BCF. In addition, nonylphenol concentration 
decreased in top predator fishes like salmon. Sculpin and salmon keep the highest and 
lowest concentration respectively all along the river. Further, it is predicted that benthos 
suffer from spillage for long time. This group will recover very slowly and for a 
prolonged period of time nonylphenol concentration in this group will be more than in 
fishes. When it comes to lowest trophic level species, zooplanktons and phytoplanktons 
have the highest nonylphenol concentration among aquatic species. And the results show 
that they are very susceptible to any changes in water concentration.  
 
Combining the result from exposure assessment with dose response studies, provides 
information regarding the likelihood of detecting any adverse effect on ecosystem.  It is 
found out that spillage would pose severe risk in the first hours after spillage in up river. 
Estimated risk in pelagic organisms is predicted to remain for maximum 10 days. 
However sediment organisms in up river show putting at risk for a long period and sub- 
lethal effects like growth inhibition and reproduction impairment are expected to be seen 
in benthos for almost one year as a result of a spillage.  
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Also estimated risk based on first scenario draw attention of stakeholders to a new 
perspective regarding continuous discharge of nonylphenol from point sources which 
pose no risk into aquatic organisms. It was suggested that an episodic event like the 
simulated spillage could have less impact and may cause less chronic toxicity than 
continuous release of contaminant in a long time period like 22 years.  

Moreover it was tried to clarify the PEC/PNEC values predicted along the river and have 
an over view from the direct consequences which would have affect organisms. It was 
approached by calculating the estimated risk for each interesting endpoint and see how 
likely that species be at risk of specific consequence. It should be noticed that a full 
extent of impacts from exposure to target endpoints could not be performed by this 
technique.  

It has been inferred that acute toxicity among fishes up river is very plausible especially 
in Trollhättan and estimated risk is decreased downstream significantly. On the other 
hand provided acute toxicity data for benthos does not suggest any threat for them in this 
study. In contrast the chronic effects are not so likely to be seen in pelagic organisms 
thanks to short exposure to contaminant. However this conclusion could not be drawn for 
sure as the organisms are intensely at risk in the first hours so maybe high concentration 
causes some sublethal effects on biota. In addition, chronic effects are highly probable in 
benthos. Phytoplanktons are put at risk from Vargön to Kungälv with the most severity in 
up river. Endocrine disruption effect will be smaller concerning growth and reproduction 
but this event could change the blood vitellogenin level in fishes greatly. Also based on 
experimental studies it seems that fecundity in fishes is the most sensitive endpoint under 
endocrine effect category. 

It could be concluded that ecosystem will suffer from spillage both in a short and long 
term period. It is difficult to predict the extent of adverse consequences precisely. But it 
seems that sub-lethal effects on benthos and consequently posing side effect on other 
population as well as endocrine disruptions should be pointed as the most important 
consequence. In addition the persistence nature of nonylphenol and its accumulation in 
sediment cause a serious risk into pelagic organisms besides providing the opportunity 
for release of hazardous metals as well.  

It is recommended that a sensitivity analysis is performed due to lack of field 
measurement for the case of spillage scenarios. Sensitivity analysis evaluates which 
parameters will make a significant contribution in final results. So a big effort should be 
put in estimating the key input parameters. Also providing more precise data regarding 
point source emissions and background concentration are very helpful in providing 
reliable results. Also this model could be modified for different scenarios. It could be 
developed for other environmental compartments, address fate of an emitted chemical 
into the environment and provide the risk distributions imposed to various media.  
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12 Appendices 

12.1 Appendix A list of identified hazardous chemicals for the environment 
 
 
Table  12-1 list of identified hazardous chemical for the environment 

Chemical CAS. no 
R-

Phrase 
(Env.) 

Annex I 
index# 

HPV or 
LPV 

EU 
priority 

list 
PBT list 

Difenacoum 56073-07-5 R50/53 607-157-
00-X 

Not 
reported 

Not listed Not listed 

Tolylfluanid 731-27-1 R50/53 613-116-
00-7 

LPV Not listed Not listed 

Diuron-herbicide  330-54-1 R50/53 006-015-
00-9

HPV Not listed Not listed 

Phoxim 14816-18-3 R50/53 015-100- LPV Not listed Not listed 
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Chemical CAS. no 
R-

Phrase 
(Env.) 

Annex I 
index# 

HPV or 
LPV 

EU 
priority 

list 
PBT list 

00-X 
coumarin 56073-10-0 R50/53 607-172-

00-1
Not 

reported 
Not listed Not listed 

Carbofuran 1563-66-2 R50/53 006-026-
00-9 

LPV Not listed Not listed 

Chloridazon 1698-60-8 R50/53 606-035-
00-3 

HPV Not listed Not listed 

Nitrofen 1836-75-5 R50/53 609-040-
00-9 

HPV Not listed Fulfill 
PBT 

Malathion 121-75-5 R50/53 015-041-
00-X 

HPV Not listed Not listed 

1,2,4-trichlorobenzene 120-82-1 R50/53 602-087-
00-6 

HPV Priority 2 Fulfill 
PBT 

Styrene  100-42-5 - 601-026-
00-0 

HPV-
Sweden 

Priority 1 Not listed 

musk ketone 81-14-1 - Not listed LPV Priority 3 Not listed 
Tris(nonylphenyl) 
phosphite 

26523-78-4 - Not listed HPV Priority4 Not listed 

TBBP-A 79-94-7 - Not listed HPV Priority 4 Not listed
4-(1,1,3,3-
tetramethylbutyl)phenol 

140-66-9 - Not listed HPV Not listed Not listed 

Diisobutyl phthalate 84-69-5 - Not listed HPV Not listed Not listed 
Biphenyl-2-ol 90-43-7 R50 604-020-

