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Samenvatting� 

Probleemstelling 
De massale vermorsing bij het gebruik van minerale olie als LNAPL (Light Non Aqeous Phase 
Liquid), in het bijzonder diesel (huisbrandolie/HBO en dieselolie) gecombineerd met zijn geringe 
mobiliteit als gevolg van zijn matige oplosbaarheid, zijn geringe sorptie eigenschappen en matige 
intrinsieke afbraaksnelheden kunnen ervoor zorgen dat de olie in de vorm van puur produkt in de 
bodem voorkomt als drijflaag of residuaire product ook wel eens aangeduid als bronzone.  
 
De olie fungeert dan als bron van waaruit continue levering van verontreiniging richting grondwater 
plaatsvindt en zodoende een landurige bedreiging kan vormen voor zijn leefomgeving [24]. Vooral 
gelet op zijn humaantoxicologische-, ecotoxicologische- en verspreidingsrisico’s conform de 
Nederlandse Wet bodembescherming (wbb).  
 
Olieverontreinigingen in de bodem kunnen de drinkwatervoorzieningen van Nederland enorm 
bedreigen, aangezien de emissie naar het grondwater in meeste gevallen leidt tot een 
grondwaterpluim bestaande uit een in water opgeloste oliecomponenten. Door de langzame 
oplossing in water, kan olie in de bodem tientallen jaren langsstromend water verontreinigen. 
Aangezien de oliecomponenten specifieke eigenschappen hebben zoals oplosbaarheid, 
dampspanning, et cetera, wordt de samenstelling van een dergelijke grondwater verontreiniging 
meestal bepaald aan de hand van de samenstelling van het puur olie produkt en de oplosbaarheid 
in water van zijn individuele componenten. Dit houdt in dat de uitspoeling naar het grondwater 
aanvankelijk door de meest oplosbare bestanddelen gedomineerd gaat worden. Uiteindelijk zullen 
deze componenten uitgeput raken, resulterend in een verandering van de samenstelling van de 
uitspoeling naar het grondwater. Hierdoor kunnen voorgenoemde risico’s afhankelijk zijn van de tijd 
en de ouderdom van zo’n bronzone.  
In het geval van een dieselverontreiniging, blijkt uit veldwaarnemingen dat deze zich ondermeer 
ook als een bronzone van puur produkt (drijflaag) kan manifesteren gepaard met vaak een geringe 
pluimvorming. Aangezien desbetreffende pluimen met geringe concentraties aan risico-bepalende 
oliecomponenten zijn waargenomen in de praktijk, vraagt men zich om deze redenen af in welke 
mate het raadzaam is om met diesel vervuilde gebieden te saneren. Onderzocht gaat worden of 
een desbetreffende drijflaag een mogelijke bedreiging voor zijn omgeving zou kunnen betekenen 
middles eventuele emissie van risicovolle oliecomponenten. In geval van een eventuele 
verspreidingsrisico zal vanwege het beleid in Nederland, een dergelijk minerale olie verontreiniging 
gesaneerd moeten worden bij de overschrijding van zijn specifieke interventiewaarde volgens de 
Nederlandse normen van RIVM gerelateerd aan een specifiek bestemmingstype (bijvoorbeeld 
wonen, industrie, et cetera). 
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Op moleculair niveau treedt uitwisseling op van oliecomponenten tussen de verschillende 
bodemfasen. Vanwege voorgenoemde bronzone gedrag van diesel, behoort het tot een van de 
meest uitdagende verontreinigingen in de bodem. 
Bij situaties waarbij de olieverontreiniging als puur product (drijflaag en residuair) in de bodem 
voorkomt, kan dus een langdurige bedreiging uitgaan. Hierbij fungeert het pure product dus als 
bron van waaruit continue levering van verontreinigingen richting grondwater (oplossing) en 
onverzadigde zone (door vervluchtiging en grondwaterspiegel fluctuatie) kan plaatsvinden.  
Aangezien diesel een heterogene samenstelling heeft, zal zoals boven aangehaald als gevolg van 
verwering de levering uit de bron ook veranderen in functie van de plaats en de tijd. 
 
Doelstelling 
Om een beter inzicht in het verspreidingsrisico van zulk een dieselverontreiniging te kunnen 
verkrijgen moet het gedrag van zijn mobielste en risicovolle componenten onderzocht worden om 
beleid uit te kunnen stippelen zoals stabiele eindsituaties (met behulp van interventiewaarden) op 
basis van de Nederlandse normen. 
Dit onderzoek is uitgevoerd om te bepalen of de numerieke grondwaterstroom en transport 
modellen de doeltreffendheid van de evaluatie van risico analyses kunnen evalueren met 
betrekking tot het verspreiden van een olieverontreiniging en daarbij eventueel als hulpmiddelen 
kunnen dienen om milieuspecialisten bij het saneringsbesluit te behelpen. Tijdens dit onderzoek zal 
eventueel ook worden onderzocht hoe de afbraak van diesel plaatsvindt in de milieu onder zowel 
aerobe als anaerobe condities. 
 
Methodiek 
Door TNO/UU is voor de risicobeoordeling van bodemverontreinigingen met minerale olie al een 
modelcode, genaamd RT3D-OW ontwikkelt. De kern van dit model vormt een aangepaste versie 
van de conventionele MT3DMS/ RT3D modelcode, die een submodule binnen de software pakket 
PMWIN (Processing Modflow Pro for Windows) is en waarvan MODFLOW de basis vormt. In het 
kort zal de modellering alsvolgt werken: 
• 1e fase:  MODFLOW (flowfield) 
• 2e fase: RT3D-OW (reactive transport) 
• 3e fase: PM & Matlab (post-modelling and plotting) 
Twee met diesel (C9-C26) vervuilde industrieterreinen in Nederland, zijn geselecteerd als model 
domein voor toepassing van deze modelcode. Deze betreffen respectievelijk een met huisbrandolie 
(HBO/ C9-C24) vervuilde terrein te Beek en Donk en een met dieselolie (C9-C26) vervuilde terrein 
te Nijmegen, aangeduidt als respectievelijk case-1 en case-2. Deze case studies zijn uitgevoerd 
tijdens de stageperiode.  
Met de in dit project voorgestelde meer realistische en praktische benadering van de beschrijving 
van het gedrag van de bronfunctie van minerale olie, zal in de analyses het grondwater stromings- 
en transport model mogelijk gekalibreerd worden aan data van desbetreffende case studies. 
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Dit aangepaste model zal dan worden toegepast om het olieverweringsprocess in zijn algemeen te 
simuleren. De voorspelde resultaten met de simulaties kunnen een indicatie geven met betrekking 
tot het wel of niet vrijkomen van BTEX, alsook met betrekking tot andere aromatische en 
allifatische olie fracties vanuit een LNAPL-bronzone. 
Aangezien tijdens de case studies uitsluitend verspreidingsrisico’s zijn geïdentificeerd, zal met 
desbetreffende RT3D-OW modelcode dan ook getracht worden alleen risicovoorspellingen met 
betrekking tot de verspreiding van minerale olie (componenten) uit te voeren. In combinatie met 
andere factoren zal de modellering als leidraad gebruikt worden om aan te tonen of de effecten met 
betrekking tot de verspreidings risico’s aan de ene kant afwegen tegenover de kosten,  
CO2-uitstoot, tijdsaspecten en dergelijke van een sanering aan de andere kant en dit meenemen 
qua doelmatigheid van de sanering in het beslissingsproces. De hoeveelheid C02 die tijdens 
respectieve sanering in deze case studies vrijkomt, is berekend met behulp van de huidige 
ontwikkelde C02-Tauw rekentool model. De kosten aspekten met betrekking tot deze saneringen 
zijn in deze case studies reeds uitvoerig beschreven. Uiteindelijk moet het geheel leiden tot een 
duurzaam bodem- en grondwaterbeheer ten aanzien van het toepassen van beleid en stabiele 
eindoplossingen te verkrijgen door robuust te gaan saneren, waarbij de RT3D-OW modelcode een 
bijdrage kan leveren om zodoende het risico van verspreiding van bodem en 
grondwaterverontreinigingen hierbij te kunnen evalueren en te voorspellen in de naaste toekomst.  
 
Resultaten en conclusies 
Uit de model resultaten is gebleken dat over het algemeen de BTEX-componenten in zowel de 
water als de oliefase vrijwel binnen 25 jaar degraderen naar niveaus onder hun interventiewaarden. 
De C10-C12 fracties doen dit in mindere mate en met de hogere fracties C12-C16 en C16-C21 is 
dit bijna niet het geval. In tegendeel neemt de concentraties van deze componenten geleidelijk aan 
toe. Dit is zoals eerder aangehaald te verwachten. Indien sanering erbij komt kijken gaan andere 
factoren een rol spelen bij het verspreidingsgedrag. 
Voor case studie 1 word de sanering uitgevoerd middels het ontgraven van de drijflaag. Dit houdt in 
dat de residuaire olie in de verzadigde zone en het grondwater grotendeels als restprodukten 
overblijven. Na analyses is gebleken dat de BTEX-componenten hierin slechts in geringe massa 
fracties aanwezig zijn en dus al sinds het begin van de verontreiniging waarschijnlijk voor het 
grootste deel uit de minerale olie zijn gedegradeerd. Verder blijkt de sanering hoge kosten en  
CO2-uitstoot met zich mee te brengen.  
In geval van case studie 2 is de sanering reeds 2004 aan de gang middels stimulering van aerobe 
afbraak van de oliecomponenten volgens persluchtinjectie en bioventing in situ sanering. 
Anno 2009 blijkt nog steeds residuaire olie in de bodem en grondwater voor te komen. Hierbij zijn 
de BTEX-componenten vrijwel niet aanwezig en zijn dus waarschijnlijk al sinds het begin van de 
verontreiniging en mede door de sanering voor het grootste deel uit de minerale olie gedegradeerd. 
Verder blijkt de sanering in dit geval eveneens hoge kosten en CO2-uitstoot met zich mee te 
brengen.  
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Een aantal scenario’s zijn in dit verslag uiteengezet, met de bedoeling of het wel of niet raadzaam 
zou zijn de saneringen in desbetreffende case studies uit te voeren.  
 
Aanbevelingen 
Aangezien de toepassing van de RT3D-OW modelcode momenteel slechts in verzadigde zones 
van toepassing is, zou een verdere ontwikkeling van deze code voor ook de onverzadigde zone, 
van grote hulp kunnen zijn om een integrale oplossing voor het olieverontreiningsprobleem te 
kunnen vinden, om zodoende het verspreidingsrisico integraal te kunnen evalueren. 
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Abstract� 

Problem definition 
The massive spilling of mineral oil as nonaqueous phase liquids (NAPLs), in particular diesel 
(domestic fuel oil/HBO and diesel oil) which combined with its low mobility as a result of its low 
solubility, the moderate sorption properties and the low intrinsic degradation speeds ensure that oil 
as a pure product may enter the soil as a floating layer or residual oil.  
 
The oil functions as a source from which continuous supply of contamination direction groundwater 
occurs and therefore may posses a long term threat to its environment [24]. Especially having 
regard to its humantoxicological-, ecotoxicological- and spreading risk according to the Dutch Soil 
protection Law (Wbb). 
 
Oil contamination in the soil can highly threat the waterresources of the Netherlands, because 
emission to the groundwater will lead in most of the cases to a groundwaterplume existing of oil 
components dissolved in water. Due to its slow dissolving in groundwater such oil can contaminate 
the bypassing water for several years. Since these components has specified properties as 
solubility limit, vaporpressure etc., the composition of such groundwater pollution is often 
determined by the composition of the pure oil product and solubility in water of its individual 
components. This keeps in that the emission to the groundwater will initially dominated by its most 
soluble components. Eventually these components will become depleted, resulting in change of 
concentration of the washed aways to the groundwater. Because of this above-mentioned risks will 
depends on time and though the age of such sourcezone.  
In the case of a diesel pollution based on field perceptions, it seems that it manifest itself most as a 
source zone of pure product (residual oil or floating layer) and often accompanied by a small 
forming plume. Since small plumes have been observed in the field at the surroundings of such a 
source area of pure diesel oil product, though one wonders oneself for this reason to what extent it 
is advisable to remediate such diesel oil contaminated sites, as if it seems of no possible migration 
risk concerning its environment.  
Further on because a relevant floating layer may poses a threat to its environment because of 
possible emission of its risks components. Nevertheless due to the policy in the Netherlands, 
mineral oil pollution must be remediated at exceeding its specific intervention value according to 
the Dutch Standards of the RIVM for a specific destination type (e.g. housing, industry, et cetera). 
At molecular level exchange of oil components appears between the different soil phases. Because 
of above source area behaviour of diesel, it belongs to one of the most provocative pollution in the 
soil. At such situations where oil pollution occurs as pure product (floating layer) in the soil, a long-
term threat to the environment may occur. Hereby the pure product acts then as a source from 
where ongoing supply of pollution direction groundwater (solution) and unsaturated zone (by 
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volatilization or groundwater fluctuation) can take place. In the case of diesel with a heterogeneous 
composition, as quoted above by the result of weathering the supply from the source can change 
as a function of the time.  
 
Objective 
To get a better insight on the risk of spreading for such a dieselcontamination, the behavior of its 
most soluble and mobile components has to be understood in order to implement policies such as 
stable end-situations (from intervention values) related to the Dutch standards.  
This research is performed to determine if numerical groundwater flow and transport models could 
evaluate the effectiveness of evaluating risk associated with this spreading of oilcontamination and 
therefore serve as tools to aid environmental specialists in the remedial decision making process. 
During this research will be examined how degradation of diesel oil takes occurs in the environment 
in both aerobic and anaerobic conditions.  
 
Methodology 
By TNO/UU already a model code for the risk evaluation of soil pollution with oil products, namely 
RT3D-OW (RT3D-Oil Wheathering) is developed for multi-component source areas. The core of 
this model forms an adapted version of the conventional RT3D model code, which is a submodule 
of the computer software program PMWIN (Processing Modflow Pro for Windows) with MODFLOW 
as the basic. In short the modelling works as follows: 
• 1st phase:  MODFLOW (flowfield) 
• 2nd phase:  RT3D-OW (reactive transport) 
• 3rd phase:  PM & Matlab (post-modelling and plotting) 
Two with diesel (C9-C26) contaminated sites within the Netherlands are selected as test sites for 
application of this code. These concerns respectively one with domestic fuel oil 
(‘huisbrandolie’/HBO/ C9-C24) contaminated site at ‘Beek en Donk’ and one with diesel oil  
(C9-C26) contaminated site at Nijmegen, which are researched as respectively case-1 and case-2 
during the pratical stage period.  
From the in this project proposed more realistic and practical approach of describing the source 
function of the mineral oil, in the analyses the groundwater flow and transport model will probably 
be calibrated to specified selected case study site data. The calibrated model will be applied to 
simulate the oil weathering process. Results of the predictive simulations may indicate less or no 
release of BTEX mass from the LNAPL source as well as other aromatic and aliphatic 
hydrocarbons.  
Since during the case study sprading risk is exclusively identified with the RT3D-OW model code, 
thus it will be tried only to do risk predictions regard to the distribution of mineral oil (components). 
In combination with other factors the modelling is used as a guiding principle to give an indication 
regard to the spreading on one hand against concerning the costs, CO2 emission, time aspects 
et cetera. of a remediation on the other hand; and take this along in the decisionmaking process for 
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remediation. The quantity of C02 which during respective remediation in these case studies 
releases is calculated by means of the current in development C02-Tauw Calculation Tool model. 
The costs aspects concerning these remediations have already been exhaustively described in this 
case studies. Eventually the whole must lead to sustainable soil and groundwater management 
regarding application to policy and obtain stable end solutions by means of robust remediation, 
whereby the RT3D-OW modelcode may contribute this way to be able to evaluate and predict the 
risk of spreading within soil and groundwater contaminations. 
 
Results and conclusions 
From the model results has become clear that generally the BTEX components in both the water 
and the oil phase degradade nearly within 25 years to levels under their intervention values. The 
C10-C12 fractions show this to a lesser degree and with the higher fractions C12-C16 and  
C16-C21 this is almost not the case. On the contrary the concentrations of these components 
increase gradually. This is as quoted like rather to be expected. If remediation also plays a role in 
this than other factors will affect the spreadings behaviour. 
For case-1 the remediation is carried out by means of excavation of the floating layer. This keeps in 
that residual oil in the saturated zone and the groundwater mostly remains as rest products. After 
analyses has proven that the BTEX components herewithin only exist in small mass fractions 
present and since the beginning of the contamination probable for the bulk therefore already have 
been degraded from the mineral oil. Furthermore the remediation seems to lead to high costs and 
CO2 emissions.  
For case-2 the remediation is performed since 2004 by means of stimulation of aerobic degradation 
of the oil components according to airsparging and bioventing by in situ remediation. Anno 2009 
residual oil still seems to be appearing in the soil and groundwater. Hereby the BTEX components 
are nearly or not present and therefore already supposed to be degraded since the beginning of 
contamination by remediation for the bulk from the mineral oil. Furthermore the remediation in this 
case proves to bring high costs and CO2 emission along with itself. 
A number of scenarios are set out in this report, with the intention if it is well or not advisable to 
carry out remediations concerning these case studies. 
 
Recommendations 
Since the application of RT3D-OW model code at the moment can only be applied within the 
saturated zones, a further development of this code for also the unsaturated zone will be of large 
aid for finding a integrated solution for the NAPL contamination problem, to be able to evaluate the 
spreading risk integrally. 
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1 Introduction 

With the set-up of this report the intention is that in the future a better understanding of mineral oil 
(diesel) contaminated sites will be achieved in case of its transport, possible biological 
degradation factors and its behaviour under several circumstances (redox conditions, soil profile, 
pro-pollutions, et cetera). To get a better insight into the research question the content and set up 
of this report is as follows. 
In the introduction the diesel contamination problem in the Netherlands is described and from this 
a problem definition has been derived. Therefore the goals and approach of this research project 
is presented, inclusive the research method. 
In the next chapter (2) the general theory on diesel as a LNAPL is described, together with the 
other risk determinative BTEX components. To get a better insight into this, the concept of diesel 
interaction with soil and groundwater is analyzed, together with the degradation factors of the 
different selected risk components. 
Especially during the practical stage period, whereby two case studies concerning diesel 
contaminations as respectively ‘huisbrandolie’/HBO and diesel oil are researched.  
Chapter 3 describes the LNAPL weathering process and gives a general introduction theory on oil 
migration in the ground and the physical and chemical properties within. Therefore, processes as 
the sorption to the soil, the dispersion, the volatilisation, the dissolution in water, the degradation 
in case of both aerobe and anaerobe and other important parameters are briefly described. Also 
an introduction to risk evaluation is described. 
In chapter 4 the numerical simulator concerning mineral oil/ LNAPL weathering is overviewed 
together with the modelcodes and the underlying governing equations. 
In chapter 5 the modelling code is demonstrated at two case studies. Hereby the modelling setup 
for the RT3D-OW code is briefly explained with a simplified 2D-model whereby case-1 is applied 
as evaluation of the parameters needed for the input files. Also the different phases during the 
modelling process, respectively Modflow/ MT3DMS/ RT3D-OW and Porcessing of data has been 
researched. Following by the start of the simulation run with command prompt and the post 
processing of the data by use of PM and Matlab. Also the modelcode is applied to a 3D-model by 
means of case-2. 
In chapter 7 the results of both cases are evaluated and chapter 8 provides conclusions and 
recommendations, followed by a list of references and appendices attached to this thesis. 
 
1.1 Diesel contamination problem in the Netherlands 
Oil contamination in the soil can highly threat the waterresources of the Netherlands, because 
emission to the groundwater will lead in most of the cases to a groundwaterplume existing of oil 
components dissolved in water. Due to its slow dissolving in groundwater such oil can 
contaminate the bypassing water for several years. 
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In the past enormous quantities of diesel oil have been spilled on the ground of the Netherlands, 
which at present are manifested in the form of LNAPL’s (Dutch: drijflagen). Of the many large 
polluters of diesel proves to be for example the several depots in the Netherlands and the NS 
(‘Nederlandse Spoorwegen’). This happened because in the past on the several tank plates of the 
NS the diesel oil driven trains were refuelled, whereby regularly diesel oil were messed on the 
ground. On account of its responsibility the SBNS (‘Stichting Bodemsanering Nederlandse 
Spoorwegen’) is at present in this field of largest constituents for soil research and remediation in 
the Netherlands. The massive spilling from at the use of diesel oil, combined with its low mobility 
as a result of low solubility, the high sorption properties and the low intrinsic demolition speeds 
ensure that diesel has become important groundwater pollution. 
For the SBNS different companies has implemented large-scale research projects on several 
emplacements on the basis of a framework agreement with the NS. Hereby risk of soil pollution 
has been mapped. At the bulk of the examined emplacements has been proofed that diesel oil 
has been found as an LNAPL in the groundwater. During these remediation activities in the past 
by Tauw at such diesel oil contaminated areas small plumes have been observed in the 
surroundings of such a source area of pure diesel product. Though one wonders oneself for this 
reason to what extent it is advisable to remediate such diesel oil contaminated site, as if it seems 
of no migration risk concerning its environment. Nevertheless due to the policy in the Netherlands 
diesel oil pollution must be remediate at such activities depending on the specific intervention 
values according to the Dutch Standards of the RIVM for a specific destination type. Because in 
the past Tauw has on several locations to deal with diesel pollution, therefore it was able to obtain 
knowledge and experience regarding to the activity of applied biological in-situ techniques on 
diesel transport and degradation.  
 
1.2 Problem definition of diesel 
The emission of oil pollutants into the soil and groundwater in most of the cases forms a 
groundwater plume existing of oil components dissolved in water. Hereby the composition of this 
groundwater pollution is determined by the composition of the oil and solubility in water of its 
individual components. In the case of diesel, a complex mixture which exists mostly of 
aliphatic/alicyclic and less aromatic hydrocarbons, concerning groundwater pollution especially 
the non-volatile but in water soluble aromatics (BTEX) and 2- and 3-ring polycyclic hydrocarbon 
compounds are present in the plume. Since the non-volatile aliphatics determine the bulk of the 
diesel due to their insolubility in water, generally in such diesel contaminated site often a source 
area of pure diesel product remains with a less identified plume.  
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Moreover, since especially aromatics and the polycyclic compounds determine the bulk of 
groundwater pollution, these compounds will eventually depleted due to the low solubility of the 
diesel oil. This will result in change of concentration of both the pure product source area and also 
due to the change with time of the releasing components into the groundwater, which in turn 
depends on the age of the diesel involved and the degree of fluctuation of the groundwater table. 
This keeps in that the risk of spreading with respect to distribution, eco-toxicology, et cetera will 
depend on the time and age of the pure product source area. That is why to determine the 
migration risk of such a diesel contamination, the behaviour of the aromatics and the polycyclic 
compounds has to be understood in order to implement policies such as stable end situations 
related to the Dutch standards. It is further very important to know if micro-organisms are involved 
in the aerobe and/or anaerobe biodegradation process of diesel, what the fluctuation of the local 
groundwater table is and the heterogeneity of the site involved. Only in this way, it will be possible 
to become clear if stimulated (an)aerobe biodegradation can in generally be applied commonly as 
a remediation technique for diesel removal in ground and groundwater. 
 
