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MANAGEMENT PERS PEGT-IVE 

Modeling the fate of chemicals in lakes and rivers has been 

the subject of much research. In this paper we use a fate model, 

TOXFATE, originally developed with Lake Ontario data to analyie the 

fate in the River Rhine of a chemical, Disulfoton, spilled by 

Sandoz in November 1986. Predicted and observed concentrations 

along the river are compared. This work has allowed the testing 

of the model TOXFATE, developed at NWRI, with a different data set. 

simulations can be displayed on paper or on a TV monitor driven by 

a desktop personal computer.



PERSPECTIVES GESTION 

La modélisation de l’avenir des produits chimiques dans les 

lacs et les cours d’eau a fait l’objet de nombreuses recherches. 

Dans le présent rapport, nous utilisons le modéle TOXFATE, 

initialement mis an point avec les données recueillies dans le lac 

Ontario, pour analyser l’avenir du Disulfoton, produit chimique 

déversé dans le Rhin par l’usine Sandoz, en novembre 1986. Lest 

concentrations prévues et observées dans le fleuve ont été 

comparées. Ce travail a permis de tester le modéle TOXFATE, mis 

an point a 1’INRE, avec une série de données différentes. Les 

simulations peuvent étre portées sur papier ou présentées sur un 

écran de télévision commandé par un ordinateur personnel de table.



ABS TRACT 
In 1986 a chemical spill occurred at the Sandoz AG plant in 

Basel, Switzerland. Several chemicals entered the River Rhine and 

were transported downstream. In this paper we model the fate of one 

of the eight chemicals, Disulfoton, found in the German section of 

the River Rhine with TOXFATE, a TOXic contaminants FATE model. 

Simulations show that the TOXFATE model can describe the fate of 

Disulfoton in the River Rhine. The main problem is that the model 

has to be calibrated by adjusting the shape of the river sections 

at different localities. Inputs to the model are Disulfoton 

concentrations at Maxau and five physico-chemical properties, 

namely molecular weight, water solubility, octanol/water partition 
coefficient (Kw) , soil/adsorption coefficient (Km) , vapour pressure 
or Henry's Law constant. Simulations are compared with Disulfoton 

data. TOXFATE predicts concentrations in the water column as well 
as volatilization and transport rates. Predicted and observed 

concentrations agree well at most locations. At Lobith, on the 

Dutch—German border, however, predicted concentrations are double 

the observed concentrations. Two explanations can be tuought 

forward to explain this discrepancy, but none can be verified with 

field data. Thus, the model is not modified any further to improve 

its prediction capability at Lobith.



RESUME 

En 1986, un déversement accidentel s’est produit a 1’usine 

Sandoz AG, 5 Basel, en Suisse. Plusieurs substances chimiques ont 

été déversées dans le Rhin et transportées en aval. Dans ce 

rapport, nous modélisons l’avenir de l’une des huit substances 

chimiques, le Disulfoton, relevées dans la partie allemande du 

Rhin, 5 l'aide de TOXFATE, un modéle de l’avenir des contaminants 

toxiques. Les simulations montrent que ce modéle peut décrire 

1'avenir du_Disulfoton dans 1e Rhin. Il faut toutefois étalonner 

le modéle pour respecter la forme des trongons du fleuve A 

différents endroits, ce qui représente un probléme majeur. Les 

données incluses dans le modéle sont les concentrations de 

Disulfoton observées a Maxau et cinq propriétés physico-chimiques, 

soit le poids moléculaire; la solubilité de l’eau, le coefficient 

de partage octanol/eau (Kev), le coefficient d’adsorption du sol 

(Koc), et la pression de vapeur ou la constante de la loi d’Henry. 

Les simulations sont comparées aux données sur le Disulfoton. 

TOXFATE prévoit les concentrations dans la colonne d’eau de méme 

que les vitesses de volatisation et de transport. Les 

concentrations prévues correspondent a celles observées 5 la 

plupart des endroits. Toutefois, a Lobith, sur la frontiére 

germano—hollandaise, les concentrations prévues sont le double des 

concentrations observées. Deux raisons peuvent expliquer cet



INTRODUCTION - 

In 1986 a chemical spill occurred at the Sandoz.AG plant in 

Schweizerhalle, an industrial complex near Basel, Switzerland 

(Bundesminister fur Umwelt, 1987; Nachrichten aus Chemie und 

Technik, 1986). Several chemicals entered the Rhine River and were 

transported downstream into Germany and the Netherlands. Capel et 

al. (1988) have described the cause of the spill, the effects of 

the spill on the river ecosystem and calibrated a hydrodynamic 
model to describe the fate of several contaminants. Some chemicals 

that entered the river are Disulfoton, dinitroorthocresol, 

Propetamphos, Thiometon, Parathion, Etrimphos, Metoxuron and 

Fenitrothion. All these eight chemicals were found in the German 
section of the River Rhine. Brueggemann et al. (1987) have 
performed assessed the hazard of these chemicals to the river and 
Brueggemann and Matthies (1987) used the EXAMS framework to analyze 
some contaminants distribution. 