00-6 
HPV Not listed Not listed 

Biphenyl  92-52-4 R50/53 601-042-
00-8 

HPV Not listed Not listed 

DEHP 117-81-7 R60,R61 607-317-
00-9 

HPV Priority 2 Not listed 

Dioctyl phthalate 117-84-0 - Not listed Not 
reported 

Priority 1 Not listed 

Diisooctyl phthalate 27554-26-3 - Not listed Not 
reported  

Not listed Not listed 

Diisononylphthalate 28553-12-0 - Not listed HPV Priority 2 Not listed 
Didecylphthalate 26761-40-0 - Not listed HPV Priority 2 Not listed 
Glutaral 111-30-8 R 50/53 605-022-

00-X 
HPV Not listed Not listed 

4-methyl-m- 95-80-7 R50/53 612-099- Not  Priority 1 Not listed 
phenylenediamine   00-3 reported   
Nonylphenol  25154-52-3 R50/53 601-053-

00-8 
HPV-

sweden 
Priority 2 Not listed 

Phenol, 4-nonyl-, branched 84852-15-3 R50/53 601-053-
00-8

HPV Priority 2 Not listed 

1,2-dichloroethane 107-06-2 - 602-012-
00-7 

HPV-
sweden 

Not listed Not listed 
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Chemical CAS. no 
R-

Phrase 
(Env.) 

Annex I 
index# 

HPV or 
LPV 

EU 
priority 

list 
PBT list 

Phthalic anhydride 85-44-9 - 607-009-
00-4 

HPV-
sweden  

Not listed Not listed 

Pentachlorobenzenethiol 133-49-3  Not listed HPV Not listed Fulfill 
PBT 

Alkanes, C10-13, chloro 85535-84-8 R50/53 602-080-
00-8 

HPV Priority 1 Fulfill 
PBT 

Distillates (coal tar),  
heavy oils 

90640-86-1 - 648-044-
00-5

HPV Not listed Fulfill 
PBT

Pitch, coal tar,  
high-temp 

65996-93-2 - 648-055-
00-5 

HPV Priority 3 Fulfill 
PBT 

Cyclododecane 294-62-2 - Not listed HPV Not listed Fulfill 
PBT 

Anthracene(C14H10) 120-12-7 - Not listed HPV Priority 3 Fulfill 
PBT

Diphenyl ether 32536-52-0 - 602-094-
00-4 

HPV Priority 1 Fulfill 
PBT 

Bis(tributyltin) oxide 56-35-9  Not listed HPV Not listed Fulfill 
PBT 

Benfuracarb  82560-54-1 R50/53 006-088-
00-7 

Not 
reported 

Not listed Not listed 

coumarin 56073-10-0 R50/53 607-172-
00-1 

Not 
reported 

Not listed Not listed 

       
Hexabromocyclododecane 25637-99-4  Not listed HPV Priority 2 Fulfill 

PBT
 
 
 
 
 
Table  12-2 Species Characteristics  
Species  Weight  

(gr) 
Lipid  
Cont.% 

Feeding  
rate 

Growth 
Rate(d-1 

R.uptake
*1E-6 

R.loss 
 

Diet  

Phytoplankton 0 1.5 2.4E-8 0.025 8.16 18000 - 
Zooplankton 0.1 4 4.4E-4 0.02 0.081 60 80%plankton 

20%pontoporeia 
Oligochaetes 0.1 1 4.4E-4 0.015 0.081 270 Detritus and sediment 

organic content  
Pontoporeia 0.02 3 1.1E-4 0.02 0.155 170 Detritus and sediment 

organic content 
Sculpin 5.4 8 1.3E-2 0.005 0.016 6.8 18% zooplankton, 

82% pontopreia 
Alewife 32 7 5.9E-2 0.004 0.008 3.84 60%zooplankton, 

40%pontoporeia 
Smelt 16 4 3.2E-2 0.005 0.011 8.887 54%zooplankton, 
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21%pontoporeia, 
25%sculpin 

Salmonids 2410 16 2.34 0.002 0.001 0.298 10%sculpin,50% 
alewife,40% smelt 

 
 
 
 

12.2 Appendix B: Exposure and Risk assessment figures 
 
Maximum Nonylphenol concentration in sediment 
 

 

Figure  12-1 The maximum concentration 
observed in each segment based on 2nd scenario 
 
 
  

 

Figure  12-2 The maximum concentration 
observed in each segment based on 1st scenario 
 

 NP concentration from just point source discharges into the river 
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Figure  12-3 Nonylphenol concentration in 
sediment results from point source emissions 

 

Figure  12-4 The maximum concentration 
observed in each segment based on direct 
emissions 
 

 Average estimated risk regarding Endocrine disruption endpoint 
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Figure  12-5   average estimated risk for changes 
in Vitellogenin level 
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Figure  12-6 average estimated risk  for changes 
in growth                 
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Figure  12-7 average estimated risk for changes in reproduction 
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12.3 Appendix C:  Exposure Fate Model Codes 
 
clear; 
global temp density vapor_pressure henry_constant solubility logow K_ow  K_air_water 
K_octanol_air K_oc K_qa K_om L D_w W volume_w area_s D_s Cpm pm_volume om_volume 
oc_volume  mineral_matter_volume oc_s GD GR GB  C_aerosol aerosol_volume KT kvw kva 
rain_rate wp_deposition dp_deposition GI Cp Gx Gy Gj ZA Zw Zo Zpure Zs ZQ lipid  Zbiota Zp 
Zom DB DS Volume_s Ks Kw DT DR DD DW DV DAb DJ DY DM DC DQ DI DX 
direct_emission ,spilled_amount , sediment_density  deltat t fwo fw fs fso dfw dfs air_con 
inflow_con I1 I2 I3 I4 I5 I6 fi fa c_water c_sediment c_water_max c_particle q1 q2 kr1 kr2 Ed 
Fd kd kg metabolism m Dd De Dg Dk Dmeta Dr1 Dr2 Zf I9 I7 I8 I10 I11 fo fugacity_plank 
fugacity_zoo biota_v fugacity_pont  fugacity_o fugacity_s fugacity_al fugacity_salmon 
fugacity_smelt oc_vf  mole_water time y my water_outflow water_transformation 
sediment_burial sediment_trans sediment_resus sed_water_diff  water_sed_diff sed_deposit 
volatil water_inflow BCF c_plankton c_zoo c_o c_al c_s c_smelt c_salmon c_pont oc_volume_s 
Dd1 Dd3 Dd4 De1 De3 De4 BCF_pont BCF_salmon BCF_zoo BCF_o seg r1 rs1 BCF_s 
BCF_smelt BCF_al B input output p1 PNEC_np Risk T acute_np Risk_acute Mat Risk1  
 