Because of above source zone behaviour of diesel oil, it belongs to one of the most provocative 
contamination in the ground. At such situations whereby oil contamination also occurs as pure 
product of floating layer in the ground, a long-term threat to the environment can develop. The 
pure product of mineral oil presented as a floating layer acts as a source from which ongoing 
supply of pollution occurs in direction groundwater (dissolution) and unsaturated zone 
(volatilization). In the case of diesel with a heterogeneous composition as stated above, the 
supply from the source will as a result of degradation change as a function of the time.  
 
1.3 Objective and approach 
Because diesel is composed of many components with many various properties, it is a very 
complex substance to research. In particular diesel will partition by volatilisation, dissolution, 
biodegradation or adsorption of individual components depending on their physical and chemical 
properties. The fate and transport of diesel components mainly depend on their vapor pressure, 
water solubility, Henry’s law constant (U.S. Department of Health & Human Services, 1993a, b, c) 
and biodegradation. During this research will be examined how complete degradation of diesel 
takes place and what the degradation speed is. This will be done by applying and eventually 
modifying the current TNO/UU model code RT3D-OW on behalf of the modelling of the transport 
of diesel components and its degradation components. 
The TNO/UU model code RT3D-OW is a modification of the existing code RT3Dv2.5 of the 
computer model MT3DMS from the U.S.G.S. and is combined with MODFLOW to model LNAPL 
behaviour in general. This RT3D-OW code will apply and if necessary modified to model in 
particular the behaviour of diesel components. The intention of this code is to model reactive 
multi-components degradation in LNAPL. This will be done by a new reaction formulating parcel.  
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In short the model works as follows: 
1. MODFLOW (flowfield) 
2. RT3D-OW (reactive transport) 
3. PM & Matlab (post-modelling and plotting) 
With the more realistic practical approach of the description of the source function, presented in 
this project, the reliability of the forecasts of these species transport models will hopely increase 
strongly. Finally the case of diesel contamination must lead to durable ground and groundwater 
management. 
 
1.4 Method of research 
The objective of this MSc research project will be realistically modelling the behaviour of diesel 
contamination in ground and groundwater by means of field and literature study. The result of this 
research study will be used to explain if diesel oil is harmful to the environment or not and also to 
research if any kind of biodegradation of diesel as a LNAPL is occurring by micro-organisms.  
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2 Diesel (LNAPL) substance properties 

In this chapter the different types of pollution related to diesel, which were examined during the 
case studis are discussed and especially their possible biological degradation. Firstly of the 
specified selected risk fraction species as listed in table A5-1, the chemical and physical 
properties (table A5-3) including their degradation rates are discussed. 
 
2.1 Introduction to LNAPL�s 
Some contaminants do not easily dissolve in a soil’s aqueous phase, which leaves the 
contamination in the soil as a seperate phase of free-phase of pure product. One such group of 
contaminants may due to their physical properties, settle as a light non-aqueous phase liquid 
(LNAPL of mineral oil/petroleum hydrocarbons such as domestic fuel oil, diesel oil). [15]  
 
In the following sections the diesel and its dissolved components as part of the total petroleum 
hydrocarbons (TPH) will be described based on their fate and transport at contaminated sites.  
 
Since it is impractical to model every species explicitly, the LNAPL source in the model was 
conceptualized as a seven-component mixture for case-1. The seven hydrocarbon components 
considered in the model in case of diesel contamination are: 
1. The pseudo-species BTEX (sum of Benzene, Toluene, Ethylbenzene and Xylenes) 
2. Other relatively soluble aromatic hydrocarbons, referred to as TPH1 ([C10-C12]) and 
3. Less soluble hydrocarbons, referred to as TPH2 ([C12-C16] and [C16-C21]) 
 
Above components are selected based on table A5-2 and the available data to evaluate the 
simulation modelling process. Because the BTEX and TPH1 are known as carcinogenes and the 
hydrocarbon constituent of the greatest regulatory concern at most sites, they were considered 
the most. TPH1 was defined as all non-BTEX aromatic constituents with a solubility of at least 
1 mg/L. Any constituents which had a solubility much lesser than 1 mg/L was defined as insoluble 
and was considered TPH2. 
Estimates for BTEX, TPH1 and TPH2 like mass fraction, solubility, molecular weight and other 
relative parameters are provided within Appendix 5. Because TPH2 was defined as insoluble, and 
hence was not a dissolved constituent it was not really account for modelling purposes, but was 
required to calculate species mass fractions. 
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2.2 Diesel as LNAPL 
Diesel as a LNAPL is researched as Mineral oil (C10-C40) or total petroleum hydrocarbon (TPH), 
consisting of many components with many various properties and is therefore a very complex 
substance to research. In order to understand the fate and transport of petroleum hydrocarbons, 
a thorough understanding of them and how they behave in the environment is required. 
When mineral oil has been released or spilled into the (sub)surface, it can partition into one or 
more phases. The soluble hydrocarbons will adsorb to soil particles in the porous medium of the 
soil (see figure 2.1); if the amount of mineral oil in the soil is greater than the retention capacity of 
the unsaturated zone it will sink until the groundwater table is reached, where a floating layer 
(‘drijflaag’) of mineral oil as a LNAPL will form (see figure 2.1). 
 
 

 
 
Figure 2.1 Schematic representation of the fate and transport of LNAPL and the processes involved [15] 

 
On its way down mineral oil forms a free-phase (mobile) part and an immobile residual part. 
Because the free-phase (mobile) part is under negative pressure, it can potentially drain to a good 
placed monitoring well or be removed using extraction wells, while the immobile residual part of 
the contamination can possibly be remediate by means of in-situ biodegradation or just 
excavation. In situ biodegradation is a process in which aerobic (by oxygen) or anaerobic 
degradation of the mineral oil occurs into other substances like low chain hydrocarbons, carbon 
acids, H2O, CO2 et cetera. which are less harmful to the environment.  
The presence of mineral oil and their distribution at contaminated sites is critical for determining 
the risk associated with mineral oil contamination and for determining the need for and potential 
design of site remediation effort. In diesel spills, the contaminants of concern for groundwater are 
primarily BTEX (benzene, toluene, ethylbenzene, xylenes) and the more soluble aromatics. 

BTEX 

(1) 

(2) (1) 

(3) 
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These are the most mobile and toxic part of the total petroleum hydrocarbon (TPH) family. BTEX 
contamination in soil and groundwater can other than accidental spill also occur from the leakage 
from underground storage fuel tanks (e.g. in tank stations). Groundwater contamination by such 
organic solvents poses a significant health hazard, because present at sites they acts as a long-
term source, making cleanup difficult and costly. BTEX and aromatic components generally have 
lighter densities and higher viscosities than coal tar and creosote, making them much more 
mobile. 
 
2.3 Total Petroleum Hydrocarbons 
Total petroleum hydrocarbons (TPH) is such a broad family of compounds that it would be a large 
undertaking to present comprehensive environmental, chemical/physical, and health information 
of all the individual chemical components or on all petroleum products. TPH is defined as the 
measurable amount of petroleum-based hydrocarbon in an environmental media. It is, thus, 
dependent on analyses of the medium in which it is found (Gustafson 1997). 
There are several hundred individual hydrocarbon chemicals defined as petroleum-based, with 
more than 250 petroleum components. Only of less than 25 of these compounds information 
concerning detailed chemical, physical and toxicological data is available. Historically, TPH 
closure levels were not health-based. Nowadays TPH closure levels are based upon detection 
limits (‘intervention values’, see appendix 1 for the Dutch case). 
Typical hydrocarbon fuels composed of compounds with carbon chain lengths from C5-C36. 
Further, each petroleum product has its own mix of constituents. One reason for this is that crude 
oil, itself, varies in its composition. Some of this variation is reflected in the finished petroleum 
product, e.g. diesel (C19-C26). 
Composition of TPH varies depending upon: Crude oil feedstock, Type of fuel (i.e. gasoline, 
diesel oil, heating oil, et cetera), season (fuels blended for seasonal performance, e.g. summer 
and winter), geographic region (east coast, west coast, North-sea, et cetera) and performance 
based (no particular formula). 
The acronym PHC (petroleum hydrocarbons) is widely used to refer to the hydrogen- and carbon-
containing compounds originating from crude oil, but PHC should be distinguished from TPH, 
because TPH is specifically associated with environmental sampling and analytical results. In this 
research TPH is classified as mineral oil with the fraction: C10-C40. 
Petroleum products, themselves, are the source of the many components, but do not define what 
TPH is. They help define the potential hydrocarbon which becomes environmental contaminants, 
but any ultimate exposure is determined also by how the product changes with use, by the nature 
of the release, and by the hydrocarbon’s environmental fate. When petroleum products are 
released into the environment, changes occur that significantly affect their potential effects. 
Physical, chemical, and biological processes change the location and concentration of 
hydrocarbons at any particular site. 
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Petroleum hydrocarbons are commonly found as environmental contaminants, even if they are 
not usually classified as hazardous wastes. Many petroleum products are used in modern society, 
including those that are fundamental to our lives (i:e., transportation fuels, heating and  
power-generating fuels). The volume of crude oil or petroleum products that is used today dwarfs 
all other chemicals of environmental and health concern. Due to the numbers of facilities, 
individuals, and processes and the various ways the products are stored and handled, 
environmental contamination is potentially widespread. Soil and groundwater petroleum 
hydrocarbon contamination has long been of concern and has spurred various analytical and site 
remediation developments. This profile builds on the efforts by the TPHCWG and others to group 
chemicals into fractions with similar environmental transport characteristics (i.e., transport 
fractions) in terms of their toxicity and the risks associated with these transport fractions. Although 
chemicals grouped by transport fraction generally have similar toxicological properties.  
Because a critical aspect of assessing the toxic effects of TPH is the measurement of the 
compounds, one must first appreciate the origin of the various fractions (compounds) of TPH. 
Transport fractions are determined by several chemical and physical properties (i.e. solubility, 
vapor pressure, and propensity to bind with soil and organic particles). These properties are the 
basis of measures of leachability and volatility of individual hydrocarbons and transport fractions. 
The ‘analytical fractions’ are then set to match these transport fractions, using specific n-alkanes 
to mark the analytical results for aliphatics and selected aromatics to delineate hydrocarbons 
containing benzene rings. The transport fractions’ physical properties are given in Table A5-3. 
Despite the large number of hydrocarbons found in petroleum products and the widespread 
nature of petroleum use and contamination, only a relatively small number of the compounds are 
well characterized for toxicity. The health effects of some fractions can be well characterized 
based on their components or representative components (e.g., light aromatic fraction-
BTEX benzene, toluene, ethylbenzene, and xylenes). However, heavier TPH fractions have far 
fewer well characterized compounds. Systemic and carcinogenic effects are known to be 
associated with petroleum hydrocarbons. 
As the name implies, petroleum hydrocarbons are generally compounds of hydrogen and carbon 
atoms. These compounds are characterized by their own chemical composition and structure. 
Petroleum products are derived from the refinement of crude oil (see Appendix 4). Crude oil 
consists of a complex mixture of hundreds of hydrocarbon compounds and other elements 
including sulfur, nitrogen, and oxygen. Therefor refined petroleum products itself also consist of 
several hundred hydrocarbon compounds. These products are generally classified on the basis of 
physical properties and chemical composition. Physically, the products are characterized by 
density, viscosity, boiling point, wettability, interfacial and surface tension, volatility, and solubility.  
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Chemically, the hydrocarbons are organic molecules composed of the elements hydrogen and 
carbon and are typically classified into four major structural forms (see table 2.1). 
 
 
Table 2.1:General classification of Petroleum Hydrocarbons 

 

  Orientation carbon atoms Classification/type Formula 

1 Alkanes Ioined by single bonds Saturated hydrocarbons or paraffins CnH2n+2 

2 Cycloalkanes Cyclical structure Cycloparaffins or naphthenes CnH2n 

3 Alkenes Carbon-carbon double bond Unsaturated hydrocarbons or olefins CnH2n 

4 Aromatics At least one  

6-carbon benzene ring 

Unsaturated and resemble  

benzene in chemical behavior 
 

 
From the above-mentioned hydrocarbons, the aromatic compounds are important with respect to 
environmental risk concerns as they are relatively soluble in water, and therefore, have a high 
potential mobility within groundwater systems. In addition, many aromatic compounds are 
carcinogens and can pose health risks when dissolved in drinking water aquifers. At many Dutch 
sites benzene, a known carcinogen is the primary constitute of concern by the regulatory agency. 
Based on these hydrocarbon groups, LNAPL products are chemically characterized. This primer 
discusses the properties of LNAPLs and the chemical differences between the primary types of 
products: gasoline, middle distillates (diesel, kerosene), and heavy fuel and lubricating oils. 
These refined petroleum products are often stored within underground storage tanks. Each 
petroleum product has different composition and properties that influence its fate and transport in 
the subsurface. Gasolines contain high percentages of aromatic hydrocarbons, with most 
hydrocarbon compounds having between 4 and 10 carbon atoms per molecule. The majority of 
hydrocarbon constituents in middle distillates contain between 9 and 20 carbon atoms, which 
makes middle distillates less mobile, volatile, and soluble than gasolines. Heavy fuel oils are 
relatively viscous and insoluble with hydrocarbon compounds of more than 14 carbon atoms [14]. 
 
2.4 Mineral oil (C10-C40) 
 
2.4.1 Properties 
Mineral oil is an organic apolar mixture consisting of long carbon chains. According to NEN 5733 
(1997) the definition is as follows: compositions of this standard with aceton/ petroleumether are 
isolating and that can be chromatographise with retention times which lies between the retention 
times of n-decane (C10H22) and n-tetraoctane (C40H82), therefor (C10-C40). 
Mineral oil is a substance of hundreds to thousands of species, explicitly hydrocarbons. These 
can be both cyclic or chainforming, from n-alkanes to benzene. Mineral oil is an almost refined 
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product from crude oil; refining end products are for example gasoline, diesel, domestic fuel oil, 
kerosene (see Appendix 4) [2]. 
Mineral oil products differs partly strong in their composition, which is not only the case for the 
previous mentioned products, but also for the different species of the same type of product. For 
example the composition of the previous mentioned products: kerosene, gasoline, diesel oil and 
domestic fuel oi (see figures in appendix 4 ) from the literature ([6], Lookman et al, 2004). 
Mineral oil form in some cases a floating layer on water table and has a typical odeour. The 
presence of large concentrations can therefore estimated very simple in this cases.  
 
2.5 Diesel (C9-C26) 
 
2.5.1 Properties 
Diesel is a combination of hydrocarbons which forms during the distillation of crude oil or at the 
hydrocracking of released residuals with boiling points varied between 1700 C untill 3500 C. Diesel 
is used as fuel in fast performing diesel engines. Domestic fuel oil (“huisbrandolie/HBO, C9-C24) 
is a very look like diesel oil (C9-C26) identic product. Both fuels are often indicated with the 
collective name diesel or gasoil. 
Diesel consists of hydrocarbons with chain length from C9–C26. The quality of diesel is 
expressed by the cetaan number. Diesel has a quiet different composition than gasoline. 
It contains twice as less aromatics as supergasoline (19 %) and much more aliphatics. Therefor 
diesel contains other aromatics than gasoline. In addition diesel contains no alkenes and much 
more sulphur than in case of gasoline [1]. 
 
2.6 BTEX  
 
2.6.1 Properties 
Before the start of a remediation one should be aware of the properties of such contaminations, 
because therefore the results of some techniques can better be explained and understand. 
In table A5-3 some important chemical and physical properties of this mono- aromatic substances 
are summarised. Benzene seems to have the highest volatility and solubility. Due to its stability it 
has the lowest biodegradation rate, although it seems to be moderate to good. Benzene is a 
wellknown caricogene substance. 
 
Benzene 
Benzene gives of all the BTEX the most resistant to degradation and only 0.5 % of the soil 
micro organisms can use benzene as only carbon source. Under aerobe conditions benzene is 
due worked in of for instance momo- or dioxygenases forms successively cathechol and ring 
splitting products. By ortho splitting of the aromatic ring cis, cis- muconate is formed, which further 
degrade to succinate and acetate, two harmless central metabolites.  
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Further degradation of 2-hydroxymuconate semi-aldehyde, the meta- splitting product, produces 
acetaldehyde and pyruvate as the central metabolites. Al this central metabolites can easely be 
degraded by central degradation routes. 
 
Toluene 
For the primary oxidation of toluene by bacterias are five different mechanisms known 
(see Figure 2.4), namely: 
1              !Dihydroxylation of benzene ring 
2, 3 & 4   !Monohydroxylation of the benzene ring in the ortho, meta- or para- position 
5             !Oxidation of the methylgroup 
Three of these five degradation routes pass through catechol, the ‘central’ metabolite at the 
degradation of aromatic components. The endproduct of the five routes are harmless metabolites 
which can be degraded fast as viewed in below figure 2.4. 
 
 

 
Figure 2.2 Possible degradation routes of toluene 

 
Ethylbenzene 
For ethylbenzene three different degradation routes are known as follows: 
• Through initially 2,3-dihydroxylation of the benzene ring. This route occurs through the 

catecholderivate 
• Through transformations in the side chains styrene is formed. Styreen itself can degrade 

through two different ways: 
− Through mono- oxygenation of the side chains 
− Through dihydroxylation of the benzene ring. Catechol-derivate is hereby formed 
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• Through oxidation of the ethyl-side chains (less important end route) 
 
Xylenes 
The three xylene isomeres can all three degrade aërobe, but the degradation rate of the o-xylene 
is extremely lower than that of m- en p-xylene. The degradation occurs through initial oxidation of 
one of the methylgroups. Often the degradation route go through catechol-derivates. 
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3 LNAPL weathering process 

3.1 LNAPL migration and distribution  
When a contamination of petroleum hydrocarbons, referred to as TPH (Total Petroleum Hydrocarbons), 
e.g. diesel as a LNAPL, with a lower specific density (0.85 g/cm3) than water (1 g/cm3) ends up in the 
soil; part of it migrates through the unsaturated or vadose zone until it reaches the capillary fringe. 
Because the dissolved organic contaminants lower the surface tension of the water, the capillary 
fringe above the water table decreases. Flowing LNAPL will leave traces of residual phase due to 
immobilization (see Figure 3.1). At the field scale, geological heterogeneity is the controlling factor 
for entrapment. The residual LNAPL is very difficult to recover and constitutes a long-term source 
of contamination, due to mass transfer to flowing water and air [21]. 
 
 

 
 
 
 
 

 

Figure 3.1 Schematic representation of the fate and transport of LNAPL and the processes involved [15] 
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3.2 Weathering 
In many fileld cases, LNAPL releases go often undetected untill long after the source of the 
release is exhausted, the LNAPL has spread to its maximum extent, and the dynamic flow phase 
of the LNAPL contamination has ceased. The distribution of the LNAPL is determined by the 
configuration of the release, the geologic setting of the soil profiles, and the physical-chemical 
properties of the LNAPL, among other mechanisms [21] (see figure 3.1). 
In case of a thick free phase product, the rate of alteration is slower than for a thin layer, because 
these processes affect the interface fuel/water and not the body of the bulk product. 
Biodegradation inside the body of a free product is extremely slow, due to limitation of oxygen, 
water and nutrients. Thus, the fuel could remain relatively unaltered for a period of time as long as 
decades. The most likely alterations to occur in this situation are evaporation of the most volatile 
hydrocarbons and dissolution of the most soluble components. Despite these considerations, 
analyses shows that diesel oil has some characteristics altered, and probably due to both 
biological and physical-chemical processes. The weathered diesel has a dark green colour and a 
different smell from the reddish commercial diesel. As time goes by, the dyes in a released free 
product deteriorate, thus the colour of the fuel may change. Figure A6-3 in appendix 6.shows that 
the commercial diesel has a higher concentration of BTEX than the weathered diesel. The 
comparative chromatograms are also shown in this figure. It reflects mainly the effect of the diesel 
exposure to an aqueous environment, and volatilization. 
 
A common view for petroleum products is that the weathering which occurs over time will shift the 
components toward the heavier fractions. Because the heavy end components in the mineral oil 
(e.g. C21-C40) are generally less toxic, the soil standards initially generated by these procedures 
will be protective, and may be overly conservative. Weathering should be considered as part of 
the uncertainty analysis, and overall risk management decisions for the site. 
 
3.2.1 Macro-scale relationship LNAPL and Soil 
Soils consist of matter in several phases, exhibiting complex equilibrium relationships.  
For simplicity in modelling the distribution of contaminants between the various soil phases, it has been 
assumed that soil is in steady-state equilibrium condition. In practice, phase composition and properties 
are constantly changing in response to changes in pressure, temperature, water content and other 
factors. In the unsaturated zone, the TPH partly displaces the water and gas in the pores. 
At the pore scale, residual LNAPL exists as lenses (primarily in the vadose zone) or discontinuous 
blobs trapped by capillary forces (primarily in the saturated zone) (see Figure 3.2). 
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Figure 3.2 Illustration of different types of residual saturations: (A) residual LNAPL saturation in the 
insaturated zone (LNAPL as the intermediate wetting fluid), (B) residual saturation in the saturated zone 
(NAPL as the non-wetting-fluid) 

 
Residual saturations are highly sensitive to soil properties. In general, the magnitude of residual 
saturations is considerable less dependent on fluid properties than on soil properties 
[Illangasekare, 1998]. From the literature [21] for sand a saturation value of SNAPL=0.26 is 
assigned in the saturated zone and for sandy/silty clay a value of SNAPL= 0.1. 
 