In this paper we model the fate of Disulfoton from Maxau to 
Lobith on the German-Dutch border following the spill in 

Switzerland on November 1, 1986. The simulation does not describe 
contaminant concentrations between Schweizerhalle and Maxau, 

because dams regulate the flow in this set of the Rhine and there 
are no reliable available data that describe the flow of the river 
between these two cities in that particular period. The initial 
conditions of the simulation are therefore the observed 
concentrations of Disulfoton at Maxau on November 4, 1986. Figure 
1 shows the geography of the Rhine.



TOXFATE was developed (Ha1fon, 1984a; version 1.0) for the 

specific purpose of modeling the fate of toxic contaminants in 

large lakes after a preliminary effort of using the EXAMS framework 

(Lassiter gt_a;., 1979) was only partially successful (Halfon, 

1984b). The main purpose of this study is to verify whether 

TOXFATE could be applied to a river.In its present updated 

configuration (Halfon and. Oliver, 1989; version 2.1), TOXFATE 

describes and predicts the fate of a toxic contaminant which enter 

any water body. The model includes degradation processes but 

biodegradation and photolysis terms are set to zero since these 

processes are presumed to be very low or negligible for Disulfoton. 

This assumption is opposite to the assumption of Reichert and 

Wanner (1987) who claim that biodegradation of Disulfoton is an 

important removal process. To us, the only processes that seem 

relevant to the fate of Disulfoton are dilution and in a minor way 

volatilization of the chemical. Biodegradation is not included 

since Capel et al. (1988) set it as a zero order process in their 

model. To us the inclusion of biodegradation as a zero order 

process feels as a calibration effort rather than as an 

understanding of the real rates taking place in the Rhine. 

, 
A THEORETICAL CONSIDERATIQNS 

TOXFATE simulates the time-varying concentrations of a toxic 

contaminant in the water column. The equations can be 

parameterized to represent a variety of contaminants and the model 

is formalized as a system of ordinary differential equations. The 

state variables of the lake version of TOXFATE are organic
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contaminant concentrations in suspended clay and colloidal matter, 

suspended silt, suspended sand, water, plankton, and fish, bottom 

sediments and benthos compartments. Ln the river version of 

TOXFATE- only contaminant concentrations in water are ‘modeled. 

Disulfoton is water soluble and with a low Kw. Thus this chemical 

tends to stay in the water rather than attach itself to suspended 

solids or sediment to the bottom. 

The transport processes of advection in water are handled by 
'a box model and the pollutant is assumed to be immediately and 

completely mixed within each compartment. Each compartment, or 

river reach, has a length of 2.5 km. This distance has been chosen 

for two reasons: a) to maximize the numerical stability of the 

integration algorithm and b) to match the numerical dispersion in 

the model with the longitudinal dispersion in the river. 

The volatilization rate is modeled using the well known two- 

film representation of the water surface (Liss, 1973). Equation 

1 shows the calculation of the volatilization parameter kv [hq] 

1 A 
k. = ----+---- ——--- <1> 

Kl iq+Kgas V 

where, Kuq [hour/m] is the reciprocal of the liquid phase mass 

transfer coefficient, lg” [h/m] is the gas-phase mass transfer 

coefficient, and A [n3] and V [nP] are the areas and volumes of the 

lake, or lake compartments if the lake is divided into spatial 

compartments. The parameter Kuq is computed as:



l

I

1 
K 

i 
= -_--!'!-!.—-9-- ‘q 

koz Y (32/MW)‘ 

where 1:02 is the oxygen (molecular weight 32) exchange constant 
[m/hour] computed according to measured wind speeds (u) at 10 

metres over the water surface (Banks, 1975), 

kw = 1.51 x 104 u, for u 5 5.5 m/s (3) 

kc; = 1.15 x 10" uz, for u > 5.5 m/s. (4) 