%********chemical properties according to EU document***************************** 
time =120; 
temp= 8 ; %input('Enter the ambient temperature (C)='); 
molar_mass=220.34;%gr/mol 
density=950;%input('Enter the density of substance(kg/m3)='); 
vapor_pressure=0.3;%input('Enter the vapor pressure of substance(pa)='); 
henry_constant=11.02;%input('Enter the Henry constant of substance(pa.m3/mol)='); 
solubility=6;%input('Enter the solubility of substance(mg/l)='); 
logow=4.48; %input('Enter the logow of substance='); 
Ks=9.57e-6*exp(42700/8.314*(1/298.15-1/(temp+273)));%trasnformation rate in sediment(1/hr) 
corrected with applied temperature 
Kw=1.92e-4*exp(42700/8.314*(1/298.15-1/(temp+273)));%transformation rate in water(1/hr) 
corrected with applied temperature 
 
%*****partitioning coefficient calculations******** 
K_ow=10^logow; 
K_air_water=henry_constant/(8.314*(273+temp)); 
K_octanol_air=K_ow/K_air_water; 
K_oc=0.41*K_ow; 
K_qa=6e6/vapor_pressure; 
K_om=0.4*K_oc; 
 
%*******************compartment properties******************************** 
L=[7000 17500 15500 13000 17000 12320 10500 16000];    %length of the segments from 1 to 8 
D_w=[10 18 15 6 6 7 8 10];                                                     %depth of the segments from 1 to 8 
W=[300 220 180 200 250 120 150 180];                                 % width of the segments from 1 to 8 
volume_w=L.*D_w.*W ;                                                         %volume of each segment 
area_s=L.*W ;                                                                          % surface area of sediment 
D_s=[0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1]  ;                                     %sediment active layer depth 
volume_s=area_s.*D_s; 
sediment_density=1420;% kg/m3 
 Cpm=[20 20 20 20 20 20 20 20];                                       %particular matter concentration(g/m3) 
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 pm_volume=zeros(1,8);pm_volume=((Cpm/1.5)/1000000).*volume_w ;     %particular matter 
volume(m3) 
 oc_vf=Cpm(1,1)/1.5/1000000; 
 om_volume=0.33*pm_volume;                         %organic matter volume(m3) 
 oc_volume=0.17*pm_volume;                          %organic carbon volume(m3) 
 mineral_matter_volume=0.67*pm_volume;     %mineral matter volume(m3) 
  
 %************************SEDIMENT CHARACTERISTICS******************* 
oc_s=0.05*0.16;                                                         %organic carbon mass fraction of sediment 
oc_volume_s=volume_s *sediment_density*oc_s/1500; 
GD=[4.6e-8 4.6e-8 4.6e-8 4.6e-8 4.6e-8 4.6e-8 6.27e-7  4.6e-8].*area_s; %sediment deposition 
rate(m3/h)(GD)********** 
GR=[1.1e-8 1.1e-8 1.1e-8 1.1e-8 1.1e-8 1.1e-8 1.56e-7 1.1e-8].*area_s; %sediment resuspension 
rate(m3/h)(GR)********* 
GB=3.4e-8*area_s; %sediment barial  rate(GB)(m3/h) 
 
%***********************AIR CHARACTERISTIC***************************** 
 
C_aerosol=23;                                                                % concentration of aerosol(micro gr/m3) 
aerosol_volume=(C_aerosol/1.5)*10e-12; 
KT=[0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01];            %sediment water mass transfer(m/hr)(kT) 
kvw=0.03;     %volatilization MTC(water side-kvw))(m/hr) 
kva=3; %Volatilization MTC(air side-kva))(m/hr) 
rain_rate=9.47e-5*area_s ;                                              %rain dissolution rates (m3/m2h)*area 
wp_deposition=0*area_s;                            %wet particle deposition rate(m3/m2h)*area=m3/hr 
dp_deposition=1.08e1*area_s;                     %dry particle deposition velocity (m/h)*area=m3/hr 
 
%**************************Emissions************************************ 
GI=[1849968 18432 0  2800 9792  0 99504 0];                        %water inflow. it is dependson the 
segment(m3/hr) 
 Cp_inflow=[0 0 0 0 0 0 0 0];                                  %particular matter inflow concentration(g/m3) 
Gx=(Cp_inflow/(1.5*1000000)).*GI ;                                            %particular matter inflow flux 
Gj=[1849968 1868400 1868400  1871280 1881072  490896 590400 1380384];         %water out 
flow(m3/h) 
Gy=((Cpm/1.5)/1000000).*Gj;%particle outflow(m3/hr) 
direct_emission=[0.315  0.51 0.315 0 0.35 0.315 0.17 0];                        %direct emissions mol/hr 
spilled_amount=1000*1000/molar_mass;% in mol of substance 
inflow_con=zeros(1,8); 
air_con=zeros(1,8); 
 