3.2.2 Micro-scale (Phase partitioning) relationships between LNAPL and Soil 
As the hydrocarbon concentration increases the hydrocarbon layer will tend to displace the water 
phase from the matrix, followed by the air phase. The hydrocarbon will mainly migrate through the 
central part of the soil pores (Figure 3.3). 
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Figure 3.3 Schematic representation of the fate and transport of LNAPL and the processes involved [15] 

 
Hydrocarbons thus behave as a non-wetting liquid in the unsaturated soil, leaving a thin layer of 
water on the soil matrix. The result is a 3-phase system of water, TPH and soil vapor.  In 
hydrocarbons impacted soils, depending on the type of soil, the moisture content, and the 
composition and quantity of the hydrocarbons, hydrocarbons can be weathered through time and 
partition into one or more of the following phases (see table 3.1 and figure 3.1). 
 
 
Table 3.1 Hydrocarbon phase partitioning in soil 
 
 Phase  Sub-

phase 
 Process   Product 

(1) Adsorbed   the soluble hydrocarbon is adsorbed to soil 
particles; 

SPH  

BTEX (2) Aqueous    the soluble hydrocarbon components dissolve 
in the groundwater and soil moisture; 

DPH 

TPH1 

(3) Vapor   the volatile hydrocarbon components enter a 
gaseous state, which occurs primarily in the 
unsaturated zone; 

 VOC 

4a1. 
Unsatured
Zone 

4a. 
Residual 
Liquid 

4a2. 
Saturated 
zone 

the liquid hydrocarbon is trapped within the soil 
matrix both above and below the water table, 
depending on water table movement; 

SPH TPH1 
TPH2  

(4) Separate 
Phase 
Hydrocarbon 
Liquid  

4b. 
Mobile 
Liquid 

 the mobile free product is maintained at the 
water table as a floating layer by capillary fringe or 
perched above a low permeability layer in the 
unsaturated zone; 

TPH 

SPH TPH1 
TPH2 

SPH = Separate Phase Hydrocarbon; DPH = Dissolved Phase Hydrocarbon; BTEX = Benzene, Toluene, Ethylbenzene and 
Xylenes(sum) ; VOC = Volatile Organic Compounds ; THP = Total Petroleum Hydrocarbons ; SPH = Separate Phase Hydrocarbon 

(NAPL) 

 

(dissolved) 

(vapor) 

(2) (3) 

(4) 
(Soil particles in packed 

formation) 

(1) 
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Infiltration 
Infiltrated rainwater subsequently dissolves the more easily soluble elements of the LNAPL (e.g. 
mono-aromatic hydrocarbons [such as benzene and toluene] and TPH1) and transports them to 
the groundwater. A contaminant plume develops in the groundwater. In addition, contaminants 
forming an LNAPL often contain volatile compounds as well, which evaporate from the LNAPL 
and diffuse into the unsaturated zone. These volatile compounds can then leave the soil via the 
unsaturated zone and enter the atmosphere. However, also equilibrium will be established 
between the contamination in soil vapor and the groundwater, resulting in an increase in the area 
contaminated. If there is enough contaminant mass, the capillary fringe is suppressed until the 
contamination reaches the groundwater table and the LNAPL will push the groundwater table 
down. Moreover, part of the contamination will migrate horizontally on top of the capillary fringe. 
The general arrangement of the various phases as listed in table 3.1, in which hydrocarbons may 
be present in the soil environment are also presented in Figure 3.1. Where the concentration of 
hydrocarbons is relatively low, hydrocarbons may be present in the following phases: adsorbed, 
dissolved and vapor. As the concentration of hydrocarbons increases, a separate phase 
hydrocarbon liquid (SPH) may form. Due to the relative surface tensions of the soil moisture and 
the liquid hydrocarbons, the hydrocarbon layer will tend to form between the water and air layers, 
as shown in figure 3.2.  
An equilibrium exists between the hydrocarbons in the adsorbed, dissolved, vapor and 
separate liquid phases in the soil. These equilibrium relationships may be represented, as 
shown in Figure 3.4, as graphs of the relationships between the hydrocarbon concentrations in 
each of these phases. 
 
 

 

 

 
Figure 3.4 Equilibrium phase relationships [15] 
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At relatively low hydrocarbon concentrations, the concentration in each phase is linearly related to 
the concentration in other phases, e.g. as the concentration in the adsorbed phase increases, the 
dissolved phase concentration increases proportionally. Similarly, as the dissolved phase 
concentration increases, the soil-air or vapor phase concentration increases linearly (Henry�s 
Law). This relationship holds until the dissolved phase concentration reaches its solubility limit, 
at which point separate phase hydrocarbon liquids will begin to occur. 
Once the solubility of the hydrocarbons in the soil moisture has been exceeded and separate 
phase hydrocarbon liquids (NAPL) have begun to form, the vapor phase concentration will remain 
constant for any increase in bulk concentration i.e. the vapor phase concentration is limited to that 
in equilibrium with the separate phase hydrocarbon mixture. It should be noted that the solubility 
of a compound which is part of a hydrocarbon mixture, is in water phase less than that of the pure 
compound by a ratio equal to the mole fraction of the compound in the mixture. 
 
All phases are generally present when a sufficient volume of NAPL has been released into the 
subsurface [14]. Since free and residual phase liquid hydrocarbons are distinguished by the 
volume of oil and its ability to move within the formation, not by physical or chemical differences 
between the phases, they are both often referred to as NAPL or phase separate hydrocarbon 
(PSH). Various physical, chemical and biological processes affect the fate and transport of 
petroleum hydrocarbons in the subsurface (see figure 2.1 and figure 3.1). 
In these sections the physical, chemical and biological processes discussed earlier are applied 
and discussed within the context of the contamination. Some of these processes are described in 
greater details below [15]. 
 
3.3 Processes 
 
3.3.1 Dissolution 
Infiltrated rainwater subsequently dissolves the more easily soluble elements of the LNAPL (e.g. 
mono-aromatic hydrocarbons, such as benzene and toluene) and transports them to the 
groundwater. A contaminant plume develops in the groundwater and moves with the 
groundwaterflow in its direction.  
Dissolution is the transfer of soluble hydrocarbon constituents from free phase or residual NAPL 
into the aquifer and is the primary physical property that controls the extent of a contaminant 
plume (Rifai et al., 1995). Surface area contact between NAPL and water as well as contact time 
affect dissolution (Testa and Winegardner, 1991). The rate of dissolution depends on the effective 
solubility of the hydrocarbon constituents in the aquifer and the amount and type of NAPL in the 
subsurface (Bedient et al., 1994). For multi-component NAPLs, the effective solubility for an 
individual hydrocarbon constituent, such as benzene, can be estimated from Raoult's law as the 
product of the constituent's mole fraction in the NAPL and its pure-phase solubility.  



 
 
 
 

Reference R001-0301307DMO-los-V01-NL 

 

Msc Final Thesis 

 

37\90 

 

 

The rate of dissolution for individual constituents will decline over time as the mole fraction of 
soluble components in the NAPL decreases. 
 
3.3.2 Advection 
Advection is the process by which solutes (dissolved hydrocarbons) are transported in flowing 
ground water (Fetter, 1994). High advection can cause increased spreading and dillution of 
dissolved contaminants. 
 
3.3.3 Hydrodynamic Dispersion 
Hydrodynamic dispersion is the termed applied to the combined effects of mechanical dispersion 
and molecular diffusion in causing a contaminant plume to spread within a groundwater system. 
Mechanical dispersion is the mixing of the solute with uncontaminated water, thus reducing the 
concentration of the contaminant. Variations in pore size, flow path, and pore friction cause 
dispersion. Longitudinal dispersion occurs in the direction of advective groundwater flow while 
transverse dispersion occurs perpendicular to groundwater flow. 
 
3.3.4 Diffusion 
Diffusion is the movement of dissolved molecular species in response to concentration gradients 
and is governed by Fick's Second Law. Molecular diffusion occurs even in the absence of 
groundwater flow. Under normal advective flow systems, mechanical dispersion predominates 
(ASTM, 1998). 
 
3.3.5 Adsorption 
The term adsorption describes the partitioning of organic contaminants from the soluble or 
gaseous phase on to a solid phase, usually the soil matrix. Since most petroleum constituents are 
non-ionic, they adsorb more readily to organic carbon rather than mineral particles in soil 
(Testa and Winegardner, 1991). Therefore, adsorption is a more important process in aquifers 
with high organic carbon content. In addition, adsorption reactions between. 
NAPL constituents and organic particles are usually chemical in nature, and therefore, are 
reversible equilibrium reactions (Testa and Winegardner, 1991).  
In general, adsorption retards the movement of contaminants in aquifers. Various adsorption 
isotherms have been developed to describe the equilibrium relationship between sorbed and 
dissolved phases for example an individual 2-3 hydrocarbon constituent. According to ASTM 
(1998) the most common method used to represent the equilibrium relationship is the 

Distribution coefficient, Kd, which is defined as:  s
d

w

CK
C

=  

where Cs is the adsorbed concentration of the hydrocarbon constituent and Cw is the aqueous 
concentration of the hydrocarbon constituent. dK  can also be estimated as the product of the 

fraction of organic carbon (foc) in the soil and the organic carbon partition coefficient (Koc) of the 
hydrocarbon constituent. 
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3.3.6 Volatilization 
In addition, contaminants forming an LNAPL often contain volatile compounds as well, which 
evaporate from the LNAPL and diffuse into the unsaturated zone. These volatile compounds can 
then leave the soil via the unsaturated zone and enter the atmosphere. However, also equilibrium 
will be established between the contamination in soil vapor and the groundwater, resulting in an 
increase in the area contaminated. If there is enough contaminant mass, the capillary fringe is 
suppressed until the contamination reaches the groundwater table and the LNAPL will push the 
groundwater table down. Moreover, part of the contamination will migrate horizontally on top of 
the capillary fring. 
Volatilization is the transfer of a chemical from the aqueous or liquid phase to the gas phase and 
is termed volatilization. The rate of volatilization is controlled by molecular weight, solubility, and 
vapor pressure of the liquid as well as the gas-liquid interface (U.S. EPA, 1995). Volatilization can 
result in mass loss from the subsurface into the atmosphere. While this process accounts for 
mass loss, especially in shallow water table environments, this mechanism may not be significant 
compared to other processes and diminishes in importance over time as volatile organics are 
depleted from the subsurface. McAllister and Chang (1994) state that at a typical site about five to 
ten percent of benzene mass loss is due to volatilization while biodegradation accounts for the 
remaining mass loss. The anticipated mass loss due to volatilization is even lower for less volatile 
hydrocarbon constituents. 
 
3.3.7 Biodegradation 
Biodegradation is a process by which hydrocarbons are consumed by micro-organisms through a 
series of enzyme-catalyzed oxidative-reduction reactions. When oxygen is the electron acceptor, 
aerobic bacteria convert hydrocarbon contaminants to carbon dioxide and water by transferring 
electrons from the hydrocarbon to oxygen, thus reducing it to water. Approximately three units of 
oxygen are required to convert one unit of hydrocarbon to carbon dioxide and water (Wong et al., 
1997; ASTM, 1998). Under anaerobic conditions, alternate electron acceptors are utilized by the 
microorganisms. Alternate electron acceptors, in order of preference, include nitrate, manganese, 
ferric iron, sulfate and carbon dioxide (ASTM, 1998). 
 
Mineral oil 
The capability of petroleum hydrocarbons to biodegrade depends on composition and chemical 
structure. Lighter, more soluble hydrocarbons are typically more biodegradable than heavier, less 
soluble hydrocarbons. Hydrocarbons with simple chemical structures are more biodegradable 
than complex hydrocarbons. For example, straight-chain hydrocarbons degrade faster than 
branched structures and mono-aromatic compounds, such as benzene, are more easily degraded 
then polycyclic aromatic compounds, such as naphthalene (Chapelle, 1993).  
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In the past 15 years, microbial degradation of petroleum hydrocarbons has been widely studied in 
the laboratory and in the field (Barker et al., 1987; Hadley and Armstrong, 1991; Chapelle, 1993). 
The presence of microbial populations capable of oxidizing petroleum hydrocarbons has been 
demonstrated in numerous locations and for diverse hydrologic conditions. Biodegradation has 
been shown in numerous studies to be the primary mechanism for attenuation of petroleum 
hydrocarbons in the subsurface (Chiang et al., 1989; Buscheck et al., 1993; Salanitro, 1993; 
McAllister and Chiang, 1994; and Maresco et al., 1995). 
 
Diesel 
By means of column experiments with diesel contaminated soils is proved that n-alkanes are bio 
degradable under sulphate reducing and methanogene environment, but other hydrocarbon 
fractions in dieseloil couldn’t degradate. Because of the less aromatic rings and more aliphatic 
chains, diesel is very low degradable in the environment. In particular diesel will partition by 
volatilisation, dissolution or adsorption of individual components depending on their physical and 
chemical properties. The fate and transport of diesel components mainly depend on their vapor 
pressure, water solubility, Henry’s law constant (U.S. Department of Health & Human Services, 
1993a, b, c) and biodegradation. During this research will be examined how biodegradation of 
diesel takes place and what the degradation speed is.  
 
In this chapter the different types of contamination which were discussed during the case studies 
will be treated and especially their possibility of biological degradation. First for each specie the 
chemical- and physical properties are treated and thereafter the degradation if possible. 
 
Aërobic degradation of BTEX 
For the biodegradation of BTEX in the ground the occurrence of a proper and big enough 
microbial population is necessary to degrade the BTEX components. A critical amount of BTEX 
degradable organisms must be present to induce degradation. The polluent concentration can be 
a limiting factor for the degradation rate: 
• Too high: possible toxic (for example in floating layers with BTEX) 
• Too low: less bio availability (especially in soils with a high organic matter) 
• The availability of inhibiting factors 
Some substances can boost the degradation: 
• ‘Fulvus’acids can help stimulation of toluene-degradate enzymes 
• Aromatic components as benzoate, phenylalanine provides a preferable selection for the 

BTEX degraders 
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In general it can be suggest that most of the BTEX components present in the gas-, water- and 
soil phase, are relative good aerobic and anaerobic bio degradable. The degradation often occurs 
through the water phase (dissolved BTEX). For this reason BTEX components are present as a 
separate liquid phase (NAPL = Non Aqueous Phase Liquid) not directly bio degradable. Besides 
in this case also toxic effects will play an important role (too high concentrations). The microbial 
degradation of aromatic pollutants as BTEX and PAH occurs through the following five steps, 
namely: 
1. Uptake in the cel of the polluent and eventually induction of specific catabolic enzymes 
2. Transformation/ metabolisation of the side chains (hydroxylation, demethylation, 

decarboxylation) as preparation steps up to cycle splitting 
3. Cycle splitting 
4. Forming of central metabolic components 
5. Further degradation of these components through central degradation routes 
 
Oxygen is herefor urgent and has a double function: 
1. As a electron acceptor and 
2. As a co-substrate which is built in the polluent 
 
Enclosed reaction (figure 3.5) describes how oxygen molecules are built in to form from 
successive an catechol, which is a central metabolite in most BTEX degradation routes and 
ringsplitting products (organic acids). 
 
 

 
Figure 3.5 Incorporation of oxygen during aerobe degradation of benzene 

 
Aerobic degradation of BTEX gives reason for the forming of phenols as intermediary products. 
On their turn they are further metabolized. By measuring the groups parameter as the phenol 
index or for the specific phenols one can show qualitative degradation of the BTEX. 
The biodegradation rate of the BTEX lays lower than those of the n-alkanes, but higher than 
those of the cyclic alkanes. 
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Anaërobic degradation of BTEX 
Most of the petroleum hydrocarbons (to whom BTEX belongs) are fast biodegradable under 
aerobic conditions. In most of the cases the oxygen is limiting the rate of aerobic biodegradation. 
For the first degradation step of hydrocarbons is moleculair oxygen needed. After the first 
oxidation step nitrate can function as electron acceptor, so that anaerobe degradation of 
intermediary products are possible. Anaerobic bacterias represents 10-15 % of the microbial 
populations in the soil. Some BTEX and alkanes can degrade under absence of oxygen and can 
be mineralised. The degradation rate in this case is much smaller than under aerobic conditions. 
 
Nitrate reducing conversions 
When oxygen is consumed (< 0,5 mg/l) and nitrate is available, than some micro organisms will 
used nitrate instead of oxygen as terminal electron acceptor. Research has proved that toluene, 
ethylbenzene, m-, p- and o- xylene, naphthalene and an serie of other hydrocarbons can be 
mineralised under nitrate reducing conditions. When the available oxygen and nitrate are used 
than the micro organisms can switch to the use of also other electron acceptors as manganese 
(Mn(IV)), Iron (Fe3+), sulphate or carbon dioxide. 
 
Iron reducing conversions  
There are micro organisms indicated who can joint the reduction of ferro-ions as electron 
acceptors to the oxidation of aromatic compounds as toluene, phenol, p-cresol and benzoate. 
Trivalent iron can occur in large amounts in most aquifers and thus support an important stock of 
electron acceptors. However most of the compounds of trivalent iron are insoluble in water. It is 
thus also important that this iron is bio-available. It can occur as cristaline and as amorf form. 
The forms that can easely reduced to amorf and low cristaline are cristalised Fe(III) hydroxides, 
Fe(III) oxyhydroxides and Fe(III) oxides. De reduction of trivalent iron can result to an important 
extension of the value of bivalent iron in the groundwater, related to the declination of trivalent 
iron in the aquifer material. If iron (III) is used as an electron acceptor in the plume zone of the 
contamination nucleus thereby strong values of iron in the groundwater can be measured. 
It should be noticed that increased iron values can caused by for instance sources (for example 
the appearance of a low redox potential by means of the presence of natural organic matter as 
peat layers, or the presence of a sewerage from where water with high biologic oxygen use is 
leached).  
 
Sulphate reducing and methanogene conversions 
It is experimentally proved that a great part of the contaminations can be oxidised under sulphate 
reducing and methanogene conditions: for example cresolisomerenes, homocyclic aromatics as 
toluenes, o-xylenes, alkylbenzenes and unsaturated hydrocarbons. Benzene can be metabolised 
under sulphate reducing conditions. This is important because for the time being is assumed that 
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benzene is a recalcitrant under nitrate reducing conditions, while the groundwater in many 
aquifers may contain considerable amount of sulphate.  
It is known that sulphatereducing and methanogene bacterial communities are very sensitive for 
some environmental parameters as temperature, nutrients, pH ans toxic species. The rate of 
degradation can under this circumstances decrease a lot when these factors are unfavourable. 
There is currently no micro organism identificated which on his own can fully mineralised under 
anaerobic conditions. But it is indicated that a consortium of different organisms can do this; this 
metabolised route is yet unknown and is currently researched. 
 
 
Table 3.2 Overview of micro-organisms having the capacity to transformate/ metabolise BTEX- 

components in absence of free oxygen 

 
    

     

 
For toluene and ethylbenzene is indicated that they have a common biodegradate intermediar, 
namely benzoyl-CoA. This substance is the most general between product in the anaerobe 
degradation of aromatics. Finally acetyl-CoA is formed (Figure 3.6). The anaerobic degradation 
route of xylene is, as for benzene, not well known. 
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Figure 3.6 Anaërobic degradation of BTEX 

 
Intermediary products from imcomplete microbial conversions 
The importancy of intermediary product can express itself when degradation must be estimated. 
Intermediary products which are found give an indication of the occurrence of degradation. 
Fermentation is an incomplete oxidation process which occurs under under oxygen poor 
conditions. Hereby the composition is partly oxydised and partly reduced because it is self 
functioning as electron acceptor. Also hydrogen gas is formed. Under oxygen limited conditions 
mostly a (temporally) accumulation of intermediary products occurs. For BTEX degradation the 
most occurred intermediary products are the phenols and benzoate acid. During contamination 
with mono-aromatics or poly-aromatics from petroleumproducts also variations in the composition 
of acids is estimated. In this case the ratio acetate/benzoate seems to be greater under 
methanogene than for sulphate reducing conditions. The measurements for the appearance of 
the concentrations and of the organic acids can be used as indicator for the active electron 
acceptor. 
 
Benzene  
Benzene gives of all the BTEX the most resistant to degradation and only 0.5 % of the soil micro 
organisms can use benzene as only carbon source. Under aerobe conditions benzene is due 
worked in of for instance momo- or dioxygenases forms successively cathechol and ring splitting 
products. By ortho splitting of the aromatic ring cis, cis- muconate is formed, which further 
degrade to succinate and acetate, two harmless central metabolites. Further degradation of  
2-hydroxymuconate semi-aldehyde, the meta- splitting product, produces acetaldehyde and 
pyruvate as the central metabolites. All this central metabolites can easely be degraded by central 
degradation routes. 
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Toluene  
For the primary oxidation of toluene by bacterias are five different mechanisms known (see 
Figure 2.4), namely: 
1.              !Dihydroxylation of benzene ring 
2, 3 & 4.   ! Monohydroxylation of the benzene ring in the ortho, meta- or para- position 
5.             ! Oxidation of the methylgroup 
Three of these five degradation routes pass through catechol, the ‘central’ metabolite at the 
degradation of aromatic components. The endproduct of the five routes are harmless metabolites 
which can be degraded fast as viewed in below figure 2.4. 
 
 

 
Figure 3.7 Possible degradation routes of toluene 

 
Ethylbenzene  
For ethylbenzene three different degradation routes are known as follows: 
• Through initially 2,3-dihydroxylation of the benzene ring. This route occurs through the 

catecholderivate 
• Through transformations in the side chains styrene is formed. Styreen itself can degrade 

through two different ways: 
− Through mono- oxygenation of the side chains 
− Through dihydroxylation of the benzene ring. Catechol-derivate is hereby formed 

• Through oxidation of the ethyl-side chains (less important end route) 
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Xylenes 
The three xylene isomeres can all three degrade aërobe, but the degradation rate of the o-xylene 
is extremely lower than that of m- en p-xylene. The degradation occurs through initial oxidation of 
one of the methylgroups. Often the degradation route go through catechol-derivates. 
 
3.4 Concept of diesel oil interaction with soil and groundwater 
At molecular level there’s exchange of oil components between the different soil phases. 
Especially the better solvable components in the oil phase go into solution and spread 
themselves with the groundwater; the less volatile components are spreaded with the groundair. 
From the water- or air phase adsorption occurs on to the solid phase of the soil. Because of 
already mentioned source zone behaviour of diesel, it belongs to one the most challenging 
contaminations in the soil. 
At such situations whereby oil contamination occurs as pure product (floating layer) in the soil, a 
long term threat is present. Hereby the pure product is functioning as a source from where 
constant supply of contamination in the direction of the groundwater (solvents) and unsaturated 
zone (volatilization) can occur. In case of diesel with an heterogeneous composition as mentioned 
above, because of wheatering the supply from the source may change in function of time. 
 