In this model the effects of intermittent turbulent and advective 
transport events are not included since, as Burns gtial. (1981) 
noted, Whitman models usually differ very little from more complex 
(e.g. surface renewal) model-s (Danckwerts, 1970). ’ 

The gas resistance, Kg”, is

1 
, 

= ----- -—-—-5- he <5) K“ 8 _ {(18/MW)‘ 
where W [m/h] = 0.1857 + 11.36 u [m/sec] at 10 metres over the 

#12 PBS 

water surface (Liss, 1973), 18 is the molecular weight of water, 
R is the gas constant [ms -“atm/mole] and T is the water temperature 
(°K) . If H is not lgnown, it can be computed from vapour pressure 
VP (in mm Hg) and the contaminant solubility S (mole/m3) 

- V 
H = --'5'-- (6) 760 S 

The factor 760 in Eq. 6 converts the vapour pressure from mm Hg to 
atmospheres. Another method to compute volatilization is the



approach of Southworth (1979). Trapp and Brueggemann (1988) have 

shown that Southworth method is quite reliable too. 

DATA 
Data for the simulation were obtained from Reichert and Wanner 

(1987), Capel (1987), Capel et al. (1988) and on—line data base in 

Germany with the river flows at different locations. The Rhine has 

an average speed of about one metre per second in most locations. 

The river (Fig. 1) passes a series of rapids between Mainz and Bad 

Honnef. After Cologne the river is wide and relatively shallow. 

The flow at Lobith is about 2,000 cubic metres per second. The 

hydraulic characteristics of the river thus help in the prompt 

dilution of chemicals in the water column. The average transient 

time between Basel and Lobith is about 12 days. The flow at Maxau 

is about 1,100 cubic metres per second. A number of large rivers, 

the Neckar, the Main, the Mosel and several others join the Rhine 

and doubles its flow between Maxau and Lobith. This large influx 

of water tends to create a numerical instability in the model. 

Thus a time step of 15 minutes is used in the integration routine. 

The Henry's Law constant of Disulfoton is quite low, about 1.5 x 

10* [dimensionless]. 

CALIBRATION OF THE MODEL 

The part of the TOXFATE model that describes the behaviour of 

the chemical need not be calibrated. Nevertheless, the topography 

of the Rhine needs to be included in the model. The discharge Q 

[m3/s] and the linear velocity v [m/s] of the Rhine and of all



tributaries are well known. The width, W [m] of the river can be 

deduced from topographic surveys (annual averages). The model 

describes the river as a series of rectangular prisms connected in 

series. Each prism has width, W, and depth, d. Thus, the cross 

section A [m3] of the prism is A = d x W. The cross section A can 
be computed as the ratio of the discharge and the linear velocity, 
A = Q/v. Since the real shape of the cross sections is probably 
trapezoidal, the average depth of the river must be computed as d 
= A/W. However, the width of the river is not constant for each 
reach as assumed in the model but it changes continuously. Thus, 

for modeling purposes the depth of the river is not a constant but 
a parameter and must be calibrated. Reichert and Wanner (1987) and 
Capel etl al. (1988) used a one-dimensional model in the form of 
partial differential equations. They also had a problem with 
calibration and had to adjust six parameters to fit their 
simulations to the data. 

In conclusion any river model must ‘ pmne Rowe, at vaxau 

be calibrated to match the topography of °“°’““-"a" °"=‘“"’°‘°" 

’ 3° r§3E€¥€Eu the real river with the assumed .. . . , . .. _ . ‘ 25 V um?“ p 

topography in the model. If the model 
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and observed concentrations (Capel et 

a1.’, 1988) of Disulfoton in the Rhine at 
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Figures 2 to 5 show the predicted 

different locations, namely at Maxau, 
Mainz, Bad Honnef and Lobith at the 
Dutch-German border. The predicted 
concentrations at Maxau (Fig. 2) closely 
match the observations si_nce these 
concentrations were used as initial 
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conditions to the model. 