% *************************calculations of Z values********************** 
ZQ=(1/(8.314*(273+temp)))*K_qa;                                                                       %ZQ=ZA*KQA 
ZA=(1/(8.314*(273+temp)))+ZQ*aerosol_volume;                                 %ZA  =1/RT (mol/Pam3) 
Zp=oc_s*K_oc/henry_constant*(2500/1000);                 %Z particals in water=Zw*Koc*roc/1000 
Zw=1/henry_constant+Zp*oc_vf ;                                                             %Zw= 1/H (mol/Pam3) 
Zo=Zw*K_ow ;                                                                             %Z_octanl=Zw*Kow(mol/Pam3) 
Zpure=(density*1000/molar_mass)/vapor_pressure; %Zpure=molar volume/vapor pressure  
Zs=0.52*Zw+0.48*0.16*K_oc*Zw;%Zs=yoc*Koc*Zw(sediment density/1000) 
lipid=[0.015 0.05 0.01 0.03 0.08 0.07 0.04 0.16];  
Zbiota=lipid*Zo;   %Zbiota=Lipid*Zo 
Zom=0.56*K_oc*Zw*1200/1000 ;                                %ZOM in water=0.56Koc*Zw*rOM/1000 
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Zf=[0  0 0 0 0 0 0 0  
       0.8 0  0 0.2  0 0 0 0 
       0 0 0 0 0 0 0 0 
       0 0 0 0 0 0 0 0 
       0 0.18 0 0.82  0 0 0 0 
       0 0.6   0 0.4  0 0 0 0 
       0 0.54 0 0.21  0 0.25 0  0 
       0  0  0  0  0.1 0.5 0.4 0]; 
    
%*****************D value calculations************************************* 
DB=  Zs*GB ;                                                           %sediment barial(mol/pa.hr) 
DS=volume_s*Zs*Ks;                                              %sediment transformation(DS)(mol/pa.hr) 
DR=GR*Zs;                                                              %sediment resuspension(DR)(mol/pa.hr) 
DT=KT.*area_s*Zw;                                                %sediment to water diffusion(DT)(mol/pa.hr) 
DT=KT.*area_s*Zw;                                                 %water to sediment diffusion(DT)(mol/pa.hr) 
DD=GD*Zp ;                                                             %sediment deposition(mol/pa.hr) 
DW=volume_w*Zw*Kw ;                                        %water transformation(mol/pa.hr) 
DV=kvw*area_s*Zw ;                                              %volatilization(DV)(mol/pa.hr) 
DAb=kva*area_s*ZA ;                                            %Absorbtion(mol/pa.hr) 
DJ=Gj*Zw ;                                                              %water outflow(DJ)(mol/pa.hr) 
DY=Gy*Zp;                                                             %water particle outflow(DY)(mol/pa.hr) 
DM=rain_rate*Zw ;                                                 % rain dissolution(mol/pa.hr) 
DC=wp_deposition*ZQ;                                          %wet particle deposition(mol/pa.hr) 
DQ=dp_deposition*ZQ;                                           %dry particle deposition(mol/pa.hr) 
DI=GI*Zw;                                                              %water inflow(mol/pa.hr) 
DX=Gx*Zp;                                                               %water particle inflow(mol/pa.hr) 
 
%*********food web************ 
biota_w=[0.000001 0.1 0.1 0.02 5.4 32 16 2410]/1000;               %species weight kg 
biotav=biota_w/1000;                                                                    %species volume m3 
 
%**********biota volume in each segment m3******************** 
for i=1:8 %segment  
    for j=1:8 %species 
        if j==1;v_biota(i,j)=(20e-6*area_s(i)); 
        else if j==2;v_biota(i,j)=16e-6*area_s(i); 
            else if j==3;v_biota(i,j)=12e-6*area_s(i); 
                else if j==4; v_biota(i,j)=9.5e-6*area_s(i); 
                    else if j==5; v_biota(i,j)=6.5e-6*area_s(i); 
                        else if j==6; v_biota(i,j)=4.5e-6*area_s(i); 
                            else if j==7;v_biota(i,j)=3.5e-6*area_s(i); 
                                else if j==8; v_biota(i,j)=2.5e-6*area_s(i); 
                                    end  
                                end  
                            end 
                        end 
                    end 
                end 
            end 
        end 
    end 
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end 
 
%*******************************calculating rate constants***** 
for i=1:8%i is segments 
for m=1:8 
        q1(m)=88.3*(biota_w(m)^0.6); 
        q2(m)=0.001*q1(m); 
        k1r(m)=(((biota_w(m)/q1(m))+((biota_w(m)/q2(m))/K_ow)))^-1; %calculating uptake by 
respiration rate constant 1/kg.d 
 
        k2r(m)=k1r(m)/(lipid(m)*K_ow);% loss by respiration 1/day 
 
        km=[0 0 0 0 0.168 0.168 0.168 0.168];   
       kg(m)=0.000502*(biota_w(m)^-0.2);%loss by growth rate 1/day 
        
       Dmeta(i,m)=v_biota(i,m) .*km(m) .*Zbiota(m)/24; 
      Dg(i,m)=kg(m) .*v_biota(i,m) .*Zbiota(m)/24; 
      Dr1(i,m)=k1r(m)*v_biota(i,m)*Zw/24;%mol/pa.hr 
      Dr2(i,m)=k2r(m)*v_biota(i,m)*Zbiota(m)/24;%mol/pa.hr 
end  
end  
 
    %*****************calculationg uptake and Egestion Dvalues*******  
     Mat=zeros(8,8,8); 
      for x=1:8%x=segment 
    for y=1:8 
        Ed(x,y)=(5.1e-8*K_ow+2.3)^-1;  
        Fd(x,y)= 0.022*(biota_w(y)^0.85)*exp(0.06*(temp)); 
        kd(x,y)=Ed(x,y)*Fd(x,y)/(biota_w(y)); 
         Mat(y,:,x)= Ed(x,y)*kd(x,y)*v_biota(x,y) .*Zf(y,:); 
     end 
end 
for x=1:8 
    for y=1:8 
        Dd(:,y,x)=Zbiota(y) .*Mat(:,y,x)/24; 
    end  
end  
De=Dd/3; 
         