3.4.1 Release Conditions 
The release conditions of the diesel and the low groundwater table gradient are significant factors 
that influence how the LNAPL is migrated in the subsurface. The formation of the LNAPL plume is 
hereby characterized by the rate of release relative to the soil permeability, the induced head, the 
soil conditions, the hydraulic gradient, the depth and the orientation of the water table, 
significantly influence the potential movement of LNAPL within the subsurface. These release 
conditions influence the extent and timing of the oil migration. Understanding the release 
conditions is important in developing the site conceptual model. In particular understanding of the 
release conditions provides insight into the volume of hydrocarbon potentially existing in the 
unsaturated zone, the distribution of LNAPL in the saturated zone and the source of the LNAPL 
[14]. 
 
3.4.2 Mobility, Stability and Recoverability 
Understanding the potential LNAPL movement and oil recoverability are critical facets in the 
characterization and analyses of oil impacted sites. Although LNAPL may be inherently mobile, 
movement can only occur under a gradient. As such, LNAPL may be mobile but not move 
because the gradient is negligible. The capability to recover hydrocarbon as a LNAPL phase is 
termed ‘recoverability’ and is essential for the proper selection, design and operation of a 
remedial technology [14]. 
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3.4.3 Water Table Fluctuations 
In addition, water table fluctuations due to the low specific yield of the aquifer, in conjuction with 
seasonal recharge, have caused vertical movement of hydrocarbon and the development of a 
hydrocarbon smear zone and are an important factor in characterizing LNAPL site conditions. 
The transient nature of the fluctuations has produce variability in product thicknesses as well as 
LNAPL mobility, stability, and recoverability. 
Entrapment of LNAPL occurs when the water table rises and the capillary head decreases. 
During these rise the amount of free LNAPL decreases as a result of LNAPL entrapment and 
subsequently the LNAPL thickness in the wells drops. The water table rise might be such that all 
the free LNAPL becomes entrapped and thus the monitoring well contains no observable LNAPL 
while considerable amounts of organic liquid (pure product) are present in the soil. The effects of 
pore geometry hysteresis are different for both a water drainage case and a water imbibition case 
(e.g., as a result of water table rise) for the same porous medium are different in terms of the 
computed LNAPL specifis volumes. These results show the importance of knowing the saturation 
history at a particular site when converting well observations to LNAPL volumes [21]. 
In addition, since pure product is continually being trapped and released with the water table 
changes, new LNAPL surfaces in contact with water increase and facilitate mass transfer from the 
LNAPL phase to the aqueous phase. As a result, groundwater concentrations commonly will be 
higher in areas of large water table fluctuations. These conditions must be recognized to ensure 
management of LNAPL at a site [14].  
 
3.4.4 Heterogeneous Conditions 
Close examination of soil conditions during characterization efforts is fundamental to understand 
LNAPL movement. In particular, sites within varying soil profiles and or different underlying layers 
should be investigated comprehensively. Small changes in these soil textures within porous 
aquifers may act as preferential pathways or barriers for LNAPL movement. Since product 
movement may be significantly influenced by minor changes in soil conditions and differential 
layering, it is important that sites be properly characterizes to fully understand the LNAPL 
conditions [14]. 
 
3.5 Basics of TPH criteria to toxicological and spreading Risk 
Hydrocarbon fuels of interest in the context of petroleum contaminated sites are generally 
complex mixtures of compounds, including alkanes, alkenes and a range of aromatic compounds. 
Total petroleum hydrocarbon (TPH) contamination regards the toxicity and fate and transport of 
the whole products (e.g. diesel) and or individual key fractions (e.g. C10-C12) or components 
(e.g. benzene). 
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Analysis of soil and groundwater samples for Tauw by the Agrolab group in case for total 
petroleum hydrocarbons (TPH) parameter measures the total concentration of all petroleum 
related hydrocarbons, expressing the results in terms of the concentration of hydrocarbon 
compounds within various carbon ranges, from C10 untill C40 (see table A5-1). 
The TPH parameter is a useful indicator for hydrocarbon contamination evaluation. Thus it is of 
limited use in the assessment of health risk as it refers to the concentration of a complex mixture 
of compounds which do not exhibit toxicological or fate and transport properties [16]. 
The health risk associated with exposure to petroleum hydrocarbons may be considered to 
consist of the risk associated with a number of well defined compounds of known and significant 
toxicity (e.g. benzene and other monocyclic aromatic hydrocarbons, and PAHs, such as 
benzo(a)pyrene) and a much larger number of less well defined, generally less toxic compounds. 
Acknowledging the variability in the criteria nominated for TPH in the United States, the TPH  
Criteria Working Group (TPHCWG) was established to develop a technically defensible approach 
to the development of soil clean-up levels for TPH that are protective of human health. 
In order to facilitate this TPHCWG have assigned representative toxicological and fate and 
transport properties to each of the fractions. The representative properties give consideration to 
the range of properties exhibited by the chemicals comprising the fraction considered. 
By means of fate and transport, the TPHCWG split the range of petroleum hydrocarbons into six 
fractions (see table A5-1), considering separately the aromatic and aliphatic components of each.  
By observing toxicological properties the TPHCWG considers only three fractions (see table  
A5-1); due to the inability of the toxicological data to achieve a greater level of resolution. 
In integrating this approach proposed by the TPHCWG and the risk approach by OVAM and the 
Dutch standards, the soil and groundwater acceptance criteria for diesel have been developed 
(see table A5.1 in appendix 5); By further analysing this table based on the solubity the following 
fractions and compounds are considered for modelling purposes: 
• C10-C12 (Aliphatics) ! Species 1A 
• C10-C12 (Aromatics) ! Species 1B 
• C12-C16 (Aromatics) ! Species 2 
• C16-C21 (Aromatics) ! Species 3 
• B, T, E, X  ! Species 4, 5, 6, 7 
The toxicological and fate and transport properties assumed for each of the fractions are 
summarised in Table A5.3. 
 

Species 1 
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Table 3.3 Adopted toxicological properties for TPH 

 

Fraction C7-C9 C10-C14 C15-C36 

Oral reference dose 

(mg/kg/d) 

5.0 0.1 1.5 

Inhalation reference 

(mg/kg/d) 

5.0 0.3 1.5 

 
3.5.1 Introduction to risk evaluation 
In general risk evaluation concerns the urgency of eliminating the risk to human-toxicological, 
eco-toxicological and migration or spreading risk (referent: ‘Circulaire bodemsanering, 
april 2009’). Tauw Milieu (Nijhof & Theelen, 1994) [6] has defined the most important 
determinative component in case of spreading and health risk for several petroleum products. 
In case of diesel and ‘huisbrandolie’ (domestic fuel oil) their risk-determinative component for 
spreading and their health risk-determinative component are respectively the alkyl benzenes and 
C9-C10 aromatics. 
Table A5-1 in appendix 5 defines risk fraction specification for diesel as TPH, based on RIVM, 
TPHCWG and OVAM oil characterization in case of fate & transport and Toxicological (Eco and 
Human) criteria. These components may give valuable information in case of modelling aspects of the 
contamination source. The risk-aspects are functioning as an important parameter in case of 
remediation – and modelling purposes. 
Currently in many cases the destination of a area determines the risk aspect of a contamination 
source. The most important aspect is hereby the risk of spreading, whereby a specific area will be 
contaminated above a certain intervention value, which is defined by law. For the Dutch case this 
is defined in the ‘Wet Bodembescherming’. 
In case of groundwater, the decision criteria for a urgent ground contamination exist whenever 
more than 100 m3 groundwater is contaminated with mineral oil with concentrations above the 
I-value or more than than 25 m3 soil with mineral oil concentrations above the I-value. From the 
risk quantification for this site in 2002 it seems no actual risks for human- and eco toxicology. 
In appendix 1 a brief description is given about the Dutch STI Framework. 
 
3.5.2 Judgement of actual risks systematics (urgency determination) 
As described earlier, diesel has become an important soil and groundwater pollution, especially 
having regard to its humantoxicological-, ecotoxicological- and spreading risk systematics 
according to the Dutch Soil protection Law (Wbb). 
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Human toxilogical risk (Public health) 
For the judgement of possible risks to public health one should identical to the urgency systematic 
as input concentration take into account the amount and the average grade of the contamination 
within the T-value contour on a for exposure important part of the location. For the judgement of 
this location at first instant is go out from the worst-case scenario, whereby it start from the 
highest observed values in soil and groundwater. For the judgement one get started with standard 
defined exposure scenarios. The actual exposure is determined for location specific, whereby the 
exposure routes, which are not involved in the location, are deleted. 
 
Eco toxicological risk (Ecosystem) 
For the judgement of risks of a groundcontamination for the ecosystem the grade of the specie 
should be compared to the ecotxicological risk limiting value (HC50) for soil- and waterorganisms. 
These are rapported by Denneman and Van Gestel (1990). Conform the urgency systematic 
should start from the extension and the average value within the HC50-contour. By exceeding of 
the ecotoxicological limiting value a possible risk for the ecosystem occurs. But the urgency of a 
remediation should be judged by determing the actual risks, whereby one should take into 
account the depth and area of the contamination. By combination of the amount of extent of the 
exceedence of the ecotoxicological limitng value and the actual use of the location (type of area), 
possible actual risks are judged. 
 
Spreading risk 
For the judgement of the actual risks for spreading one shoul take into account de possibility of a 
contamination in the form of a pure product (floating layer). Beside it is identical to the urgency 
systematic there is talk of an actual risk for spreading, if the rate of spreading and the amount of 
available contamination (> intervention) within one year leads to an extension of more than 
100 m3 of soil volume contaminated above the intervention value. 
 
3.5.3 Basic principles 
The urgency determination is based on results of the case studies. For the judgement is the most 
recent analyzing results are used as starting point. 
Human toxicological risks; for the judgement of the human toxicological risks the following 
starting points are managed, namely:  
• Use of location (e.g. industrial, working, living, et cetera) 
• Use of surrounding (e.g. industrial, working, living, et cetera) 
• Present of pavement on the terrain 
• Present of emplacement, buildings, et cetera 
• Contaminations: the judgement of risk is not possible, if we take mineral oil into consideration, 

because for mineral oil there’s no MTR (Maximaal Toelaatbaar Risicowaarde) present. 
Therefore we assume of a product approach with diesel as contaminated product 
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• Drinking-waterpipes and underground water system 
In case of human risks, the grades and concentrations examined will outgoing from the  
worst-case scenario. 
 
Eco toxicological risks; for the judgement of the actual risks the following leading factors were 
handled: 
• The type of site were within the location is situated 
• The HC50-value of the mineral oil, corrected by the eventually peat grade of 1 % 
• For the judgement is taken the average grade of mineral oil in mg/kg d.s 
 
Spreading risks; At the judgement for the actual risks fo spreading the following factors are 
handled: 
• The average groundwater level 
• The depth of contamination within the groundwater from above the intervention value with 

diesel 
• The stream direction of the groundwater and the rate 
• In the urgency systematic in accordance with policy the retardation factor for mineral oil is set 

to 1, which means that no sorption of mineral oil onto the solid phase occurs. For mineral oil 
product a more realistically retardation factor is estimated, based on the most mobile 
components of the respective oil product 

 
There is talk of actual spreading risk in case of: 
1. If a floating layer or demonstrable transport is present in the unsaturated zone 
2. If the annual volume growth of a contamination in the groundwater above the I-value is 

greater than 100 m3 per year 
3. If there’s talk of a threated object as a result of spreading of the contamination 
 
If there’s talk of actual spreading risks as a result of the presence of a floating layer and no further 
spreading risks and human or ecological risks are predicted, then the urgent case of ground 
pollution is classified under category 3. Which means that after ten years, but before 2015, after 
handing over the order (‘beschikking’) based on serious and urgency by the qualified authority the 
soil remediation should be started. 
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4 The Numerical Simulator for Diesel oil/LNAPL 
Weathering 

4.1 Introduction 
Modelling is an excellent tool to understand and investigate LNAPL problems. However, it is a 
complex process that entails numerous steps and in order to be conducted properly requires time, 
reliable data, and expertise. Modelling should be viewed as a central tool for the evaluation of 
LNAPL problems. In particular, the modelling should be performed in a step-wise fashion from 
simple to complex and integrated into the site characterization and remedial activities if 
necessary. By actively applying various levels of models throughout all phases of the project, 
LNAPL characterization and remediation as well as the overall management of LNAPL impacted 
sites will be facilitated [14]. 
Because diesel is composed of many components with many various properties, it is a very 
complex substance to research. In particular diesel will partition by volatilisation, dissolution, 
biodegradation and adsorption of individual components depending on their physical and 
chemical properties. The fate and transport of diesel oil components mainly depend on their vapor 
pressure, water solubility, Henry’s law constant (U.S. Department of Health & Human Services, 
1993a, b, c) and biodegradation. 
Because the volatilisation and dissolution rates of these components are different, the more 
soluble and volatile components (e.g. Benzene) will be mobilised first, leaving behind a LNAPL 
with increased mole fractions of less mobile compounds. 
During this research will be examined how complete degradation of diesel takes place and what 
the degradation speed is. This will be done by applying and modifying the current TNO/UU model 
code RT3D-OW on behalf of the modelling of the transport of diesel components and its 
degradation components. 
The TNO/UU model code RT3D-OW is a modification of the existing code RT3Dv2.5 of the 
computer model MT3DMS from the U.S.G.S. and is combined with MODFLOW to model LNAPL 
behaviour in general. This RT3D-OW code will apply and if necessary modified to model in 
particular the behaviour of diesel components. The intention of this model code is to model 
reactive multi-components degradation in LNAPL. This will be done by a new reaction formulating 
parcel. In short the model works as follows: 
After the integration of the features the input and process output will be generated in a user-
friendly way. Therefore to be able to generate this and edit the input for the code and to view the 
modelling process, PM and Matlab is chosen to be the Graphical User Interface. They will also be 
used to do the pre and post processing altogether with the Command Prompt in Windows. 
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Extension of the RT3D code to RT3D-OW, allow for modelling of the mass transfer of 
components form the pure oil product to the groundwater. Two different situations will be 
accommodated: 
1) LNAPL is present in the form of a pool/lens, consisting of continues oil, floating on top of the 

ground water table as a floating layer (‘drijflaag’) (in case-1) 
2) LNAPL is present in a residual form (water-entrapped, discontinues) below the ground water 

table (in case-2) 
The residual situation is created when the pooled oil is smeared due to fluctuations of the ground 
water table. Processes of mass transfer for the two situations are modeled by different 
mechanisms in the code. 
 
In the following the RT3D-OW code will be described, together with the representation of the 
governing equations for the oil weathering processes in the floating layer of continues oil and 
residual oil. Also the requirements for the input of the oil weathering code will be threaten, 
whereby the central issue will be the sequence of input parameters in the RCT input file. 
 
4.1.1 The RT3Dv2.5 modelcode 
RT3Dv2.5 is a Fortran 90-based software package for numerical simulation of 3-D, multi-species, 
reactive transport of chemical compounds in saturated porous media and do calculations using 
the flow solution from a finite difference groundwater flow package such as MODFLOW. The 
standard RT3D comes along with a set of seven pre-built-in reaction kinetics modules. It also has 
the flexibility to utilize reaction mechanisms of other (more complex) reaction mechanisms, which 
are specified by the user through a number of generic user-defined modules. This is a powerful 
option provided in the RT3D code. Under this option the user has the choice of defining any type 
of reaction kinetics. For a full description, see the RT3D manual [5]. RT3Dv2.5 has been updated 
(compared to RT3Dv1.0) in several aspects. The base code has been updated to incorporate 
changes introduced into version 3.5 of the MT3DMS code. For details on these changes see the 
MT3DMS manual [4]. Because MT3DMS extensively describes the several packages used in the 
RT3D-OW code it is recommended to the user as a good documentation and user’s guide 
concerning this code. 
Because RT3Dv2.5 code uses standard Fortran 90 it allows seamless use across multiple 
platforms. RT3Dv2.5 has also new source/sink options of constant concentration and decaying 
sources. Four new reaction solver options have been added, including Runge-Kutta solvers and 
solvers using an explicit Jacobian matrix for stif problems. 



 
 
 
 

Reference R001-0301307DMO-los-V01-NL 

 

Msc Final Thesis 

 

53\90 

 

 

 
4.1.2 The RT3D-OW modelcode 
With RT3D-OW a new module within RT3D is implemented for describing the transfer between a 
source area and the ambient groundwater. This computer code thus simulates the emission from 
a weathering multi-component oil phase and its subsequent fate of the dissolved contaminants in 
the groundwater. In this new module the emission from both a continuous floating oil lens and 
discontinuous residual oil are added.  
In general (LNAPL) Light-Non-Aqueous Phase Liquids can reside in the subsurface as either 
continuous floating lenses submersed in the capillary fringe (floating layer), discontinuous 
droplets of oil trapped in the pore space (residual oil) or as dissolved phase in the aqueous water 
phase. These configurations have very contaminant release mechanisms, whereby Raoult�s law 
will be applied to allow for the dissolution of a multi-component oil phase. In addition, the code 
includes existing features of RT3D such as biodegration, advection, dispersion and chemical 
reaction. The resulting final code is very versatile and generic with respect to input data. The 
composition of the source and the groundwater can either be specified in oil fractions (C10-C12) 
or individual components (e.g. benzene). Important is that the data pertaining to the LNAPL and 
the groundwater should match. Based on the results of sensitivity analyses it is concluded that 
mass transfer from a continuous oil body is a slower process compared to mass transfer from 
residual oil. Thus as a whole, the weathering of oil is a slow process. A subsequent adjustment of 
both aerobic and anaerobic constants and the initial oxygen concentration shows high sensitivity 
because it is possible to simulate a wide range of plume concentrations and volumes. Due to the 
fact that RT3D-OW code is capable of simulating both weathering of an oil contamination in the 
subsurface and the time-dependant release of groundwater contaminants, it is a very useful code 
for evaluating and predicting the risk of spreading of subsurface contamination. In appendix 2 the 
RT3D-OW format and functionality is described [9]. 
 
4.1.3 The RT3D-OW model code in case of diesel 
Because diesel consists of a mixture of organic contaminants, whereby all these components 
have their own physical properties such as solubility, this (RT3D-OW) code will be applied. 
This means that the emission into the groundwater will initially be dominated by the most soluble 
components of the aromatic group, in this case BTEX and C10-C12. Eventually these 
components will become depleted, resulting in changing properties or weathering of the source 
area. This means that release of components into the groundwater will change with time. This 
time dependent emission of BTEX pollutants into the groundwater was previously not included in 
current solute transport models. And in order to implement policies such as stable end situations, 
it is paramount to have tools capable of evaluate and predict the risk of spreading of subsurface 
contamination, which is fulfilled by the RT3D-OW code. 
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4.2 Governing equations for mass transfer from residual oil 
Where the groundwater is in contact with residual oil, the mass transfer can be described by a 
first order kinetic relation as proposed by Miller and Mayer (1996). In this relation the mass 
transfer coefficient is written as a function of the Sherwood Number, which is time dependent. 
Raoult’s law (equation 9) defines the time dependent partition coefficient in this relation. For the 
mass transfer relation and the different time dependent coefficients a new Fortran module was 
programmed (RXNS) which can be added easily to the RT3D code as part of the reaction 
package [8].  
 
Koopmans et al. [10] presented the complete development of the governing equations for the 
conceptual model. In case one of these governing equations is used, a reference to the original 
equation number is given. 
From the governing equations we get for the saturation change for single-phase flow with residual 
NAPL: 
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where φ  is the porosity, wS  the water saturation, nN  the number of components in the NAPL, 

ni
wk is the rate of mass transfer of component i , siC  is the effective solubility of component i , 
wiC  is the concentration of component i  in the water phase and nρ  is the density of the NAPL. 

The change in concentration within NAPL is given by the equation: 
 

  ( )
n ni

ni si wi
w

S C k C C
t

φ∂
= − −

∂
  (2) 

 
where nS  is the NAPL saturation and niC  the concentration of component i  in the NAPL phase. 
The change in concentration within water is given by equation: 
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where ( )wi ni si wi
wk C C= −S  is the rate of mass transfer of component i  between the residual 

NAPL and water. Using equation (1) and rewriting equation (2) and (3) we get for the change of 
concentration of component i  in the NAPL 
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where n

oldS  and ni
oldC  are the saturation and concentration values at the old time level. 

For the change of concentration of component i  in the water leaving the advection and 
dispersion terms out we get after implying the operator splitter technique, the following: 
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Adding the aerobic and anaerobic degradation terms in equation (5) gives: 
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where aek  is the aerobic degradation rate coefficient and ank  is the anaerobic degradation rate 

coefficient. 
Many experimental studies resulted in mass transfer correlations. These correlations relate 
dimensionless forms of the mass transfer rate coefficient, the Sherwood number ( hS ), which is 

time dependent, to dimensionless forms of system properties such as the Reynolds number 
( Re ) and NAPL volumetric fraction ( nθ ). The correlation of Miller et al. [12] is used: 
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where pd = mean particle diameter [L], φ  = porosity, s = saturation, ni
wk = LNAPL-aqueous 

interface transfer coefficient [1/T], mD  = the molecular diffusion coefficient [L2/T], A and B are 

empirical parameters [-], 0 1 2, andβ β β , are dissolution rates and Re = Reynolds number: 

 

  Re
w

w

w

v dρ
µ

=     (8) 

 
where wv = flow velocity [ / ]L T , wρ = density of aqueous phase 3[ / ]M L  and wµ = dynamic 

viscosity of the aqueous phase. 
Grain sizes in fine inclusions are in the range of 0.002 mm to 0.005 mm ( = 0,000005 m) and 
coarse sand material range from 0.7 to 0.9 mm (= 0,0009 m) in diameter [29]. For these cases is 
assigned a value of 0,0004 m (= 0,4 mm). 
Raoult’s law defines the time dependent partition coefficient in this above relations. For the mass 
transfer relation and the different time dependent coefficient, a new Fortran module is 
programmed and added to the RT3D code as part of the reaction package. 
 