Figure 3 shows the predicted and observed concentrations at Mainz. 
The model simulations are similar to the observations although 
concentrations at Mainz fall to zero six hours earlier than 
observed. At Bad Honnef (Fig. 4), predicted and observed 
concentrations seem to be about three hours out of phase and 

Disulfoton is predicted to be present in the waters six hours 
longer than observed. At Lobith (Fig. 5) , no phase lags are 
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fairly wide and shallow between Bad Honnef and Lobith and therefore 
two explanations can be given for this discrepancy. One 
explanation is that given the slow flow of the river and the 
shallow dead water zones in that region (Trapp and Brueggemann, 
1989), Disulfoton may be volatilized. The volatilization flux is 
not efficient due to the low Henry's Law constant. The second 
explanation follows Capel et al. (1988) who note that Disulfoton 
is being biodegraded. The model predictions could be improved by 
either increasing the volatilization rate due to the shallow dead 
water zones or by adding a biodegradation parameter. Since at this 
point in time we do not know the exact reason for this difference, 
we do not deem it meaningful to change the model structure just to 
obtain a better fit to the data. 
Figure 6 shows the predicted and §mn¢§w¢“‘i 
observed concentrations of Disulfoton in °""="-“‘°a" °‘s“'f°'°°" 
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DISCUSSZIQN Figure 6: P1-iedi'cted' and observed 
concentrations along the River Rhine 

The Rhine crosses three countries, 
Switzerland, Germany and The Netherlands wbefore entering the 
Atlantic Ocean at Rotterdam. The river is heavily polluted because 
of the large number of cities and industries located along its 
shores. The spill that occurred in Basel in 1986 is particularly 
interesting because of the magnitude of the spill which perturbed



the river ecosystem for more than 200 kilometres downstream 

(Bundesminister fur Umwelt, 1987). 

Disulfoton is water soluble with a relatively‘ low 

octanol/water partition coefficient (log Ka,= 3). This coefficient 

is quite low compared with, for example, hexachlorobenzene (log 

Kw=5.1) and Mirex and PCB's (log K& 5 to 8). A simulation model, 

TOXFATE, has quantified the behaviour of a spill in the Rhine. 

From a modeling point of view this one time event means that the 

model can not be validated since all the data available have been 

used for calibration. Thus the main purpose of this study is to 

verify'whether'TOXFATE, originally developed for.lake environments, 

could be applied to a river. 
The predicted and observed concentrations in the different 

components of the ecosystem agree well but this is expected since 

the model was calibrated. The model of Reichert and Wanner (1987) 

also fits the data well. The interesting divergence of the two 

models is not in fitting the data but the mechanisms used to fit 

the data in addition to the calibration of the hydrodynamic model. 

Reichert and Wanner (1987) and Capsl et al. (1988) noticed that 

dilution alone could not explain the disappearance of Disulfoton 

from the water. Thus in their model they included.a parameter k 

[gcmmimryn mam’; s'1] that quantified the disappearance of 

Disulfoton. The researchers at EAWAG (EAWAG, 1986) also performed 

laboratory experiments with river water and concluded the total 

mass of the chemical diminished as it flowed down the Rhine, 

indicating the presence of strong environmental removal processes. 

They identified the main removal process as biodegradation. Since



the parameter k is zero order, the conclusion of Capel et al. 

(1988) is that biodegradation is constant along the river. In our 
model, the calibration procedure is different from the one 
described above because of the different mathematical formulation. 
In our model water dilution is the only important process in 

reducing the concentration of Disulfoton as far as Bad Honnef. 
Past Cologne the river becomes wider and shallower. Therefore, in 

our formulation, volatilization may become a relevant mechanism of 
removal only after Cologne in the last stretch of the River before 
the border with the Netherlands. 

This apparent contradiction cannot be resolved at this time. 
Removal data are missing and cannot be collected again since the 
spill is a one time event. On one side our model indicates that 
dilution is important in reducing Disulfoton concentration while 
volatilization is a removal process only after Cologne. 
Conversely, Capel et al. (1988) state that biodegradation takes 
place everywhere from Basel onward and volatilization is not a 

relevant removal process. 'This discrepancy, which modeling efforts 
alone cannot resolve, warrants further research. which removal 
processes are the most important for Disulfoton and other 
chemicals? Volatilization is a physical process that depends on 
the geography and bathometry of the river and turbulence at the 
water surface. Biodegradation is a biological process and can be 
influenced by other forms of pollution. For example, 
microorganisms which may be critical for biodegradation could be 
destroyed by the pollution itself, thus a polluted river might 
become more and more polluted as pollution increases since this 

L______nW_,



feedback mechanism, helpful in self cleaning, might be destroyed. 
In the case of this spill at the Sandoz AG plant, however, there 
seems to be no bacterial toxic effect as the report of the Deutsche 
Kommission fuer Reinhaltung des Rheins (1986) has shown. 

The main problem of the prediction of toxic contaminants fate, 
once a model has been satisfactorily validated for a few compounds, 
is the lack of loading data. 
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