%Dd(x,y)=Ed(x,y)*kd(x,y)*v_biota(1,y)*Zf(x,y)/24; 
        %De(x,y)=Dd(x,y)/3; 
*there is an exception for plankton,olig andprototea,due to uptake of suspended particular matter 
 
for i=1:8 
    Dd1(i,1)=Ed(1,1)*kd(1,1)*om_volume(i)*Zom/24;%om_volume(i) 
    Dd3(i,1)=Ed(3,1)*kd(3,1)*oc_volume_s(i)*Zs/24; 
    Dd4(i,1)=Ed(4,1)*kd(4,1)*oc_volume_s(i)*Zs/24; 
    De1(i,1)=Dd1(i,1)/3; 
    De3(i,1)=Dd3(i,1)/3; 
    De4(i,1)=Dd4(i,1)/3; 
end 
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%************************************************ 
fi=inflow_con/Zw; 
fa=air_con /ZA; 
 
for j=1:8 
    
I1(j)=(direct_emission(1,j)+fi(1,j)*(DI(1,j)+DX(1,j))+fa(1,j)*(DV(1,1)+DQ(1,j)+DC(1,j)+DM(1,j
)))/(volume_w(1,j)*Zw); 
    I2(j)=(DR(1,j)+DT(1,j))/(volume_w(1,j)*Zw); 
    I3(j)=(DJ(1,j)+DY(1,j))/(volume_w(1,j)*Zw); 
    I4(j)=(DV(1,j)+DW(1,j)+DD(1,j)+DT(1,j))/(volume_w(1,j)*Zw); 
    I5(j)=(DD(1,j)+DT(1,j))/(volume_s(1,j)*Zs); 
    I6(j)=(DR(1,j)+DT(1,j)+DS(1,j)+DB(1,j))/(volume_s(1,j)*Zs); 
end 
 
for i=1:8             %i=segment j=organism 
    for j=1:8 
    I7(i,j)=Dr1(i,j)./(v_biota(i,j).*Zbiota(j)); 
    I8(i,j)=1/(v_biota(i,j)*Zbiota(j)); 
    I9(i,j)= (Dmeta(i,j)+Dg(i,j)+Dr2(i,j))/(v_biota(i,j)*Zbiota(j)); 
    
I10(i,j)=(De(j,1,i)+De(j,2,i)+De(j,3,i)+De(j,4,i)+De(j,5,i)+De(j,6,i)+De(j,7,i)+De(j,8,i))/(v_biota(
i,j)*Zbiota(j)); 
    
I11(i,j)=(Dd(1,j,i)+Dd(2,j,i)+Dd(3,j,i)+Dd(4,j,i)+Dd(5,j,i)+Dd(6,j,i)+Dd(7,j,i)+Dd(8,j,i))/(v_biota
(i,j)*Zbiota(j)); 
end 
end 
%*************** Calculating Equations************************************** 
fo=zeros(80,1);fo(1,1)=(spilled_amount/volume_w(1)/Zw); 
tspan=linspace(0,time,100); 
[t,f]=ode15s(@nonylphenol1,tspan,fo); 
 
%****************Calculating Fugacity*************************************** 
for i=0:7 
fugacity_water(:,i+1)=f(:,1+10*i); 
fugacity_sediment(:,i+1)=f(:,2+10*i); 
fugacity_plank(:,i+1)=f(:,3+10*i); 
fugacity_zoo(:,i+1)=f(:,4+10*i); 
fugacity_o(:,i+1)=f(:,5+10*i); 
fugacity_pont(:,i+1)=f(:,6+10*i); 
fugacity_s(:,i+1)=f(:,7+10*i); 
fugacity_al(:,i+1)=f(:,8+10*i); 
fugacity_smelt(:,i+1)=f(:,9+10*i); 
fugacity_salmon(:,i+1)=f(:,10+10*i); 
end  
%**************************concentration in water column***************** 
c_water=1000*molar_mass*Zw*fugacity_water;   %in all segments(microg/l) 
for i=1:8 
mole_water(:,i)=c_water(:,i) .* volume_w(1,i); %mg 
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 end 
seg=[ 1 2 3 4 5 6 7 8]; 
[mx,r]=max(c_water); 
r1=r*time/100; 
[my,y]=max(mole_water); 
 
%**************************concentration in sediment**************** 
c_sediment=1e6*molar_mass*Zs*fugacity_sediment/(sediment_density); %microg/kg 
 [mxs,rs]=max(c_sediment); 
 rs1=rs*time/100; 
  
 %*************************concentration in organisms*************** 
for i=1:8 
 c_plankton=fugacity_plank*Zbiota(1,1)*molar_mass;   %micro g/g biota density is assumed to 
be 1000 kg/m3 
c_zoo=fugacity_zoo*Zbiota(1,2)*molar_mass;       %micro g/g 
c_o=fugacity_o*Zbiota(1,3)*molar_mass; 
c_pont=fugacity_pont*Zbiota(1,4)*molar_mass; 
c_s=fugacity_s*Zbiota(1,5)*molar_mass; 
c_al=fugacity_al*Zbiota(1,6)*molar_mass; 
c_smelt=fugacity_smelt*Zbiota(1,7)*molar_mass; 
c_salmon=fugacity_salmon*Zbiota(1,8)*molar_mass; 
end  
BCF_plankton=1000*c_plankton ./c_water; 
BCF_zoo=1000*c_zoo ./c_water; 
BCF_o=1e6*(c_o/0.16) ./(c_sediment*sediment_density); %lit/kg dry weight 
BCF_pont=1e6*(c_pont/0.16) ./(c_sediment*sediment_density); %lit/kg dry weight 
BCF_s=1000*c_s ./(c_water); 
BCF_al=1000*c_al ./(c_water); 
BCF_smelt=1000*c_smelt ./c_water; 
BCF_salmon=1000*c_salmon ./c_water; 
%************************calculating process rates******************** 
for j=1:8 
sediment_burial(:,j)=molar_mass*0.001*DB(1,j) .*fugacity_sediment(:,j); %kg/hr 
sediment_trans(:,j)=molar_mass*0.001*DS(1,j) .*fugacity_sediment(:,j); %kg/hr 
sediment_resus(:,j)=molar_mass*0.001*DR(1,j) .*fugacity_sediment(:,j); %kg/hr 
sed_water_diff(:,j)=molar_mass*0.001*DT(1,j) .*fugacity_sediment(:,j); %kg/hr 
water_sed_diff(:,j)=molar_mass*0.001*DT(1,j) .*fugacity_water(:,j); %kg/hr 
sed_deposit(:,j)=molar_mass*0.001*DT(1,j) .*fugacity_water(:,j); %kg/hr 
volatil(:,j)=molar_mass*0.001*DV(1,j) .*fugacity_water(:,j); %kg/hr 
water_inflow(:,j)=molar_mass*0.001*DI(1,j) .*fugacity_water(:,j); % kg/hr 
water_outflow(:,j)=molar_mass*0.001*DJ(1,j) .*fugacity_water(:,j); % kg/hr 
water_transformation(:,j)=molar_mass*0.001*DW(1,j) .*fugacity_water(:,j);%kg/hr 
 end 
%*************Risk Characterization************************************** 
PNEC_np=3.3;%micg/l in water phase 
acute_np=20.7;%micg/l 
Risk=c_water ./PNEC_np; 
Risks=c_sediment/39; 
********Differential Equations*********** 
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function df=nonylphenol1(t,f) 
 