 

 
Figure 4.1 Sketch of a plume originated in a zone of residual oil [25] 

 
The effective solubility siC  is related to the concentration of the components in the NAPL by  
Raoult’s law: 

  
si ni wi

pureC X S=
                                         (9) 

 
where siC  is the effective (aqueous) solubility, niX  is the mole fraction of component i present 

in the NAPL and wi
pureS is the pure phase (equilibrium) solubility of component i . For modelling 

the mass transfer from the residual oil, two subroutines are written and some files and 
subroutines are modified. A detailed description of these modifications is given in appendix 2 
section 1.2.1. 
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4.3 Governing equations for mass transfer from a pool 
The mass transfer from a floating pool is described as follows (see Figure 4.2 and 4.3) [8]. It is 
assumed that a stagnant film of water surrounds the pool. In the zone where a pool/film is 
defined, advection is assumed to be zero. Therefor the relative permeability of the water (kr) is set 
to zero. The film is assumed to be in equilibrium with the pool, i.e. the concentrations of the 
LNAPL (oil) components in the film are assumed to be related to the concentrations of the 
components in the pool by Raoult’s law, see equation (8). 
 
 

 
Figure 4.2 Mass transfer from a pool 

 
The transfer of components from this film to the flowing groundwater is governed by lateral 
dispersion given by: 
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Figure 4.3 Sketch of a plume originated in a pool zone 

 
Figure 4.3 represents a conceptual model of NAPL pool dissolution, including (1) equilibrium 
between NAPL and groundwater at the pool/water interface, (2) dispersion of the dissolved NAPL 
away from the pool interface, and (3) advection of dissolved NAPL in the direction of bulk 
groundwater flow [21]. 

1

2
3
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Because in the RT3D input module of PMWIN it is not possible to model oil weathering 
processes, this will be realised by applying the RT3D-OW model code during this final thesis 
project. 
 
The RT3D code consists of a main program and a large number of highly independent 
subroutines, called modules, which are grouped in a series of ‘packages’.  
Each of these packages deals with a single aspect of the transport simulation. For modelling the 
mass transfer from the pool, the dispersion package (DSP) is modified. A detailed description of 
the modifications is given in appendix 2 section A2.2.2. In section A2.2.3 also some extra 
modifications to RT3Dv2.5 is given to make sure no advection take place in the two upper layers.  
The two upper layers of the computational grid of the aquifer model is used to model the pool and 
the film. 
 
The RCT-package (Reactive Chemical Transport) is used to identify the cells of these layers. 
This is done by assigning the value -2 for a pool cell and -1 for a film cell.  
In the subroutine of the SSM-package this input value is then translated to a value in the array 
ICBUND which is used throughout the package to identify special cells such as constant 
concentration cells. Then, from the cells indicated as film cells, a dispersive (or diffusive) flux to 
the groundwater is computed.  
 
In the user-defined module in the reaction package, the equilibrium concentration in the film cell 
will be calculated. 
 



 
 
 
 

Reference R001-0301307DMO-los-V01-NL 

 

Msc Final Thesis 

 

59\90 

 

 

5 Model Development 

5.1 Introduction 
The goal of this modelling project is to simulate risk associated mineral oil contaminants in soil 
and groundwater as realistically as possible, with the available broad range of field data (including 
bore logs, cone penetrometer tests (CPT), hydraulic head measurements in the natural situation, 
conductivity data, et cetera) to obtain information on process parameters (retardation, 
biodegradation, dissolution, dispersion) in order to enable a good model calculation. Nowaday 
dozens of models are available to calculate groundwater fluxes and flow rates with associated 
contaminant transport for different configurations of extraction or infiltration measures. These 
models vary from analytical mathematical solutions to numerical computer models.  
To process this contaminated flow situation, MODFLOW and MT3DMS will be used. MODFLOW 
models a modular finite-difference ground-water flow and MT3DMS includes the multispecies. 
Because the purpose is to model reactive species, RT3D is used which is further modified by 
TNO to account for a multi-species degradation of LNAPL (mineral oil) into RT3D-OW 
(Oil Weathering). This is mainly done by writing a new reaction package. The core of this model is 
a modified version of MT3DMS. 
In short the model is structured as follows: 
1. MODFLOW (flowfield) 
2. MT3DMS (insert multi species) 
3. RT3D-OW (reactive transport for weathered oil) 
4. PM & Matlab (post-modelling and plotting) 
 
Since this model consists of a combination of a lot of programs, below a figure is shown 
describing the data structure of the programs. 



 
 
 
 

Reference R001-0301307DMO-los-V01-NL 

 
 

Msc Final Thesis 60\90 

 

 

 
Figure 5.1 Schematic view of the relevant (data) flow within the entire model 

 
Part of this project is besides to process the contamination flow situation, also to associate it with 
the spreading of the contaminations and analysing the associated risk aspects. 
 
The process for this pollutant transport modelling can be summarized as the following: 
1. A detailed groundwater flow modelling to provide a reliable representation of the flow system 
2. A pathline analyses to determine the flow directions and travel times of water to the channel 

or by discharge 
3. A transport modelling for mineral oil to simulate the movement of its dissolved components 

(e.g. to the channel), and to predict the trend of its change in concentration by means of 
possible risks 

 
For the analyses of this conceptual model Processing Modflow pro will be used as the basic, 
which supports the models: 
• MODFLOW ! for simulating respectively the groundwater flow 
• PMPATH ! for simulating flow directions and travel times 
• MT3DMS/ RT3D! for simulating the hydrocarbon transport 
 

Input 

MODFLW96.exe

rt3dv25MLX.exe

Modflow 

Manually/

MT3DMS
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Modelled contaminants will be the Risk-determinative component for spreading and the 
Health risk-determinative component. In case of diesel oil, these modeled plume contamination 
components are specified in appendix 5. The aim of these analyses was to study whether or not 
the contamination components could spread into the direction of the channel in the urban area or 
therefore cause an impact on human health risk. 
MODFLOW is run, whereby a ground-water flow by means of a 3D heterogeneous and 
anisotropic medium was simulated. In the Table 5.1 below, the following Input and output files 
were selected from the folder pmwin_laycon and selected for the folder lmt3. The NAM file  
(e.g. ‘dieselmodels2.nam’) serves as the import file and contains the following information: 
LIST  ! output.dat 
BAS  ! bas.dat 
BCF    ! bcf.dat 
OC     ! oc.dat 
WEL ! wel.dat 
PCG ! pcg2.dat 
DATA(BINARY)  ! budget.dat 
DATA(BINARY)  ! heads.dat 
DATA(BINARY)  ! ddown.dat 
DATA(BINARY) ! mt3d.flo 
 
 
Table 5.1 Typical modflow files 
 

  

 

 

 
As described previous, this conceptual site will first be treated like a horizontal column a 2D  
(two-dimensional) flow system, a vertical cross section in which there is no tranversal dispersivity 
perpendicular to the section. Such a system can be simulated in MODFLOW as a single row with 
multiple layers and columns.  
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Therefor we defined the model grid in one row, six layers and 44 columns. In a 2nd phase, we will 
treat this conceptual site like a horizontal column a 3D (three-dimensional) flow system, a cross 
section in which there will be a transversal dispersivity perpendicular to the section. 
 
Phase 2 Model RT3D-LNAPL 
After the above Flow Model was created, it was linked to MT3DMS. This allows to construct and 
calibrate a flow model independently. In MT3DMS the simulation of the transport and the reaction 
of the species involved is done. There are 15 species defined, whereby eight mobile ones 
namely:  
 
 
Table 5.2 Species used in the model 

 

    

Mobile Species Immobile Species 

Specie(1)  !  Benzene(aq) Specie(9)   !  Benzene(NAPL) 

Specie(2)  !  Toluene(aq) Specie(10) !  Toluene(NAPL) 

Specie(3)  !  Ethylbenzeneaq) Specie(11) !  Ethylbenzene(NAPL) 

Specie(4)  !  Xylenes(sum)(aq)  Specie(12) !  Xylenes(sum)(NAPL)  

Specie(5)  !  C10-C12(aq) Specie(13) !  C10-C12(NAPL) 

Specie(6)  ! C12-C16(aq) Specie(14) ! C12-C16(NAPL) 

Specie(7)  ! C16-C21(aq) Specie(15) ! C16-C21(NAPL) 

Specie(8)  !  Oxygen(aq)  

 
The fraction C6-C10 of mineral oil is not defined, because they are not measured by Tauw 
Laboratories and the fraction C21-C40 is also not defined, because they are very less soluble and 
their presence is also nihil in domestic fuel oil/ diesel. 
 
The following packages were created in MT3DMS, namely: 
1. BTN: Basic Transport Input File 
2. ADV: Advection Input File 
3. DSP:  Dispersion Input File 
4. SSM:  Sink & Source Input File 
5. RCT:  Chemical Reaction Input File 
6. GCG: Generalized Conjugate Gradient Solver Input File 
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The RT3D is a code developed from MT3DMS. It is a modular computer code for simulating the 
process of Oil Wheathering (OW); a multi-species transport in 3D groundwater systems. For both 
codes the programming language Fortran is used. 
These modifications for the above situations, is made in TNO (Netherlands) report (Roelofsen, 
2003) for multi-component degradation (LNAPL). In the source code of the program RT3D-ow 
several parameters (see appendix 7) have to be specified. 
 
Transport of Contamination; The program will calculate transport due to flow of dissolved 
components and transport between the immobile species, in both residual and pool. Also 
dissolved species will take into acount. Transport due to flow incorporates advection, diffusion 
and dispersion. Spreading of dissolved contaminants also occure due to physical transport 
processes, like diffusion and advection, whereby due to adsorption some part may be rebound to 
the soil at other places. Diffusion is a very important transportmechanism for contaminants, in 
case of a low advective transport proces. Diffusion can be the cause of a very difficult 
groundwater remediation process. Especially in the case when a pure product is present on a 
claylayer. Adsorption can occure on both solid organic matter and dissolved organic matter, and 
therefor mobilizes the contamination. In case of volatile compounds, some part may be vaporized 
and some parts may be partly or fully degradaded by micro-organisms. Vaporizing of solvable 
contaminants (e.g. lighter fractions) into unsaturated zone is an important case problem. 
Vaporizing of contaminants from groundwater can result in high concentration of toxic gasses in 
underground constructions where people may live. The governing equation describing this is 
given by the Advection-Dispersion-Reaction (ADR), namely: 
 

                

2C D C v C
t

∂
= ⋅∇ − ⋅∇

∂
                   (11) 

 
Many contaminations undergo during the advective transport through the soil devide itself into 
different phases, e.g. by adsorption to the solid phase. The transport velocity of the contamination 
in this case will be retarded (‘slow down’).  This ‘downslowing’ is given by the Retardation factor: 
 

  
1 *b

dR Kρ
θ

= +                                            (12) 

Therefor the velocity of the contamination will be:  

                                                    
min

water
conta ation

VV
R

=                                     (13) 

 
whereby Vwater  is the velocity of the regional groundwater system. 
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The retardation effect of the contamination transport can be given by the following equation: 

    
2

L
CR D C v C
t

∂
= − ⋅∇ − ⋅∇

∂                                      (14) 
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For solving of water and contamination transport in more dimensions (x, y, z direction), instead of 
analytical solutions, we make use of numerical models. Nowadays the most used softwares for 
moddeling of groundwater and associated contamination transport are (visual)Modflow, RT3D 
and the more recentely developed PHT3D. 
By making use of the Boundary Conditions and assuming a finite coulum, e.g. a coulum in a  
Lab-setup or a coulum ground, the following analytical solution can be found: 
 

( )1
, 02

* * * * ** exp
4* * * 4* * *x t i i

LL L

R x v t x v R L v tC C C C erfc erfc
DR D t R D t

     − + = + − +                    

(15) 

 
The transport between immobile species and mobile species is approached differently for the 
residual and pool area. 
 
The residual; The transport between residual and mobile species is governed by a fist order 
kinetic relation between respectively the immobile (LNAPL) and the mobile part (aqueous) by 
means of dissolution and precipitation on one side (code: krate.f in RT3D ) and degradation of 
aqueous Mineral oil fractions and BTEX on the other side (code: rxns.for).  
The change in concentration in the LNAPL phase is calculated as follows: 
1. The Reynolds number is calculated 
2. According to Miller et al. [1996] from this we can calculate the Sherwood number 
3. From this the mass transfer rate is calculated 
4. The effective solubility Se is calculated from the mole fraction of component Xni in the LNAPL 

and the pure phase solubility wi
pureS , according to Raoult’s law 

5. From 3) and 4) we can calculate the concentration change in LNAPL 
6. Finally the rate of change in the water phase calculated 
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The pool; The transport from the pool is calculated in another way. It is assumed that around the 
pool, there is a layer (film) with dissolved concentrations according to Raoult’s law (code: kpart.f 
in RT3D). Transport from this pool only occurs due to lateral dispersion (permeability is set to 
zero). Degradation is only considered in the aqueous phase as a linear kinetic reaction (code: 
rxns.for). 
 
Start of a simulation Run: Command Promp 
The simulation run is start in the Command Prompt by entering a response file, which contains 
the names of input files in order required by the program. 
 
 

 
Figure 5.2 Start of a simulation run with command promp 

 
The content of such a response input file (or RT3D super file) is named input0.rts, which is 
defined in table 5.3 as follows: 
 
 
Table 5.3 Input files for the RT3D super file: input0.rts 

 
 BTN "basic_transport.btn" 

FLO "../1modflow/dieselmodels22/lmt3/flow.lmt" 
ADV "Ex_2a.adv" 
DSP "dispersion.dsp" 
SSM "example.ssm" 
RCT "reactions.rct" 
GCG "solver.gcg" 
CHK Y 
OUT "output_log.out" 
CON "Example.con" 
DSS "Example.dss" 
MAS "Example.mas" 
 

SPC "benzene" 1 1 
SPC "toluene" 2 1 
SPC "ethylbenzene" 3 1 
SPC "Xylene(sum)" 4 1 
SPC "C10_C12" 5 1 
SPC "C13_C16" 6 1 
SPC “C17_C21” 7 1 
SPC "oxygen" 8 1 
SPC "naplB" 9 0 
SPC "naplT" 10 0 
SPC "naplE" 11 0 
SPC "naplX" 12 0 
SPC “napl"C10_C12" 13 0 
SPC “napl"C13_C16" 14 0 
SPC “napl"C17_C21" 15 0 
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Parameters for input files; In the tables A7-1 and A7-2 in appendix 7 an overview is given of the 
relevant parameters for the simulation of the model run. Table A7-1 summarize the uplisted 
parameters for the source code of the Modflow program and Table A7-2 list up the parameters for 
the source code of the RT3D-OW program. 
 
Note that some parameters are used in both programs, since the RT3D code is developed from 
the MT3DMS code. 
The reaction variables entered in sub E-1 in Table A7-2 are: 
1. Position; of respectively pool, residual and film 
2. Water saturation for residual LNAPL area 
3. For each LNAPL component in pool; initial pool concentration 
 
PM and Matlab; The program RT3D-ow will give two kinds of output files, e.g. RT3D001.OBS 
and RT3D001.UCN. The first one is the concentration of every species at a specified observation 
place. These concentrations are written to files at the end of every transport step (about 
0.2 days). Secondly an unformatted file is written with the concentration distribution at the end of 
the simulation period (mostly chosen in the order of 70 years for case-1 and 65 years or case-2. 
This unformatted file has to be post processed by the program PM (Post Modelling).  
 
The source code of PM had to be changed in order to conveniently read and write data to files. 
Finally to plot the concentration distributions of the various species a Matlab file is written. 
 
Plot Results; The folder ‘post’ is used for running PM.exe to extract data from unformatted files 
of concentration for every grid cell. These concentrations are plotted after the simulation run has 
finished. These concentrations at the observation points are plotted versus time in a MATLAB file 
(plotModelMeas.m) by giving a plot command in MATLAB (one should be in the correct 
workspace/folder), with the function: plotResultModelcode(�inputmodelcode�) for all the mobile 
species. Hereby at time x, a concentration in every cell is written. 
 
5.2 Contaminant floating layer and plume 
The emission of oil pollutants into the soil and groundwater in most of the cases forms a 
groundwater plume existing of oil components dissolved in water. Hereby the composition of this 
groundwater pollution is determined by the composition of the oil and solubility in water of its 
individual components. In the case of mineral oil oil, a immiscible complex fluid referred as 
LNAPL (Light Non Aqueous Phase Liquid), which exists mostly of aliphatic/alicyclic and less 
aromatic hydrocarbons, concerning groundwater pollution especially the non-volatile but in water 
soluble aromatics and 2- and 3-ring polycyclic compounds is present in the plume.  
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Although NAPL dissolution is an important and complex subsurface transport process, because 
the inter-phase mass transfer rate form a NAPL phase to a mobile aqueous phase is a function of 
at least ten dimensional variables! Therefore, for most practical field simulations of NAPL’s, in the 
to be modelled nodes, is to use constant concentration boundary condition[16]. In the next section 
a rigorous approach for modelling NAPL dissolution processes that are coupled with 
biodegradation kinetics are presented.  
Evolution of dissolved plumes from a NAPL contaminated zone (with either pools or residuals) 
would depend on the LNAPL solubility and the mass-transfer characteristics of the LNAPL-water 
interface. The contaminant transfer from LNAPL phase to aqueous phase is described using 
first order mass-transfer model. Using this model, the fate and transport of contaminants 
origating from a LNAPL zone can be predicted using the equations as presented in the following 
section. 
 
5.2.1 Transport equations for the contaminant plume 
Assuming first-order biodegradation kinetics, transport and linear equilibrium adsorption of the 
eight mentioned species, can be simulated by solving the following set of partial differential 
equations for each specie: 
 

2 2 2

2 2 2

i i i i i
i

i x y z i

C C C C C
R D D D v C

t xx y z
µ

         ∂ ∂ ∂ ∂ ∂           = + + − −  ∂ ∂∂ ∂ ∂
  (16) 

 
Whereby:  i       = The species number 

 [ ]iC  = Concentrations of the modeled contaminant species (ML-3) 

 iµ     = First-order degradation rates of each specie i  

  Ri      = The retardation factor for each specie i  
 
Because of the lack of information it is impossible to determine if and what kind of adsorption the 
plumes are subject to. For now it has been assumed that all plumes follow a linear equilibrium 
adsorption. At this point I would like to emphasize that it should be kept in mind that this model 
will be some very rough estimation of the truth. In order to make to model more reliable more 
measurements should be done at the field. The linear equilibrium sorption isotherm and the 
according retardation factors Ri are described by (Fetter, 1999): 
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where ρb is the bulk density of the soil (ML-3), which is the mass of solute sorbed per dry unit 
weight of solid (MM-1) and kd is distribution coefficient (L3M-1). The equation for the retardation 
factor is obtained from substituting equation (3) into: 
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The initial condition for this model is:  At t = 0,   C = C0(x,y,z) 

The according boundary conditions are:  0C∇ =  at all boundaries 

 

5.3 Application of the modelcode to a 2D-model of case-study-1 
 
5.3.1 Construction groundwater and hydrocarbon flow model 
The groundwater flow withis this case is predominantly horizontal, because of a small vertical 
head gradient occuring within the aquifer. Groundwater simulations showed that all water was 
draining towards a local channel. The gradient for this case has been estimated to be 0,03 in to 
the West direction and perpendicular to the channel, since the available data concerning the 
survey of the monitoring wells could not be found as indicated in the report ‘Indicatief en nader 
bodemonderzoek, 1992’. The local groundwaterflow velocity is 1-3 m/year. Because of the same 
hydraulic head of 12,5m +NAP between the unconfined aquifer in the top layer and the beneath 
underlying confined aquifers, no vertical upward flow is simulated. 
On its way down diesel oil (as TPH) form a free-phase (mobile) part (PSH), an immobile residual 
part (PSH) and dissolved phase hydrocarbon (DPH). The conceptual model of dissolved phase 
hydrocarbon fate and transport includes the dissolution, migration, retardation and degradation of 
dissolved hydrocarbons within the aquifer. Soluble species in the PSH dissolve into the aquifer 
via two mechanisms: (1) recharge infiltrating vertically through the unsaturated zone, and (2) 
horizontal groundwater flow. Once present in the dissolved phase, the constituents are 
transported by advection and dispersion. Other processes that may influence the transport 
include adsorption-desorption and biodecay. In particular, the biodegradation is considered an 
aerobic process and is oxygen-limited, because dissolved oxygen (DO) concentrations within and 
near the plume perimeter decrease and generally range from 0,13-76 mg/L; which suggest 
aerobic biodegradation of hydrocarbon within the aquifer. 
Since the contamination is only situated in the first unconfined aquifer it was chosen only to model 
the flow and transport of the contamination in these layers instead of modelling also the deeper 
layers. 
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At the left hand side of the model (see figure 5.3), the channel is represented by a constant head 
of 1.55 m -gs in layers 2, 3 and 4 untill a buttom elevation of -5,5 m -gs The groundwater table is 
located at 1.5 m -gs (below ground water surface). Therefore for the whole domain we define -
1.5 m for the initial hydraulic head and -1.53 m for the head in the channel. The cells in layer one 
above the channel should demonstrate air and are therefore inactive. 
Because we want to model a real practice case, we decide to assign special channel properties 
as can be done in the riverpackage inputmodule of Modflow. Recharge due to rain or other 
factors is not taken into account, because the site is located in an industrial area, whereby the 
hardening of the ground exists from concrete flags and ‘stelcon’ plates. 
From the right hand side and the bottom a constant flux is entering the model to simulate the 
horizontal flow. The upward groundwater flow is negligible, because the head on both Top Layer 
and the first Aquifer are about the same at 12 m +NAP, thus this implies no relevant vertical 

upward movement of groundwater. The hydraulic gradient 







dx
dh

 is calculated to be 0.0003 (see 

page 16). The recharge per cell coming into the domain at the right hand side is calculated by: 
 

x
dhQ K A
dx

=
     (10) 

 
According to the parameters values of the different layer, the Q-value for the concerning layers 
are calculated. 
In the Figure 5.3 a descriptive representation of the groundwater system, which incorporates an 
interpretation of the geological, hydrological, and geochemical conditions, including information 
about the boundaries of the problem domain is represented as a conceptual model. 
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Figure 5.3 Conceptualization of groundwater and hydrocarbon flow within the layered aquifer 
 
In the conceptual model, layer 7 has a thickness of 1.0 meter, but in ‘reality’ it represents a 
thickness of 5 meters, where no information is available. In this case we don’t take into account 
for vertical upward flow, thus for vertical hydraulic conductivity the default value is used. 
The length of the modeled area is 110 meters and represented by 220 columns of each cell of 
0,5 by 0,5 meters. The width is 60 meters and thus represented by 120 rows of each cell of 0,5 by 
0,5 meter. This fine grid is chosen in order to eliminate numerical dispersion. The model contains 
seven layers, which have a total depth of 10 meters. This first six layers represent the first 
unconfined aquifer and the seventh layer defines the deeper aquifer. 
 
5.3.2 Modelling Set-up 
 
Phase 1: MODFLOW 
Fisrt the conceptualization of the site in a 2D-horizontal column was build in this modular finite 
difference groundwater flow model, commonly known as mudflow. Because the RT3D-OW code 
acts only in a fully saturated media, we make dispose of the first layer and treat it like a six layer 
system. To assign pool and film in first and second layer, we split layer 1 into three sublayers.  
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And to assign the residual oil beneath the groundwater table, we split layer 2 into two sublayers. 
Theirfor this column was devided into nine layers from top to buttom, with respectively: 0.07 m, 
0.01 m, 0.92 m, 1.20 m, 0.30 m, 1.50 m, 2.50 m, 1.00 m and 1.00 m. This Column was further 
devided into 44 blocks of 2.5 m width with a total width of 110 m.m. The width of the row is 25 m 
(See Figure 5.4). 
 
 

 
 

Figure 5.4 Schematic drawing (not on scale) of the conceptual model 

 
Flow is induced from the right cell in the first coulumn by a means of a constant hydraulic head of 
0.51 m and an initial head of 0.48 m for the rest of the model. In the first six layers of the first 
column, a river is inserted with a constant head of 0.45m. The column was build such a way, to 
create a possible LNAPL contamination within it. This will later on be defined in the RT3DOW 
code. Therefore in the Top layer partly a LNAPL-pool will be created with a tickness of 7cm as 
used in calculating purposes for this case and in the layer beneath the pool the ‘film’ with a 
assigned value of 1cm. The following two layers will partly consist of residual LNAPL (see 
figure 5.4). To study the behaviour of the contamination and for sampling purposes, six 
observation points (see Fig. 5.4) were applied. 
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MODFLOW is used to create a flowfield for the RT3D-OW model. Other parameters that are 
needed for the above column is: 
1. Discretization/distribution of cells including cell types (confined/saturated/no flow) 
2. Hydraulic conductivity (very low for the first two layers ! 0.0001 m/day/default value) 
3. Head distribution (By inserting prescribed initial/hydraulic heads and a river) 
 
The fluid velocity is about 2 m/year (effective porosity varies per layer) for case-1 and 
15.94m/year (effective porosity is constant for the quiet homogeneous model). Further for case-1 
a water saturation of Sw = 0.9 is calculated and for case-2 Sw = 0.97. (see for details [27] and 
[28]). These parameter values are imported in appropriate input files later on for MODFLOW and 
RT3D-OW. The running time depends on the age of the oil spill and the monitoring traject untill 
2025. 
 
5.3.3  Model build-up 
The contaminatinant plume is modelled in MT3DMS, instead of RT3D, because the latter did not 
have the sufficing modules incorporated. As already mentioned a map with measured 
concentrations and a cross sectional view is provided in Appendix 8 and 9. These measurements 
are used as initial concentrations in the model. 
 

5.3.4 Parameter Values 
The flow and transport model parameters and their vales are given in appendix 5. The results of 
the application of the RT3D-OW modelcode for the 2D model of case-1 is summarized within 
appendix 8 and the application to the 3D model of case-2 is given within appendix 9. 
 
5.4 Application of the modelcode to the 3D model of Case-study-2 
 
5.4.1 Introduction 
In this case study no floating layer or pool/lens of mineral oil as a LNAPL is present; the LNAPL is 
only present in residual configuration. The idea was not to apply this complex and time 
consuming Fortran based RT3D-OW model code, but just develop a simplified modelcode (based 
on Fortran, Mathematica, COMSOL, etc.) to solve the partial differential equations (PDE). But due 
to lack of time this has been overseen and the RT3D-OW code is still applied.  
 
5.4.2 Model Construction 
Since the RT3D-OW modelcode is based on simulation of fully saturated media, only the 
contamination below the groundwater table will taken into account. Because this contamination is 
present in a more or less homogeneous confined sandy aquifer, only the flow and transport of the 
contamination in these layer will be modelled instead of modelling also the deeper layers. 
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Model Domain; the finite element mesh is also used for this case study. The model domain 
covers approximately 18000 m2 and incorporates both on- and off-site areas where reliable 
monitoring well water level data exist. The finite element mesh is constructed primarily of 
quadrilateral elements (See figure A9-1 in appendix 9). The grid size is 2.5 X 2.5 meter and 
consist therefore of 2880 nodes in each layer. In figure 5.5 a 3D-illustratrion is provided of the 
contamination within the groundwater system with information about the boundaries of the 
modelling area. 
Soil properties; the soil properties of the layers as used for modelling is provided within case-2 
[28].  
Initial and Boundary Conditions; The initial water table levels for the model origins from water 
levels observed in monitoring wells. Because we want to model a real practice case, we decide to 
assign recharge from rainfall. This is important for this case, because the site is located in an 
open industrial area, whereby the ground is assumed to infiltrate water from the surface with a 
recharge flux of 0.0001 m/day for the entire model (see appendix 7 for the input parameters). 
The groundwater level through the modelling area varies between 8.15 and 8.22 m +NAP. A 
drinking water extraction located at a distance of 1392 m at the Northern of the site is extracting 
water from the 2nd waterbearing package and seems to have no influence on the 1st water 
bearing  package, because they are separated by a quiet impermeable parting layer of loamy clay 
from 10 to 12 m -NAP. 



 
 
 
 

Reference R001-0301307DMO-los-V01-NL 

 
 

Msc Final Thesis 74\90 

 

 

 
                                                                       Source:Tauw bv 

Figure 5.5 Conceptualization of groundwater and hydrocarbon flow  within the  aquifer 
 
From South to North a constant flux is entering the model to simulate the horizontal flow. 
The upward groundwater flow is negligible, because Top the beneath aquifer are about the same. 
This implies no relevant vertical upward movement of groundwater. 

The hydraulic gradient 







dx
dh

 is calculated to be 0.000973. 

 
5.4.3 Parameter Values 
The transport model parameters and their vales are given in appendix 5. 
The results of the application of the modelcode to this 3D model of case-2 is summarized within 
appendix 9. 
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6 Evaluation with the RT3D-OW modelcode 

6.1 Introduction 
The evaluation of the cases will take place by application of the RT3D-OW model code on one 
hand against the costs, CO2 emission, time aspects etc. of the applied remediation method on 
the other hand. This evaluation will give us an indication in the decisionmaking process for 
remediation. The quantity of C02 which during each remediation method per respectively case 
study is released is calculated by means of the current in development C02-TAUW 
CALCULATION TOOL model. The costs aspects concerning these remediations have already 
been exhaustively described in each case study as practical traineeship reports [27] & [28]. At 
least the whole must lead to sustainable soil and groundwater management regarding application 
to policy and obtain stable end solutions by means of robust remediation, whereby the RT3D-OW 
modelcode may contribute this way to be able to evaluate and predict the risk of spreading within 
soil and groundwater contaminations. 
A number of scenarios are set out for these cases, with the intention if it is well or not advisable to 
maintain or continuing with the remediation method concerned in respective case studies. In table 
6.1 a list of basic starting points are defined for both cases. 
 
 
Table 6.1 List of basic starting points for both cases 

 
 Unit Case-     

study-1 

Case-    

study-2 

Assumptions / Remarks  

Time of release of oil spill to 1955 1960 Equal to the time of contamination in 

contact with groundwater 

“Nulsituatie”-measurments t1 1992 2001 Based on the begin of available data 

     

Start of remediation 

(planned) 

t2 2009 2004 Based on the begin of available data 

Anno 2009  54 years 49 years Age of oil 

End of remediation (planned) t3 2010 2010 Based on available data 

End of simulation t4 2025 2025 Untill 15 years after end of remediation 
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6.2 Results of modelling 
 
Case-study-1 (Beek en Donk) 
For case-1 the remediation is carried out by means of excavation of the first top layer of 1.5 m 
within it the floating layer and the first residual oil layer (0,92 m thick). This keeps in that the 
second residual oil layer (1.20 m thick) in the saturated zone and the groundwater mostly remains 
as rest products. After analyses it is proved that the BTEX components herewithin only exist in 
small mass fractions and concentrations far below the T-value at present. It seems that therefore 
probable the bulk of the BTEX has already been degraded from the mineral oil since the 
beginning of the contamination. 
 
Scenario Beek-1 
Simulation of the natural process with no remediation and no aerobic degradation at all. This 
means the simulation time from 1955 (begin of oil contamination) until 15 years after now (year 
2009/2010) until 2025, which means a total simulation time of 70 years. The original 
concentrations assigned for the modelling species were derived from the calculated mass fraction 
values from the literature for diesel during the practical traineeship period in case-1 [27].  
The model in this scenario will consist of a pool, a film and residual oil in two zones (zone 1 and 
zone 2). A complete process based on advection, dispersion (diffusion), anaerobic degradation, 
sink & source and chemical reactions will be simulated. The modelling results are provided in 
paragraph A8.1 within appendix 8. 
 
Scenario Beek-2 
Simulation after the excavation of floating layer and the 1st residual layer as planned for 
excavation. Only the 2nd residual layer will act as contamination source. This case will also be 
simulated without any aerobic degradation. The simulation time will start from 2009 (begin of the 
remediation) until the year 2015. This means a total simulation time of 16 years with no pool, no 
film and no 1st residual oil zone, under anaerobic conditions. The begin concentration assigned 
for the modelling species were derived from the average filed measured concentration of the 
residual saturated diesel contamination [27]. A complete process based on advection, dispersion 
(diffusion), anaerobic degradation, sink & source and chemical reactions will be simulated. The 
modelling results are provided in paragraph A8.2 within appendix 8. 
 
Case-study-2 (Nijmegen) 
For case 2 the remediation is performed since 2004 by means of stimulation of aerobic 
degradation of the oil components according to airsparging and bioventing by in-situ remediation. 
Anno 2009 residual oil still seems to be appearing in the soil and groundwater.  
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Hereby the BTEX components are nearly or not present and therefore already supposed to be 
degraded from the bulk of the mineral oil since the start of remediation. Furthermore the 
remediation in this case proves to bring high costs and CO2 emission along with itself. A number 
of scenarios for this case are also set out in this report, with the intention if it is well or not 
advisable to carry on the in-situ remediations concerning this case study.  
 
Scenario Nijmegen-1 
Simulation of the naturally degradation process without any remediation and aerobic degradation.  
Simulation time from 1960 (begin of oil contamination) untill 15 years after now (year 2009) till 
2025. This means a total simulation time of 65 years with no pool and no film, but only residual oil 
zone and all under anaerobic conditions. 
The original concentrations assigned for the modelling species were derived from the assumed 
values from the literature for diesel [18] and can be viewed in case-2 [28]. A complete process based 
on advection, dispersion (diffusion), anaerobic degradation, sink & source and chemical reactions 
will be simulated. The modelling results are provided in paragraph A9.1 within appendix 9. 
 
Scenario Nijmegen-2 
Simulation during the in-situ remediation by means of aerobic degradation. The amount of 0xygen 
which will be applied is assumed to be 10 mg/L and is continueous applied to the in-situ system 
for a period of 21 years (2004 – 2025). The simulation time starts from 2004 (start of the in-situ 
remediation) until the year 2025 (assumed ending of the in-situ remediation). This means a total 
simulation time of 21 years with no pool, no film and only residual oil zone present under aerobic 
conditions. The begin concentration assigned for the modelling species were derived from the 
average filed measured concentration of the residual saturated diesel contamination [28]. 
A complete process based on advection, dispersion (diffusion), aerobic- and anaerobic 
degradation, sink & source and chemical reactions will be simulated. The modelling results are 
provided in paragraph A9.2 within appendix 9. 
 
Scenario Nijmegen-3 
This extra scenario is based on stopping the in-situ remediation this year (2009) and predicting 
what the flux will be in the next 16 years until 2025. This means simulation under anaerobic 
conditions.  The begin concentration assigned for the modelling species were derived from the 
average filed measured concenetration of the residual saturated diesel contamination [28]. 
A complete process based on advection, dispersion (diffusion), anaerobic degradation, sink & 
source and chemical reactions will be simulated. The modelling results are provided in paragraph 
A9.3 within appendix 9. 
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6.3 Evaluation 
 
6.3.1 Evaluation of case-study-1: Beek en Donk 
After evaluation of case-study-1, we get the following remarks: 
• 1.600 m3 of saturated groundmaterial is contaminated with diesel 
• 800 m3 of groundwater is contaminated with diesel 
• The mass of contaminant before remediation in the saturated zone is calculated about: 

42.312 kg 
• The mass of contaminant left behind after remediation in the saturated zone is expected 

about 35.000 kg (within 0.5 meter of the second compartiment will left behind as a 
‘restproduct’ 

• Remediation costs of about Euro 446.000,- is calculated 
• CO2 emission of about 59.336 – 79.854 kg is expected in case of remediation 
• Flux before remediation is calculated about: 3 Liters oil/ year. (see appendix 8) 
• Flux after remediation is calculated about: 0.6 Liters oil/year (see appendix 8) 
 
6.3.2 Evaluation of case-study-2: Nijmegen 
After evaluation of case-study-2, we get the following remarks: 
• 1.875 m3 of groundmaterial in the saturated zone is contaminated with diesel 
• 560 m3 of groundwater is contaminated with diesel 
• The mass of contaminant in the saturated zone before remediation is calculated at about: 

11.792 kg 
• The mass of contaminant already removed from the saturated zone is about 590 kg (or about 

694 liters of mineral oil) 
• The mass of contaminant left behind after remediation within the saturated zone is expected 

about 11.202 kg left behind as a ‘restproduct’ 
• Remediation and monitoring costs of about Euro. 686.119,- is calculated 
• CO2 emission of about 5.537.943 kg is expected in case of remediation 
• Flux before remediation is calculated about: 2 Liters oil/ year (see appendix 9) 
• Flux during the in situ remediation is calculated about: 4 Liters oil/year (see appendix 9) 
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7 Results 

Results Case-1 
• During the simulation, also the watersaturation in the residual zone was observed to check if 

oil is dissolved from this zone. From figure A8-2 within appendix 8, it can be observed that the 
water saturation is increasing linearly fro the assigned value of 89 % in year 0 untill about 
89.13 % in year 60. Therefor it can be concluded, that the oil is dissolved partly within 
60 years 

• In the figures A8-5 and A8-6 in appendix 8 an overview is given of the development of 
respectively the risk components in the Aqueous and the NAPL phase 

• Figure A8-5 is based on observation point 1, which is located at 20.5 downstreams in layer 3, 
more or less to monitoring well Pb 1007 in the field; From this figure the following are 
observed: 
The Benzene concentration seems to increase from year 0 untill it reaches a peak at year 8, 
and drops further until about 0 in year 60; which means more or less total degradation of the 
Benzene within 60 years. Unfortunately this concentrations are far below the detection limit to 
be observed in the field. 
For Toluene this is the same case. But the concentration increase faster to a peak and 
decrease faster to zero within 30 years of simulation. Unfortunately this concentrations are far 
below the detection limit to be observed in the field. 
Ethylbenzene seems to degradade lesser to zero witinh the 60 years. Which is the same 
case for m,o&p-Xylenes and the C10-C12 fractions. While the C12-C16 and the C16-C21 
concentrations seems to be more or less constant development in time. Unfortunately this 
concentrations are far below the detection limit to be observed in the field 

• Figure A8-6 is based on observation point 2, which is located at 42.5 m within the residual oil 
zone in layer 3. From this figure the following are observed: 
The Benzene concentration seems to decrese from year 0 untill it reaches zero at year 60; 
which means more or less total degradation of the Benzene within 60 years. Unfortunately 
this concentrations are far below the detection limit to be observed in the field.  
For Toluene this is the same case. The concentration of Toluene decrese faster to zero, 
already within 30 years of simulation. Unfortunately this concentrations are far below the 
detection limit to be observed in the field. 
Ethylbenzene seems to degrade linear to zero witinh the 60 years. 
This is the same case for m,o&p-Xylenes, but hereby a measurable concentration of about 
1200 mg/L seems to remain in the residual zone. For the C10-C12 fractions this is the same, 
whereby a concentration of about 3 mg/L remains after 60 years. While the C12-C16 and the 
C16-C21 concentrations seems to be increasing in time. This can be explained because the 
dissolution rates of these components are different. The more soluble BTEX components 
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mobilised first, leaving behind a NAPL with increased mole fractions or increased 
concentration of less mobile C12-C16 and C16-C21 compounds 

• Based on the results of sensitivity analyses it is concluded that mass transfer from a 
continuous oil body is a slower process compared to mass transfer from residual oil. Thus as 
a whole, the weathering of oil is a slow process 
 

Results Case-2 
• Case-2 was treated as a one oil fraction component (C10-C12) with only residual oil present 
• During the simulation, also the watersaturation in the residual zone was observed to check if 

oil is dissolved from this zone. From figure A9-1 within appendix 9, it can be observed that the 
water saturation is increasing linearly from the assigned value of 97 % in year 0 untill about 
97.4 % in year 5, and remains constant thereafter 

• In the figures A9-3 and A9-4 in appendix 9 an overview is given of the development of 
respectively the risk component in the Aqueous and the NAPL phase 

• Figure A9-3 is based on observation point 1, which is located downstreams near monitoring 
well Pb 1008 in layer 3. From this figure the following are observed: 
The C10-C12 concentration seems to reach this observation point after ten years and 
remains constant. This is the same case for figure A9-4 
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8 Discussion, conclusions and recommendations 

8.1 Discussion  
• The RT3D-OW modeIcode are applied to 2 cases: Case-1 and Case-2 
• Case-1 the modelcode was set-up as a 2D-model application, while for Case-2 this was a  

3D-model application 
• Case-1 was treated as a complete system with Pool, film and residual oil, along with 7 risk 

deterniative components (the BTEX components and the oil fractions: C10-C12, C12-C16 
and C16-C21); while for Case-2, only residual oil is defined, with one component (C10-C12 
fraction) 

 
8.2 Conclusions 
• Based on the results of appendix 8 and appendix 9 it is concluded that mass transfer from a 

continuous oil body as indicated in case-1 is a slower process compared to mass transfer 
from only residual oil as indicated in case-2. Thus as a whole, the weathering of oil is a slow 
process 

• From the modelling results, becomes clear that the bulk of diesel components are degraded 
on the basis of dissolution and to a lesser degree on the basis of anaerobic biodegradation of 
mineral oil; because the ground in the Netherlands mostly is not aerobic 

• In case-1 is observed that the risk is minimized. Under natural circumstances no potential risk 
seems to be present by means of spreading. Inspite of the presence of the floating layer of 
mineral oil, the concentrations of the risk determinative components seems to be far below 
the intervention value. In addition, the floating layer in this case also is not mobile and the 
composition of it for the bulk consists of higher oil fractions, which can not form a nearly 
spreading risk to his environment 

• What case-study 2 concerns, appears here a much lesser amounts of BTEX components. 
In this case the degradation of the remaining oil components is stimulated by means of 
aerobic degradation, thus it does not mean of any importance for the degree of degradation of 
these components. Since in this case also no floating layer is observed, a long-term threat is 
therefore minimized then in case-1. As it has been quoted at case 1 appears that the diesel in 
this case also exists for the bulk of higher oil fractions, which can form nearly no spreading 
risk for their environment. By regarding the remediation costs already spent and still to make 
the monitoring costs in the future, given enormous quantity of CO2 emission and still to be 
emitted CO2, it is very well advised this remediation and monitoring project to be stopped 

• The remediation in case-1 by excavation of the floating layer and part of the residual oil, 
seems to lead to high costs (EUR 446.000,-) and CO2 emissions (59336-79854 kg CO2). 
The total mass of mineral oil to be removed will be about 92158 Kg of mineral oil (about 
108000 Liters of mineral oil). From this total material, the saturated part will be about 
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42.312 kg. The ‘restproduct’ left behind in the unsaturated zone will be about 35.000 kg. 
The flux of oil before remediation, started from the begin of the spil is calculated at 
3 Liters/year; while the flux after a remediation is calculated at about 0.6 Liters oil/year 

• The remediation in case-2 by means of in-situ airsparging and bioventing, seems to lead to 
high costs (EUR 686.119,-) and a very high CO2 emission (5.537.943 kg CO2). The total 
mass of mineral oil already removed from the saturated zone is about 2 % which is calculated 
to be about 590 kg of the mineral oil (equal to about 694 liters of mineral oil). The flux of oil 
before remediation, started from the begin of the spil is calculated at 2 Liters/year. The flux 
after a remediation is calculated at about 0.63 Liters oil/year 

• The amount of CO2 emission per year related to the operating of the total in situ system for 
case 2 will be about 1728 kg CO2 per year concerning for supervision and maintanance 
purposes. Related to supervision & maintanance for this in-situ system the yearly costs will be 
about EUR 14.323,- and operating costs will be about EUR 23.184,- per year. This is 
summarized to a total cost of about EUR 37.507,- per year 

• Taking into consideration the high remediation costs and amount of CO2 release, it is not 
advisable to remediate case-1, because the risk of spreading of the toxic components seems 
to be to low 

• Taking also into consideration the much higher remediation costs and amount of CO2 release 
in case-2, it is not even advisable to remediate this site further, because beside the minimised 
risk of spreading of the toxic components also the overall efficiency concerning the 
remediated amount of mineral oil, seems to be to low 

 
8.3 Recommendations 
After analyzing both cases, we came to the recommendations, that since the RT3D-OW model 
code at the moment can only be applied within the saturated zones, a further development of this 
code for also the unsaturated zone will be of large aid for finding a integrated solution for the 
NAPL contamination problem, to be able to evaluate the spreading risk integrally. 
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List of Symbols 

Symbol                      Definition                          Unit 

 

A Surface area    [m2] 

Ac Cross-sectional area  [m2] 

As Specific Surface area of a soil particle [m2/g] 

b Thickness    [m] 

bsat Saturated thickness of ground layer [m] 

0 1 2, andβ β β  Dissolution rates   [day-1] 

C Concentration    [g/L] 

Cg Concentration in the gaseous phase [g/L] 

Cs Concentration adsorbed to the solid phase [mg/Kg] 
wiC or Caq Concentration in the water or aqueous phase [g/L] 

niC    Concentration of component i  in the NAPL phase[g/L] 

Co Initial Concentration   [g/L] 
siC  Effective solubility of component i   [mg/m3] 