global I1 I2 I3 I4 I5 I6 I7 I8 I9 I10 I11 Dd Dd1 Dd3 Dd4 De1 De3 De4 
df=zeros(80,1); 
df(1)=I1(1)+I2(1)* f(2)-I3(1)* f(1)-I4(1)*f(1); 
df(2)= I5(1)*f(1)-I6(1)*f(2); 
df(3)=I7(1,1)*f(1)+ [Dd1(1,1)*I8(1,1)]*f(1)-I9(1,1)*f(3)-I10(1,1)*f(3)-I11(1,1)*f(3)-
I8(1,1)*(De1(1,1))*f(3); 
df(4)=I7(1,2)*f(1)+ (Dd(2,1,1)*f(3)+Dd(2,4,1)*f(6))*I8(1,2)-I9(1,2)*f(4)-I10(1,2)*f(4)-
I11(1,2)*f(4); 
df(5)=I7(1,3)*f(2)+ (Dd3(1,1)*f(2))*I8(1,3)-I9(1,3)*f(5)-I10(1,3)*f(5) - I11(1,3)*f(5)-
I8(1,3)*De3(1,1)*f(5); 
df(6)=I7(1,4)*f(2)+ (Dd4(1,1)*f(2))*I8(1,4)-I9(1,4)*f(6)-I10(1,4)*f(6)-I11(1,4)*f(6)-
I8(1,4)*(Dd4(1,1)+De4(1,1))*f(6); 
df(7)=I7(1,5)*f(1)+(Dd(5,2,1)*f(4)+Dd(5,4,1)*f(6))*I8(1,5)-I9(1,5)*f(7)-I10(1,5)*f(7)-
I11(1,5)*f(7); 
df(8)=I7(1,6)*f(1)+ (Dd(6,2,1)*f(4)+Dd(6,4,1)*f(6))*I8(1,6)-I9(1,6)*f(8)-I10(1,6)*f(8)-
I11(1,6)*f(8); 
df(9)=I7(1,7)*f(1)+( Dd(7,2,1)*f(4)+Dd(7,4,1)*f(6)+Dd(7,5,1)*f(7))*I8(1,7)-
I9(1,7)*f(9)-I10(1,7)*f(9)-I11(1,7)*f(9); 
df(10)=I7(1,8)*f(1)+ (Dd(8,5,1)*f(7)+Dd(8,6,1)*f(8)+Dd(8,7,1)*f(9))*I8(1,8)-
I9(1,8)*f(10)-I10(1,8)*f(10)-I11(1,8)*f(10); 
 
for i=1:7 
  
df(1+10*i)=I3(i)*f(10*i-9)+I1(i+1)+I2(i+1)*f(2+10*i)-I3(i+1)*f(10*i+1)-
I4(i+1)*f(10*i+1); 
df(2+10*i)= I5(i+1)*f(1+10*i)-I6(i+1)*f(2+10*i); 
df(3+10*i)=I7(i+1,1)*f(1+10*i)+ Dd1(i+1,1)*I8(i+1,1)*f(1+10*i)-I9(i+1,1)*f(3+10*i)-
I10(i+1,1)*f(3+10*i)-I11(i+1,1)*f(3+10*i)-I8(i+1,1)*De1(i+1,1)*f(3+10*i); 
df(4+10*i)=I7(i+1,2)*f(1+10*i)+ 
Dd(2,1,i+1)*I8(i+1,2)*f(3+10*i)+Dd(2,4,i+1)*I8(i+1,2)*f(6+10*i)-I9(i+1,2)*f(4+10*i)-
I10(i+1,2)*f(4+10*i)-I11(i+1,2)*f(4+10*i); 
df(5+10*i)=I7(i+1,3)*f(2+10*i)+ (Dd3(i+1,1)*f(2+10*i))*I8(i+1,3)-I9(i+1,3)*f(5+10*i)-
I10(i+1,3)*f(5+10*i) - I11(i+1,3)*f(5+10*i)-I8(i+1,3)*De3(i+1,1)*f(5+10*i); 
df(6+10*i)=I7(i+1,4)*f(2+10*i)+ Dd4(i+1,1)*I8(i+1,4)*f(2+10*i)-I9(i+1,4)*f(6+10*i)-
I10(i+1,4)*f(6+10*i)-I11(i+1,4)*f(6+10*i)-I8(i+1,4)*De4(i+1,1)*f(5+10*i); 
df(7+10*i)=I7(i+1,5)*f(1+10*i)+ 
Dd(5,2,i+1)*I8(i+1,5)*f(4+10*i)+Dd(5,4,i+1)*I8(i+1,5)*f(6+10*i)-I9(i+1,5)*f(7+10*i)-
I10(i+1,5)*f(7+10*i)-I11(i+1,5)*f(7+10*i); 
df(8+10*i)=I7(i+1,6)*f(1+10*i)+ 
Dd(6,2,i+1)*I8(i+1,6)*f(4+10*i)+Dd(6,4,i+1)*I8(i+1,6)*f(6+10*i)-I9(i+1,6)*f(8+10*i)-
I10(i+1,6)*f(8+10*i)-I11(i+1,6)*f(8+10*i); 
df(9+10*i)=I7(i+1,7)*f(1+10*i)+ 
Dd(7,2,i+1)*I8(i+1,7)*f(4+10*i)+Dd(7,4,i+1)*I8(i+1,7)*f(6+10*i)+Dd(7,5,i+1)*I8(i+1,7
)*f(7+10*i)-I9(i+1,7)*f(9+10*i)-I10(i+1,7)*f(9+10*i)-I11(i+1,7)*f(9+10*i); 