Dw Diffusion coefficient of a compound in water  [m2/day] 

Ds Diffusion coefficient of a compound in soil [m2/day] 

Dmol Molecular diffusion coefficient of a substance dissolved in the liquid [m2/day] 

Deff Effective molecular diffusion coefficient of a compound   [m2/day] 

pd  Mean particle diameter   [L] 

foc  fraction of organic carbon  [-] or [%] 
koc the distribution coefficient between organic            [m3/kg] 
                           carbon and water of the solute 

h Hydraulic head    [m NAP] 

h0 Initial hydraulic head   [m] 

Ho Depth to groundwater level   [m] 

Hc Henry’s Law constant (various dimensions)                 [-] or [cm3/ cm3] or [atm.m3/mol]  
Jdiff Contaminant diffusive flux  [mol.m-2/s] 
Jhyd Contaminant hydrodynamic (advective) flux [m3/day] 
K Permeability    [m/day] 
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k Adsorption coefficient  [-] 
Kh Hydraulic conductivity   [m/day] 
Ks Saturated hydraulic conductivity   [m/day] 

ni
wk  Rate of mass transfer of component i  [day-1] 

aek   Aerobic degradation rate coefficient [day-1] 

ank   Anaerobic degradation rate coefficient [day-1] 
kow octanol water distribution coefficient  [m3/kg] 
koc adsorption coefficient to organic material  [m3/kg] 
kd soil-water distribution coefficient   [m3/kg] 
M Mol mass or Molecular Weight  [g/mol] 

nN  Number of components in the NAPL   [-] 
n or φ  Porosity    [-] or [%] 

ne or eφ  Effective Porosity    [-] or [%] 

Pvap Vapor pressure   [Pa] or [N/m2]  

Pentry Pore Entry pressure  [Pa] or [N/m2] 

R Retardation factor of a compound in soil  [ - ] 

Re Reynolds number   [-] 
Q flow rate   [m3/day] 

S or wi
pureS  Pure phase solubility of a compound i in water [mg/m3] 

s Mass of solute sorbed per dry unit weight of solid  [MM-1] 
wS  Water saturation    [%] 
oS or 

nS  Oil or NAPL saturation    [%] 

wiS     Rate of mass transfer of component i  between     [1/day] 

 the residual NAPL and water 

hS  Sherwood number   [-] 

T Absolute temperature   [K] 

T Transmissivity    [m2/day] 

t Time or duration   [day] or [hr] or [s] 

µ Viscosity   [mPa/s]  

wµ  Dynamic viscosity of the aqueous phase [mPa/s]  
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v Groundwater velocity   [m/yr] 

Vh  Horizontal groundwater velocity   [m/yr] 

Vmax  Maximum groundwater velocity   [m/yr] 

W Width   [m] 

q Darcy velocity    [m/yr] 

Q Recharge/ Discharge   [m3/day] 

C Hydraulic resistant   [etm] 

∆ Hydraulic gradient   [m/m] 

λ Degradation rate   [1/day] 

θ  Water content   [-] 

ρ Specific density of a chemical compound [kg/m3] 

ρb Volumetric or bulk density of a soil [kg/m3] 

ρp Particle density of a soil fraction  [kg/m3] 
nρ  Density of the NAPL  [kg/m3] 

wρ  Density of the aqueous phase   3[ / ]M L  

niX   Mole fraction of component i present in the NAPL [ - ] 

 



 
 
 
 

Reference R001-0301307DMO-los-V01-NL 

 
 

Msc Final Thesis 90\90 

 

 

 



 
 
 
 

 

 

 

 

 Appendix 
 1  

Dutch STI Testing framework 

 
 



 

 

The lab results until 2002 were tested by using the Dutch testing framework (STI-value) which is 
part of the “Wet Bodembescherming” (The ‘Wbb’ is the Dutch Soil Protection Act), while the more 
recently lab results were tested using the combination of the testing values (AW/S-, T- and I-
value) which is part of the “Circulaire bodemsanering 2006”, as changed per 1 october 2008 and 
the “Besluit bodemkwaliteit” per 1 july 2008. This testing framework consist of “Achtergrond-
waarden” (AW) for soil, “Streef” values (S) for groundwater and Intervention values (I) for soil and 
groundwater. The “Tussen” values (T) are defined as:  )(2

1 IAWT += for soil 

and )(2
1 IST += for groundwater. These values have been derived from risk based calculation 

methods, assuming multifunctional use of the site. The values are the same for industrial or 
residential land use (but remediation actions that may be required will be different according the 
land use). The meaning of these values and their presentation is shown in the table A1 below.  
For example, a soil sample in which benzene is found to exceed the S-value is considered slightly 
contaminated. No further actions will be expected or needed. If the I-value is exceeded it may be 
necessary to conduct additional sampling. If the volume of soil with a I-value exceeds 25m3, one 
speaks of a case of serious soil contamination. For groundwater, one speaks of a serious case of 
groundwater contamination if the I-value is exceeded in a volume exceeding 100m3. Serious 
cases of soil/ groundwater contamination may require remediation by law. In practice this will 
largely depend on whether there are actual risks (i.e. the case has the status ‘urgent’. 
 

 
Table A1-1 Dutch testing framework 

 
Concentration level for a 
compound Interpretation Presentation in tables 

< AW/S-value (or < detection limit) Not contaminated - 

> AW/S-value < T-value Slightly contaminated (no sustainable soil quality 

for functional properties of soil for humans, animals, 

plants) 

+ 

> T-value < I-value Additional soil investigation required ++  

> I-value Severe soil contamination  +++  

 
STI-values for soil are dependent on organic matter and clay (fraction < 2 µm) content of the soil. 
The site-specific (i.e. relative to the organic matter and clay content of the analyzed sample) 
Dutch S-, T- and I-values are calculated with the use of the sample (soil-horizont) specific values 
of organic matter and clay. (for example: the S, T or I-value for a compound will be different 
according to the organic matter content of the different samples). For groundwater there is only 
one list of STI values. The STI values for soil are given in mg/kg of dry matter, and the STI values 
for groundwater are given in µg/liter of groundwater. 
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RT3D-OW Format and Functionality 

 
 



 

 

The structure of the RT3D-OW is an extension of the code RT3Dv2.5, whereby new modules 
describing emission from both a continuous floating oil lens and discontinuous oil are added. 
The reasoning behind this is the extended capabilities focus on simulating the process of Oil 
Weathering (OW). This extended code is developed only for the modelling of oil products present 
in the subsurface as LNAPL (Light Non-Aqueous Phase Liquid).  
RT3Dv2.5 is a Fortran 90-based software package for simulating three-dimensional, multi-
species, reactive transport of chemical compounds in saturated porous media and do calculations 
using the flow solution from a finite difference groundwater flow package such as MODFLOW. It 
is a finite-difference numerical model for simulation of 3-D, multi-species, reactive transport in 
saturated porous media and comes along with a set of seven built-in reaction kinetics modules 
(see table 1). 
 
 
Table A2-1 Sumary of the 7 built-in reaction kinetics modules 

 

Module Discription Purpose 

module 1 
Instantaneous aerobic 

decay of btex 

To simulate aerobic degradation of BTEX using an instantaneous reaction 

model 

module 2 

Instantaneous degradation 

of btex using multiple 

electron acceptors 

To simulate instantaneous biodegradation of BTEX via five different 

degradation pathways: aerobic respiration, denitrification, iron reduction, 

sulfate reduction, and methanogenesis 

module 3 

Kinetic-limited degradation 

of btex using multiple 

electron acceptors 

To simulate kinetic-limited biodegradation of BTEX via five different 

degradation pathways: aerobic respiration, denitrification, iron reduction, 

sulphate reduction, and methanogenesis 

module 4 
Rate-limited sorption 

reactions 
To simulate mass-transfer-limited sorption reactions 

module 5 Double monod model 

To simulate the reaction between an electron donor and an electron 

acceptor mediated by actively growing bacteria cells living in both aqueous 

and soil phases 

module 6 Sequential decay reactions 
To simulate reactive transport coupled by a series of sequential 

degradation reactions (up to four components) 

module 7 
Aerobic/ anaerobic model 

for pce/tce degradation 

To simulate degradation of PCE/TCE and their degradation products via 

both aerobic and anaerobic pathways 

 
 
 
 
 
 
 
 



 

 

Table A2-2 Packages Included in the MT3DMS Transport Model . 
 

 
 

It also has the flexibility to utilize reaction mechanisms of other (more complex) reaction 
mechanisms, which are specified by the user through a number of generic user-defined modules. 
This is a powerful option provided in the RT3D code. Under this option the user has the choice of 
defining any type of reaction kinetics. For a full description, see the RT3D manual [5]. RT3Dv2.5 
has been updated (compared to RT3Dv1.0) in several aspects. The base code has been updated 
to incorporate changes introduced into version 3.5 of the MT3DMS code. For details on these 
changes see the MT3DMS manual [4]; The RT3Dv2.5 code now uses standard Fortran 90, which 
should allow seamless use across multiple platforms. RT3D v2.5 has new source/sink options of 
constant concentration and decaying sources. Four new reaction solver options have been 
added, including Runge-Kutta solvers and solvers using an explicit Jacobian matrix for stif 
problems.  
 
Values of reaction parameters, as well as spatially variable and/or constant parameters can be 
specified via the reaction package input files with the extension *.RCT. This appendix 
attempts to document all changes compared to the code RT3D.  
 
 
 
Figure A-2 



 

 

A2.1 Input file structure 
 
Since this model consists of a combination of a lot of programs, below a figure is shown 
describing the data structure of the program. 
 
 

 
Figure A2-1 Schematic view of the relevant data flow within the entire model 

 
A2.2 General Modifications  
Compared to the standard RT3D and MT3DMS two modules have changed the most: the 
SSM and RCT module. These changes have effected the structure of input files linked to these 
modules. 
 
Structure for SSM (Sink Source Mixing) file 
The data structure required for the SSM input file is identical to MT3DMS, with the exceptions 
that: 
1. RT3Dv2.5 does not support a mass-loading source (ITYPE = 15) 
2. RT3Dv2.5 has a decaying source (ITYPE = -2, which MT3DMS does not support), and 
3. The SSM input file structure for RT3Dv2.5 includes an extra record to support the decaying 

source 
 
Structure for RCT (Reaction) file 
RT3Dv2.5 is fully backward compatible with earlier versions of RCT file formats. Note that the 
RT3D code does not support the dual-porosity and NAPL options of MT3DMS. However, if 
required, dual porosity and NAPL dissolution kinetics can be defined via a user-defined reaction 
module named RXNS. 
 
 

Input 



 

 

A2.2.1 Modifications to RT3Dv2.5 for dissolution from residual oil 
The change of concentration of the oil phase due to mass transfer given by equation (4) and (6) is 
programmed in the user-defined-reaction-module of RT3D, subroutine RXNS (see appendix A). 
Two additional separate routines are written for the use within RXNS. For computing the mass 
transfer rate ni

wk  as given in equation (7) subroutine KRATE (see appendix b) is written and for 

the computation of the effective solubility siC  as given in equation (8) subroutine KPART (see 
appendix c) is written.  
Other modifications are made to the routines of the reaction package (RCT) and the main routine 
RT3Dv25. In RT3Dv25 a new module (feature within Fortran) named NSAT_ARRAY is defined 
containing the array NSAT. Using a module makes it possible to use the data from array NSAT in 
more than one subroutine without using so called common blocks. In subroutine RCTRTRP this 
array NSAT is allocated and initialized based on input from the RCT input file. In subroutine 
RCTRTSV array NSAT is used to update the saturation during simulation.  
In subroutine RCTRTSV values are assigned to the variables DPDTRANS (timestep) and 
DPKOLD (array with concentrations at previous time level).  
So the following module files have been modified (see table 4.2). 
 
 
Table A2-3 Modification of the modules. 
 

 Modified file/subroutine Extra function 

1 rt3dv25.f Declaring NSAT_ARRAY 

2 RCTRTRP Allocation and initialization of NSAT 

3 RCTRTSV Update NSAT during calculation 

4 rxns.f 
Calculation of change in concentration of mobile components due to 

dissolution of residual, aerobic degradation and anaerobic degradation 

 
Two subroutines are added, each in a separate source file: 
 
Table A2-4: Modification of the modules 

 

 Modified file/subroutine Extra function 

1 kpart.f Used in subroutine RXNS to calculate Csi 

2 krate.f:  Used in subroutine RXNS to calculate Sh 

 
The exact locations of the zone with residual oil as well as the saturation values are stored in the 
RCT input file. Within this input file the user is free to define additional spatially variable arrays. 
It is important to know that the existing RT3Dv2.5 concept is very versatile and that the use of 
numerous user defined input parameters therefore do not affect the main program. 
 
 



 

 

A2.2.2 Modifications to RT3Dv2.5 for dissolution from a pool 
The two upper layers of the computational grid of the aquifer model are used to model 
respectively the pool and the film. To identify those cells of the top layers containing a lens or film, 
the RCT-package (reaction) is used. This because the user is free to define for this package all 
kind of spatially variable or spatially invariable parameters. One spatially invariable array name 
VRC contains the locations for the pool (code = -2), the film (code = -1) and the residual oil (code 
= 1). To make this information accessible throughout the whole program code (all subroutines) 
the module ARRAY_CONFIG must be added the desired subroutine. 
This module was added to one of the subroutines of the SSM-package. In the subroutine 
SSM3RP of the SSM-package this input value is then translated to a value in the array ICBUND 
which is used throughout the package to identify special cells such as constant concentration 
cells. Then, from the cells indicated as film cells a dispersive (or diffusive) flux to the groundwater 
is computed. Therefore some actions have to take place in the subroutine DSP3BD of the 
dispersion package: 
[1st] For the 1st and 2nd layer, no dispersion has to be computed (dispersion is set to 0) 

unless the cell belongs to the film 
[2nd] For the 3rd layer, no dispersion at the upper boundary has to be calculated unless the 

cell is below a film cell 
[3rd] The new concentration in the pool cell has to be calculated 
 
In the user defined module (subroutine RXNS) as part of the RCT package the equilibrium 
concentration in the film cell will be calculated. 
Modifications are made for the central finite difference scheme for dispersion-diffusion in 
subroutine DSP3SV. The modifications are: 
[1st] Check if a pool is present 
[2nd] For the two upper layers this routine is skipped for the area outside the pool 
[3rd] For the third layer outside the pool the dispersive flux at the upper side of the cell is 

skipped 
[4th] The concentration in the film cell is made equal to the new concentration of the pool cell 

(in the reaction package routine RXNS the concentration in the film cell is changed 
according to Raoult’s law) 
 

So the following module files have been modified (see table 4.4). 
 
 
Table A2-5 Modification of the modules . 

 

 Modified file/subroutine Extra function 

1 SSM3RP Translation of pool/film data to program array ICBUND 

2 DSP3BD Calculate new concentration  in pool  

3 DSP3SV Calculation of change in concentration by dispersion 

4 Rxns.f Calculation of concentration in film 



 

 

A2.2.3 Extra Modifications to RT3Dv2.5 
To make sure no advection takes place in the two upper layers modifications are made in the 
advection subroutines for the MOC-procedure and the TVD-scheme. 
 
 
Table A2-6 Modification of the modules 

 
 Modified file/subroutine Extra function 

1 SADV3M 
Set horizontal fluxes in x- and y-direction to zero in cells containing a lens 

or a film for the MOC-procedure 

2 SADV3U Idem. for the TVD-scheme 
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Soil information list 

 



 

 

The chemical and physical properties of different soils are given in table A13-1. The difference 
between the soils explain the difference of their soil texture and is a result of the differences in the 
proportion of soil components, which also affect soil properties. All of this is based on the Soil 
Texture Triangle, which is illustrated in figure A3-1. 
 
 

 

 
 
 

Figure A3-1 Schematic view of the Soil Texture Triangle 

 
 



 

Msc Final Thesis 105\90

Table A3-1 Chemical and physical properties of the different soils  [9], [10], [18], [19] 

Fraction 

 
Size 

[µm] 
Specific surface area [19] 

[m2/g] 

Total Porosity 
[10] nt  

Effective  
Porosity[10]  , ne 

Water-
content,Ө

Permeability 

k [19],[20]   [m/day] 

Saturated Hydraulic 

Conductivity [9],[21]  ks [m/day]
Volumetric or bulk 

density [18]  ρb [ton/ m3] 
Particle density 
 [18]  ρp [ton/ m3] 

Organic Carbon 
Content, foc

[18]   

Pore Entry 
pressure 

[19] Pentry[bar] 
Gravel  2.103 – 63. 103  <1 24 – 36   100 - >1000      

 Gravel (coarse)   0.28 0.21        

 Gravel (medium)    0.24        

 Gravel fine   0.34 0.28        

Coarse sand    0.39  0.30  10 - 100     0.012 

Sand  63 – 2.103 1 - 10 0.45 0.32 0.15 10-2 – 1 15.20 1.7 2.65 0.1  

 Sand, wet        1.92    

 Sand, wet, packed        2.08    

 Sand, dry        1.60    

 Sand, loose        1.44    

 Quartz sand        1.2    

Moderately fine sand    31 – 46   1 - 10     0.025 

Fine Sand    0.43 0.33  0.1 - 5     0.04 

Loamy sand        13.51     

Sand, weak peat        4.32     

Silty sand       0,1 -0,001 3.84     

Sandy silt        3.29     

Silt, very sandy        3.01     

Silt, moderately sandy        2.32     

Silt, slightly sandy        1.37     

Silt  2 - 63 5 - 20 0.45 0.20  10-3 – 10-4     0.1 

Silty loam        0.62     

Loam    0.40  0.30  0.60 1.7 2.65 1  

 Sandy loam   0.45  0.35  2.99 1.6 2.60 2  

Sandy clay loam        0.55     

Silty clay loam        0.15     

Clay loam        0.21     

Sandy clay        0.19     

Silty clay        0.09     

Clay  0 – 2 20 - 800 0.42 0.06 0.30 10-5 – 10-7 0.11 1.8 2.70 0.1  

Peat    60 – 85   10-5 – 10-7 0,001 – 0,0001     

Humus Weak humus          0 – 1 %  

 Moderately humus           1 – 5 %  

 Strong humus          > 5 %  
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Principle refinery process streams 

 



 

 

Table A4-1 TPH classification 

 

HDS: hydrodesulfurised 

Catal:catalytical 

Source: TPHCWG (Total Petroleum Hydrocarbon Criteria Working Group, Toxicology Technical Action Group)  (1998), 

Analysis of petroleum hydrocarbons in environmental media, TPHCWG Series Volume 1. Amhers Scientific Publishers, 

Amhers MA, USA 

 



 
 
 
 

 

 

 

 

 
Figure A4-1 Composition in aliphatic (al) and aromatic (ar) fractions according the TPH 
systematic [6] 

 
 

 
Figure A4-2 Composition of a groundwaterplume (above) available from different types of 
analyzed oil products (below) [6] 

 



 

 

 

 
Figure A4-3 Schematic outline of the TPHCWG methodology [1997] 
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Flow and transport modelling parameters for Case-1 and Case-2 

 
 



 

 

 
A5.1 Flow model parameters 
 
A5.1.1 Soil properties 
 
Total Aquifer Porosity (n). A average porosity of 0.41 and a average effective porosity of ne 
=0.25 was estimated from the average of the saturated part of the layers in Case-1. But for 
calculations and the RT3D-OW modelling purposes, this values were averaged to a porosity of 
0.30. For a brief explanation of the porosities see Case-1.  
For Case-2 this average effective porosity was about ne =0.30 due to a much or less 
homogeneous moderately coarse sand package. 
 
Horizontal Saturated Hydraulic Conductivity (Kh). Horizontal saturated hydraulic conductivity 
for Case-1 seems anisotropic and spatially variable. Values assigned to Kh  were based on 
literature values. The values for Kh  range from 0.19 to 13.51 m/day. While for Case-2 a more 
isotropic values for Kh was used of 13.51 m/day.  
 
Vertical Saturated Hydraulic Conductivity (Kv). The vertical saturated hydraulic conductivity 
controls the drainage of hydrocarbon from the unsaturated zone and waterflow from the 
underneath aquifer to the top aquifers. Because of the same hydraulic head between the two 
aquifers, Kv was assumed to be 1 m/day for all layers for both Case-1 and Case-2. 
 
Flow packages for Modflow. The flowpackages in mudflow assigned for both Cases were 
different. Because in Case 1 the flow was effected by the water level of the ‘Zuid-Willemsvaart’ 
channel, properties were assigned to the channel. For this case, due to practical experience of 

Tauw bv, the Hydraulic Conductance is defined as: day
m

riv days
mmX

C
AC 2005.0

20
5.05.0

===  

The hydraulic head in the river is assigned a value of: 1.55 m –gs from fieldobservations. 
For Case-2 the recharge was assigned 0.0001 m/day (=0.1 mm/day), as recharge flux for the 
entire model to indicate infiltration water from rainfall (source: Tauw bv). Most of researchers 
have evaluated the infiltration rate in lab-experiments in a range from 0.95 to 3.6 mm/yr  
(= 0.01 mm/day), using isotopic tracer method. But the time scale of the tracer method is 
considered over thousand years, which is not practical in understanding the land surface 
process diurnally or annually. 

 
A5.2 Transport model parameters 
To model the behaviour of the mineral oil contamination, we first are going to specify which 
fractions are important in case of modelling the groundwater plume in function of fate and 
transport at one side and the toxicological aspect on the other side. After we specified those 
fractions, we are going to define which parameters are important in case of transport and to 
assign their specific values. 
 



 

 

A5.2.1 Specification of the Riskfractions for Mineral oil as TPH  
The risk fraction species selected for this mineral oil contaminated site, are shown in table A5-1. 
 