 75

df(10+10*i)=I7(i+1,8)*f(1+10*i)+ 
Dd(8,5,i+1)*I8(i+1,8)*f(7+10*i)+Dd(8,6,i+1)*I8(i+1,8)*f(8+10*i)+Dd(8,7,i+1)*I8(i+1,8
)*f(9+10*i)-I9(i+1,8)*f(10+10*i)-I10(i+1,8)*f(10+10*i)-I11(i+1,8)*f(10+10*i); 
 
if i==5 
df(1+10*i)=0.27*I3(i)*f(10*i-9)+I1(i+1)+I2(i+1)*f(2+10*i)-I3(i+1)*f(10*i+1)-
I4(i+1)*f(10*i+1); 
df(2+10*i)= I5(i+1)*f(1+10*i)-I6(i+1)*f(2+10*i); 
df(3+10*i)=I7(i+1,1)*f(1+10*i)+ Dd1(i+1,1)*I8(i+1,1)*f(1+10*i)-I9(i+1,1)*f(3+10*i)-
I10(i+1,1)*f(3+10*i)-I11(i+1,1)*f(3+10*i)-I8(i+1,1)*De1(i+1,1)*f(3+10*i); 
df(4+10*i)=I7(i+1,2)*f(1+10*i)+ 
Dd(2,1,i+1)*I8(i+1,2)*f(3+10*i)+Dd(2,4,i+1)*I8(i+1,2)*f(6+10*i)-I9(i+1,2)*f(4+10*i)-
I10(i+1,2)*f(4+10*i)-I11(i+1,2)*f(4+10*i); 
df(5+10*i)=I7(i+1,3)*f(2+10*i)+ (Dd3(i+1,1)*f(2+10*i))*I8(i+1,3)-I9(i+1,3)*f(5+10*i)-
I10(i+1,3)*f(5+10*i) - I11(i+1,3)*f(5+10*i)-I8(i+1,3)*De3(i+1,1)*f(5+10*i); 
df(6+10*i)=I7(i+1,4)*f(2+10*i)+ Dd4(i+1,1)*I8(i+1,4)*f(2+10*i)-I9(i+1,4)*f(6+10*i)-
I10(i+1,4)*f(6+10*i)-I11(i+1,4)*f(6+10*i)-I8(i+1,4)*De4(i+1,1)*f(5+10*i); 
df(7+10*i)=I7(i+1,5)*f(1+10*i)+ 
Dd(5,2,i+1)*I8(i+1,5)*f(4+10*i)+Dd(5,4,i+1)*I8(i+1,5)*f(6+10*i)-I9(i+1,5)*f(7+10*i)-
I10(i+1,5)*f(7+10*i)-I11(i+1,5)*f(7+10*i); 
df(8+10*i)=I7(i+1,6)*f(1+10*i)+ 
Dd(6,2,i+1)*I8(i+1,6)*f(4+10*i)+Dd(6,4,i+1)*I8(i+1,6)*f(6+10*i)-I9(i+1,6)*f(8+10*i)-
I10(i+1,6)*f(8+10*i)-I11(i+1,6)*f(8+10*i); 
df(9+10*i)=I7(i+1,7)*f(1+10*i)+ 
Dd(7,2,i+1)*I8(i+1,7)*f(4+10*i)+Dd(7,4,i+1)*I8(i+1,7)*f(6+10*i)+Dd(7,5,i+1)*I8(i+1,7
)*f(7+10*i)-I9(i+1,7)*f(9+10*i)-I10(i+1,7)*f(9+10*i)-I11(i+1,7)*f(9+10*i); 
df(10+10*i)=I7(i+1,8)*f(1+10*i)+ 
Dd(8,5,i+1)*I8(i+1,8)*f(7+10*i)+Dd(8,6,i+1)*I8(i+1,8)*f(8+10*i)+Dd(8,7,i+1)*I8(i+1,8
)*f(9+10*i)-I9(i+1,8)*f(10+10*i)-I10(i+1,8)*f(10+10*i)-I11(i+1,8)*f(10+10*i); 
 
end 
if i==6 
df(1+10*i)=I3(i)*f(10*i-9)+I1(i+1)+I2(i+1)*f(2+10*i)-I3(i+1)*f(10*i+1)-
I4(i+1)*f(10*i+1); 
df(2+10*i)= I5(i+1)*f(1+10*i)-I6(i+1)*f(2+10*i); 
df(3+10*i)=I7(i+1,1)*f(1+10*i)+ Dd1(i+1,1)*I8(i+1,1)*f(1+10*i)-I9(i+1,1)*f(3+10*i)-
I10(i+1,1)*f(3+10*i)-I11(i+1,1)*f(3+10*i)-I8(i+1,1)*De1(i+1,1)*f(3+10*i); 
df(4+10*i)=I7(i+1,2)*f(1+10*i)+ 
Dd(2,1,i+1)*I8(i+1,2)*f(3+10*i)+Dd(2,4,i+1)*I8(i+1,2)*f(6+10*i)-I9(i+1,2)*f(4+10*i)-
I10(i+1,2)*f(4+10*i)-I11(i+1,2)*f(4+10*i); 
df(5+10*i)=I7(i+1,3)*f(2+10*i)+ (Dd3(i+1,1)*f(2+10*i))*I8(i+1,3)-I9(i+1,3)*f(5+10*i)-
I10(i+1,3)*f(5+10*i) - I11(i+1,3)*f(5+10*i)-I8(i+1,3)*De3(i+1,1)*f(5+10*i); 
df(6+10*i)=I7(i+1,4)*f(2+10*i)+ Dd4(i+1,1)*I8(i+1,4)*f(2+10*i)-I9(i+1,4)*f(6+10*i)-
I10(i+1,4)*f(6+10*i)-I11(i+1,4)*f(6+10*i)-I8(i+1,4)*De4(i+1,1)*f(5+10*i); 
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df(7+10*i)=I7(i+1,5)*f(1+10*i)+ 
Dd(5,2,i+1)*I8(i+1,5)*f(4+10*i)+Dd(5,4,i+1)*I8(i+1,5)*f(6+10*i)-I9(i+1,5)*f(7+10*i)-
I10(i+1,5)*f(7+10*i)-I11(i+1,5)*f(7+10*i); 
df(8+10*i)=I7(i+1,6)*f(1+10*i)+ 
Dd(6,2,i+1)*I8(i+1,6)*f(4+10*i)+Dd(6,4,i+1)*I8(i+1,6)*f(6+10*i)-I9(i+1,6)*f(8+10*i)-
I10(i+1,6)*f(8+10*i)-I11(i+1,6)*f(8+10*i); 
df(9+10*i)=I7(i+1,7)*f(1+10*i)+ 
Dd(7,2,i+1)*I8(i+1,7)*f(4+10*i)+Dd(7,4,i+1)*I8(i+1,7)*f(6+10*i)+Dd(7,5,i+1)*I8(i+1,7
)*f(7+10*i)-I9(i+1,7)*f(9+10*i)-I10(i+1,7)*f(9+10*i)-I11(i+1,7)*f(9+10*i); 
df(10+10*i)=I7(i+1,8)*f(1+10*i)+ 
Dd(8,5,i+1)*I8(i+1,8)*f(7+10*i)+Dd(8,6,i+1)*I8(i+1,8)*f(8+10*i)+Dd(8,7,i+1)*I8(i+1,8
)*f(9+10*i)-I9(i+1,8)*f(10+10*i)-I10(i+1,8)*f(10+10*i)-I11(i+1,8)*f(10+10*i); 
end 
if i==7 
    df(1+10*i)=0.73*I3(i-2)*f(10*(i-2)-9)+I1(i+1)+I2(i+1)*f(2+10*i)-I3(i+1)*f(10*i+1)-
I4(i+1)*f(10*i+1); 
    df(2+10*i)= I5(i+1)*f(1+10*i)-I6(i+1)*f(2+10*i); 
df(3+10*i)=I7(i+1,1)*f(1+10*i)+ Dd1(i+1,1)*I8(i+1,1)*f(1+10*i)-I9(i+1,1)*f(3+10*i)-
I10(i+1,1)*f(3+10*i)-I11(i+1,1)*f(3+10*i)-I8(i+1,1)*De1(i+1,1)*f(3+10*i); 
df(4+10*i)=I7(i+1,2)*f(1+10*i)+ 
Dd(2,1,i+1)*I8(i+1,2)*f(3+10*i)+Dd(2,4,i+1)*I8(i+1,2)*f(6+10*i)-I9(i+1,2)*f(4+10*i)-
I10(i+1,2)*f(4+10*i)-I11(i+1,2)*f(4+10*i); 
df(5+10*i)=I7(i+1,3)*f(2+10*i)+ (Dd3(i+1,1)*f(2+10*i))*I8(i+1,3)-I9(i+1,3)*f(5+10*i)-
I10(i+1,3)*f(5+10*i) - I11(i+1,3)*f(5+10*i)-I8(i+1,3)*De3(i+1,1)*f(5+10*i); 
df(6+10*i)=I7(i+1,4)*f(2+10*i)+ Dd4(i+1,1)*I8(i+1,4)*f(2+10*i)-I9(i+1,4)*f(6+10*i)-
I10(i+1,4)*f(6+10*i)-I11(i+1,4)*f(6+10*i)-I8(i+1,4)*De4(i+1,1)*f(5+10*i); 
df(7+10*i)=I7(i+1,5)*f(1+10*i)+ 
Dd(5,2,i+1)*I8(i+1,5)*f(4+10*i)+Dd(5,4,i+1)*I8(i+1,5)*f(6+10*i)-I9(i+1,5)*f(7+10*i)-
I10(i+1,5)*f(7+10*i)-I11(i+1,5)*f(7+10*i); 
df(8+10*i)=I7(i+1,6)*f(1+10*i)+ 
Dd(6,2,i+1)*I8(i+1,6)*f(4+10*i)+Dd(6,4,i+1)*I8(i+1,6)*f(6+10*i)-I9(i+1,6)*f(8+10*i)-
I10(i+1,6)*f(8+10*i)-I11(i+1,6)*f(8+10*i); 
df(9+10*i)=I7(i+1,7)*f(1+10*i)+ 
Dd(7,2,i+1)*I8(i+1,7)*f(4+10*i)+Dd(7,4,i+1)*I8(i+1,7)*f(6+10*i)+Dd(7,5,i+1)*I8(i+1,7
)*f(7+10*i)-I9(i+1,7)*f(9+10*i)-I10(i+1,7)*f(9+10*i)-I11(i+1,7)*f(9+10*i); 
df(10+10*i)=I7(i+1,8)*f(1+10*i)+ 
Dd(8,5,i+1)*I8(i+1,8)*f(7+10*i)+Dd(8,6,i+1)*I8(i+1,8)*f(8+10*i)+Dd(8,7,i+1)*I8(i+1,8
)*f(9+10*i)-I9(i+1,8)*f(10+10*i)-I10(i+1,8)*f(10+10*i)-I11(i+1,8)*f(10+10*i); 
end 
end 

 
 

 
 

 