 
Table A5-1 Selection of Risk Fraction Specification for Mineral oil as TPH 

 

 Tauw Lab TPHCWG OVAM Diesel (OVAM) 

Fraction  fate and transport Toxicological Alliphatics Aromatics Aliphatics Aromatics 

C5-C6    C5-C6    

C6-C8 
 

C6-C8 (Aliphatics) 

C7-C8 (Aromatics) 
C6-C8 C6-C8 

  
 

C8-C10    C9-C10 C9-C16 C8-C10 C8-C10 C8-C10  

C10-C12 C10-C12 C10-C12  C10-C12 C10-C12 C10-C12 C10-C12 

C12-C14  

C14-C16 
C12-C16 C12-C16 

 
C12-C16 C12-C16 C12-C16 C12-C16 

C16-C18 

C18-C20 
C16-C20 C16-C21 C16-C21 C16-C21 C16-C21 C16-C21 

C20-C22     

C22-C24 
C20-C24 

   

C24-C26    

C26-C28 
C24-C28 

   

C28-C30    

C30-C32 
C28-C32 

   

C32-C34 

C21-C34 

C17-C34 

   

C34-C36 
C32-C36 

   

C22-C35 

  

C36-C38       

C38-C40 
C36-C40 

      

 
Based on the previous table A5-1 and table A6-2, in general the following eight species were 
defined for modelling purposes in case of a diesel (domestic fuel oil or diesel oil) contamination for 
the two cases, namely: 

1.       C6-C8   (Aliphatics)  ! Benzene (Specie #1) 
2.       C7-C8   (Aromatics) ! Toluene (Specie #2) 
3.       C7-C8   (Aromatics) ! Ethylbenzene (Specie #3) 
4.       C7-C8   (Aromatics) ! Xylenes (sum) (Specie #4) 
5.    a   C10-C12  (Aromatics) ! C10-C12 (Specie #5a) 
5.  b  C10-C12  (Alliphatics) ! C10-C12 (Specie #5b) 
6.      C12-C16  (Aromatics) ! C12-C16 (Specie #6) 
7.      C16-C21  (Aromatics) !          C16-C21 (Specie #7) 
8.      Oxygen    ! O2  (Specie #8) 



 

 

To apply those species in the two cases and to be able to do forecasts the respectively necessary 
data concerning this site should be available. And based on the availability, the components will 
be incorporated to evaluate the modelling. 
An inventory of the total risk determinative species is done, from which will finally some will be 
selected based on the available data. This can be viewed in Appendix 4.  
 

A5.2.2 Dissolved Hydrocarbon Species Parameters 
The following parameters are indentified in case of dissolved hydrocarbons, namely: Solubility: 
Is measured in terms of the maximum amount of solute dissolved in a solvent at equilibrium; it is 
often referred as the solubility limit. This aqueous solubility of species in pure phase is used to 
determine the equilibrium species solubility in multi-component PSH according to Raoult’s Law. 
The solubilities of the other BTEX compounds, and the defined risk fractions of diesel as TPH, 
are defined in table 9.18. 
 
Molecular Weight.: Species molecular weights are used to calculate species mole fractions, 
which are used to determine species equilibrium solubility in water during transport simulations. 
 
Soil-Water Distribution Coefficient (kd). The soil-water distribution coefficient (kd) describes 
the tendency for organic contaminants to be sorbed to soil. The distribution coefficient gives the 
ratio between the grade of the solid phase and the grade in the water phase. The distribution 
between soil and water is described as follows: 
 

water
d

soil CkC 00 =    (13) 

For organic compounds as mineral oil, the distribution coefficient may be estimated as follows:  
 

ococd kfk =    (14) 

 
whereby: foc  =  the fraction of organic carbon in the aquifer and 
                koc = the adsorption coefficient to organic carbon.  
 
The fraction of organic carbon in the aquifer is case specific and depends on the fraction of 
organic material as follows: 
 

*59,0=ocf fraction organic material  (15) 

 
From table 4.2, we find a Lutum grade of  3% and a Humus grade of also 3% for this case.  
Thus a mean soil organic carbon fraction for this case is calculated as follows: 
 

0,0177  0,03 * 0,59 *59,0 === materialorganicfractionfoc   

and is utilized in the distribution coefficient calculations. The koc value is specific per specie and 
is given in table 9.16 in appendix 17. The Soil-water distribution coefficients for the specified 
compounds are also given in table 9.16. 
 



 

 

Retardation factor (R): The Retardation tells how the contaminant with an initial concentration Co 
is distributed over the various soil phases during advective transport (e.g. by adsorption to the 
solid from the dissolved phase). The retardation is given by the retardation factor, which is 
calculated as follows: 
 

d
e

b k
n

R
ρ

+= 1    (16) 

 
Whereby: bρ  = the dry or bulk density of the soil "For this case: bρ =1700 kg/m3 

                  ne = the effective porosity of soil 
For this case is assigned: ne = 0,30.  
Equation (16) is based on linear adsorption. 
 
The retardation factor describes the average flow velocity of the contamination with respect to the 
groundwater flow as follows: 
 

RVV rgroundwate=contaminnt    (17) 
 
The retardation factor tells us the acceleration or delay with respect to the groundwater.

 

In table 9.16 in appendix 17, the retardation factor for the different species is calculated. 
 
A5.2.3 General Transport Parameters 
 
Hydrocarbon Specific Gravity: the hydrocarbon specific gravity is the density of hydrocarbon 
relative to water and is used in the model to convert PSH source volume to mass. A specific 
gravity of 0.82 is assigned for this case (ESE, 1993). 
 
Aquifer Thickness: the aquifer thickness for transport represents the depth over which dissolved 
phase hydrocarbon occurs. A value of 3,5 meters is used for aquifer thickness in this case based 
on the average thickness of the PSH smear zone. 
 
Soil Bulk Density:.the soil bulk density defines the mass of dry soil relative to the bulk soil 
volume. A soil bulk density of 1.70 g/cm3 (1700 kg/m3) is assigned for this case. 
 
Dispersivities (αT + αL ): Longitudinal and transverse dispersivities control the rate of 
dispersive transport in the direction of and perpendicular to groundwater flow, respectively. 
Longitudinal dispersivity was assigned to be 0.45 meter for a sandy soil [14]. The transversal 
dispersivities αT (L) in the y and z direction are calculated by (Fetter, 1999) as: 
 

LT αα 1.0= = ± 0,045 meter 

 
PSH-Water Mass Transfer Coefficient:. The PSH-water mass transfer coefficient describes the 
rate of species dissolution from PSH into groundwater flowing transversely past PSH in the 
aquifer. The PSH-water mass transfer coefficient is retrieved from the literature [13] and is 
assigned to be 0.3 (ES&T, 1997). 



 

 

Water saturation (Swater) and oil saturation (Soil)  
The water- and oil saturation coefficicient for Case-1 is determined based on: 
Ctotaal = 15560 mg/kg d.s. and Cw = 16264 µg/L. From the following parameters of this case, 
namely: bρ  = 1700 kg/m3, V =1600 m3, φ  = 0,30 and KD  = 0,14 m3/kg for the oil saturation is  

 
calculated: Soil= 0.1 and for the water saturation is calcualted: Swater = 0.9 
 
The water- and oil saturation coefficicient for Case-2 is determined based on: 
Ctotaal = 4.000 mg/kg d.s. and Cw = 6.000 µg/L. From the following parameters of this case, 
namely: bρ  = 1700 kg/m3, V = 7200 m3, φ  = 0,30 and KD= 0,14 m3/kg for the oil saturation is 

calculated: oilS  = 0.03 and for the water saturation is calcualted: Swater = 0.97. 

 



 

 

Table A5-3 Continuation of Chemical and physical properties [17], [18], [19], [20] of the Transport Model Parameters for Diesel and other petroleum products 

 

Soil-water distribution 
coefficients  [m3/kg] 

Retardation factor 

Species 

number  

Mineral oil 

fraction 
[[17],[21] 

Name 

Sub-

stance  

Molecule Formula 

& 

structure 

Molecular 

Weight 

[g/mol] 

[25] 

Specific 

density 

ρ 

[kg/m3] 

Diffusion 

coefficient  
De 

[m2/day] 

[26] 

Kow 

[l/kg] 

 

Log 
Kow 

[25] 

Log   Koc 

dm3/kg] 

[25] 

Koc 

[m3/kg]
(calculated) 

kd 
 (

ococd kfk = ) 

(foc=0,0177) 

(=0.59*3% org) 
 

kd 

 (Literature)  

 (foc=0,018) [21]
 

(=0.59*3.1% org)

 

R 

d
e

b k
n

R
ρ

+= 1

ρb=1700 kg/m3 

0,25en =  
(with RIVM-data)

R 

(Literature) 
[23] 

 

 

Pure-Phase 

Water 

Solubility    

[mg/ m3] [25] 

or [µg/L] 

(15oC) 

Vapor 

pressure 

[Pa] 
[25],[26] 

Henry�s 

Law 

Constant 

[-] 
[26] 

Aerobic 

Degradation 

rate 

[1/day] 

Literature[21]

Anaerobic 

Degradation 

rate 

[1/day] 

Viscosity 

[mPa/s] 

 Water      1000               1 

 Diesel C9-C26     800-900         13 44.000[20]     2,6 - 4,1 

 HBO 
(Domestic 
Fuel Oil) 

C10-C26  

  

 

        

   

13      

1 

Arromatics C6-C8 ! Benzene 

 

              

78,1 878,7 1,4*10-6 128,82 2,11 1,87 0,07413 0,00131 0,02030  9,91 2,53 1.990.000 9.510  0,159 0,198 0,004 0,70 

2 

Aromatics C7-C8 ! Toluene 

 

         

92,1 866,9 1,2*10-6 512,86 2.71 2,09   0,12303 0,00218 0,02030  15,82 3,93 611.000    2.960 0,190 0,167 0,039 0,56 

3 

Aromatics C7-C8 ! 
Ethyl-

benzene 

 

        

106 870 2,1*10-6 1.412,54 3,15 2,53 0,33884 0,00600 0,02030  41,8 12,17 159.000       935 0,270 0,001 0,007 0,69 

4 

Aromatics C7-C8 ! 
Xylenes 

(sum) 

 
106 

106 

106 

870 

1,6*10-6 

1,6*10-6 

1,6*10-6 

1.584,89 

3,20 

3,03 

3,15 

2,41 

2,18 

2,66 

0,25704

0,15136

0,45709

0,00455 

0,00268 

0,00809 

0,02030  35,75 6,37

197.000 

219.000 

211.000 

805 

676 

860 

0,184  

 0,139

0,184  

0,116 0,010 0,65 - 0,88 

5A Alliphatics C10-C12   varies 160 4,0*10-6 5.754,40 3,76 5,40 251,19 4,44606 4,51640  30.234,21         26,1 [25],[21] 79     [25],[21] 206  

5B Aromatics C10-C12   varies 130 
850 

1,4*10-6 3.801,89 3,58 3,40 2,51 0,04443 0,04520  303,12  24.800    [25],[21] 79     [25],[21] 0,176
0,010 0,010 

 

                    

6A Alliphatics C12-C16   varies 200    6,70            0,76  76         6,70   

6B Aromatics C12-C16   varies 150 
850 

1,4*10-6 4.073,80 3,61 3,70 5,01 0,08868 0,09010  604,02    5.810    [25],[21]  3,55  [25],[21] 0,039
0,001 0,001 

 

                    

7A Alliphatics C16-C21   varies 270    8,80             0,0013 0,110 4900  

7B Aromatics C16-C21   varies 190 
850 

1,4*10-6 4.570,88 3,66 4,20 15,85 0,28055 0,28500  1.908,74       543    [25],[21] 0,172[25],[21] 0,0256
0,001 0,001 

 

                    

8A Alliphatics C22-C35   varies     8,80          0,0025    0,110 85    

8B Aromatics C22-C35   varies 240 
850 

   5,10          6,60 4,4 E-05 0,0000177    

                    



 

 

      Table A5-4 Fraction-Specific Chronic Reference Doses 7 

 

Modelling 

Species 

number  

Mineral oil 

fraction 
[[17],[21] 

Diesel oil fraction 

 

Modelling 

components Oral RfD 

(mg/kg-day) 

Inhalation RfD 

(mg/kg/day) 

Target Organ/ 

Critical Effect 

 Diesel C9-C26      

 HBO 

(Domestic Fuel Oil) 
C10-C26 

 
    

1 
Arromatics C6-C8 ! C6-C8 ! Benzene    

2 
Aromatics C7-C8 ! 

 

C7-C8 ! Toluene    

3 
Aromatics C7-C8 ! C7-C8 ! Ethyl-benzene    

4 
Aromatics C7-C8 C7-C8 ! 

Xylenes 

(sum) 
   

 Alliphatics C7-C8  BTEX 5.0 5,3 kidney 

        

 Aromatics C9-C10   0,04 0,06 decreased body weight 

 Alliphatics C9-C10   0,1 0,3 Liver, hematological system 

        

        

5A Aromatics C10-C12 C10-C12 C10-C12 0,04 0,06 decreased body weight 

5B Alliphatics C10-C12   0,1 0,3 Liver, hematological system 

        

6A Aromatics C12-C16 C12-C16 C12-C16 0,04 0,06 decreased body weight 

6B Alliphatics C12-C16   0,1 0,3 Liver, hematological system 

        

7 Aromatics C16-C21 C16-C21 C16-C21 0,03 NA kidney 

 Alliphatics C17-C26 C17-C26 C22-C26 2,0 NA liver 

        

 Aromatics C22-C35   0,03 NA kidney 

        

 Aromatics C36-C40   0,03 NA kidney 

        

        

 
7 From TPHCWG Series Volume 4 1997b and Volume 5, 1999 

rFD =  Fraction Specific Reference Doses values 

 



 
 
 
 

 

 

 

 

 Appendix 
 6  

LNAPL (diesel) composition analysis 

 



 

 

Site-specific parameter values for the TPH1 and TPH2 pseudo-species was defined for a 
diesel/gasoline mix (LNAPL) composition from literature data which has been used for a complete 
composition analysis and which has been performed at a diesel contaminated site in the Eastern 
United States [18]. For each hydrocarbon constituent detected, the laboratory provided therefor 
the molecular weight, estimated mole fraction, and estimated pure phase solubility  
(see table A6-1). 
The mole fraction data were converted to mass fractions as the transport model RT3D-OW uses 
the mass fraction data to calculate the effective solubility at each time step. The mass fractions 
for TPH1 and TPH2 were calculated as the sum of the mass fractions for the individual 
hydrocarbon constituents composing each pseudo-species. After each hydrocarbon constituent 
had been specified as part of either the TPH1 or TPH2 pseudo-species, the mass fractions of 
each constituent within each pseudo-species were normalized to one. These values are 
presented in the Pseudo-Species Fraction column in the accompanying table. These values were 
used to calculate a weighted average for the molecular weight of TPH1 and TPH2 and for a 
weighted average for the solubility of TPH1. A weighted solubility was not calculated for TPH2 as 
TPH2 was defined as being less soluble. 
 
A6.1 PSH Composition Analysis  
From the literature [18] we retrieved a complete compositional analysis on a PSH (phase 
saturated hydrocarbon) sample collected from a mineral oil (e.g. diesel) contaminated site. 
Hereby for each hydrocarbon constituent detected, the laboratory provided the molecular weight, 
estimated mole fraction, and estimated pure phase solubility; the data given here within give an 
indication of each of the properties of each compound in a diesel oil sample and is shown in table 
0.9. Because of the low initial concentrations of the Benzene, Toluene, Ethylbenzene and 
Xylenes(sum) species, they are threaten as one whole group of BTEX species. The parameters 
for this BTEX group are defined in Table A6-1. The second and third group of species combined 
together are the C9 to C10 compounds and the compounds C11 to C12 which both are defined in 
this table. 
 



 
 
 
 

 

 

 

 
Table A6.1 PSH (diesel&gasoline mix) composition analyses (from [18]) 

 

Compound MW 

Mole 
Fraction 

(estmated) 

Mass 
Fraction 

(calculated) 

Compound 
Solubility 

(mg/L) 
     BTEX         

Benzene 87     1990,0 

Toluene 92 3,1151E-03 1,6101E-03 611,0 

Ethylbenzene 106 1,4273E-03 8,4994E-04 159,0 

m-Xylene 106     197,0 

o-Xylene 106 3,5791E-03 2,1314E-03 219,0 

p-Xylene 106 5,8811E-03 3,5022E-03 211,0 

          

TPH1         

C5= 70 4,5327E-04 1,7825E-04 203,0 

cC5 70 3,6255E-04 1,4258E-04 156,0 

BzC3 120 1,2933E-03 8,7190E-04 93,0 

BzC3 120 9,4396E-03 6,3630E-03 93,0 

C6= 84 1,3051E-04 6,1591E-05 69,7 

BzC3 120 3,6499E-03 2,4606E-03 57,0 

BzC3 120 8,6441E-03 5,8275E-03 57,0 

C4 58 6,3991E-05 2,0851E-05 48,9 

BzC3 120 6,7880E-03 4,5762E-03 48,0 

Naph 128 9,4959E-03 6,8285E-03 30,0 

C1Naph 142 1,3086E-02 1,0439E-02 28,0 

BzC4 134 1,5212E-03 1,1452E-03 25,0 

BzC4 134 8,5483E-03 6,4352E-03 25,0 

C1Naph 142 1,9808E-02 1,5802E-02 25,0 

C6 86 3,4070E-04 1,6461E-04 20,5 

cC7= 96 1,7583E-04 9,4832E-05 20,0 

cC7= 96 8,8073E-05 4,7500E-05 20,0 

C6 86 3,7287E-04 1,8015E-04 17,9 

BzC4 134 3,6093E-03 2,7171E-03 14,0 

BzC4 134 4,8915E-03 3,6824E-04 14,0 

BzC4 134 5,9838E-03 4,5047E-03 14,0 

BzC4 134 7,4085E-03 5,5772E-03 14,0 

C2Naph 156 3,7407E-03 3,2784E-03 14,0 

C2Naph 156 3,7407E-03 3,2784E-03 14,0 

cC7 98 1,1153E-04 6,1405E-05 14,0 

cC7 98 3,8248E-04 2,1058E-04 14,0 

cC7 98 8,8977E-04 4,8987E-04 14,0 

Compound MW 

Mole 
Fraction 

(estmated) 

Mass 
Fraction 

(calculated) 

Compound 
Solubility 

(mg/L) 

C6 86 5,0991E-04 2,4636E-04 13,3 

BzC4 134 9,0232E-03 6,7928E-03 12,0 

BzC4 134 4,1079E-03 3,0925E-03 12,0 

BzC4 134 1,9700E-03 1,4830E-03 12,0 

BzC4 134 6,2213E-03 4,6834E-03 10,0 

BzC4 134 6,4112E-03 4,8264E-03 10,0 

C2Naph 156 1,4318E-02 1,2549E-02 10,0 

bicC9 124 3,4148E-05 2,3788E-05 6,0 

cC8 112 1,1339E-04 7,1349E-05 6,0 

cC8 112 2,0543E-04 1,2926E-04 6,0 

cC8 112 3,2277E-05 2,0309E-05 6,0 

cC8 112 4,3292E-04 2,7240E-04 6,0 

cC8 112 4,6268E-04 2,9112E-04 6,0 

cC8 112 1,0722E-03 6,7464E-04 6,0 

C7 100 3,7484E-04 2,1058E-04 5,9 

BzC4 134 1,2110E-02 9,1166E-03 5,0 

C1Biphenyl 168 8,5608E-03 8,0798E-03 5,0 

C1tetralin 146 4,5549E-03 3,7360E-03 5,0 

C1tetralin 146 6,0586E-03 4,9694E-03 5,0 

C2Naph 156 3,5123E-02 3,0782E-02 5,0 

C2Naph 156 2,1988E-02 1,9270E-02 5,0 

C7 100 4,6470E-04 2,6118E-04 4,4 

BzC5 148 7,6537E-03 6,3637E-03 3,8 

BzC5 148 7,7827E-03 6,4710E-03 3,8 

BzC5 148 5,8048E-03 4,8264E-03 3,0 

BzC5 148 7,9977E-03 6,6498E-03 3,0 

C1tetralin 146 6,1240E-03 5,0231E-03 3,0 

C1tetralin 146 6,3420E-03 5,2018E-03 3,0 

C1tetralin 146 5,8843E-03 4,8264E-03 3,0 

C7 100 2,6429E-04 1,4848E-04 3,0 

cC9 126 6,8451E-04 4,8454E-04 3,0 

cC9 126 1,1989E-04 8,4867E-05 3,0 

cC9 126 7,6278E-05 5,3994E-05 3,0 

cC9 126 6,0422E-04 4,2770E-04 3,0 

cC9 126 8,4220E-05 5,9617E-05 3,0 

cC9 126 1,2946E-04 9,1640E-05 3,0 

C7 100 1 0242E-03 5 7538E-04 2 6



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Compound MW 

Mole 
Fraction 

(estmated) 

Mass 
Fraction 

(calculated) 

Compound 
Solubility 

(mg/L) 
C8 114 9,7665E-04 6,2550E-04 2,2 
cC8 112 3,0197E-04 1,9000E-04 2,0 

BzC5 148 5,2243E-03 4,3438E-03 2,0 
BzC5 148 7,2237E-03 6,0062E-03 2,0 

C1tetralin 146 3,0947E-03 2,5383E-03 2,0 
cC8 112 9,8305E-04 6,1855E-04 2,0 
cC9 126 2,5500E-04 1,8050E-04 2,0 
cC9 126 1,1455E-04 8,1084E-05 2,0 
C8 114 4,8680E-04 3,1177E-04 1,5 
cC8 112 1,1872E-04 7,4698E-05 1,4 
C8 114 1,6966E-04 1,0866E-04 1,3 
C8 114 1,5681E-04 1,0043E-04 1,3 

bicC9 124 4,5383E-04 3,1615E-04 1,0 
BzC5 148 3,4240E-03 2,8469E-03 1,0 
BzC8 190 3,9522E-03 4,2187E-03 1,0 

C1tetralin 146 1,2292E-02 1,0082E-02 1,0 
C1tetralin 146 7,8893E-03 6,4710E-03 1,0 
C1tetralin 146 1,4820E-02 1,2155E-02 1,0 

cC10 140 1,4185E-04 1,1157E-04 1,0 
cC10 140 8,9509E-05 7,0400E-05 1,0 
cC9 126 1,3234E-03 9,3680E-04 1,0 
cC9 126 6,0540E-04 4,2854E-04 1,0 
cC9 126 1,5249E-04 1,0794E-04 1,0 
cC9 126 2,3206E-04 1,6427E-04 1,0 
cC9 126 2,2756E-04 1,6108E-04 1,0 
cC9 126 2,5328E-04 1,7929E-04 1,0 
cC9 126 1,5567E-03 1,1020E-03 1,0 

decalin 138 3,5047E-03 2,7171E-03 1,0 

 

Compound MW 

Mole 
Fraction 

(estmated) 

Mass 
Fraction 

(calculated) 

Compound 
Solubility 

(mg/L) 
TPH2         

C8 114 2,7933E-04 1,7890E-04 0,9 
C8 114 7,6553E-04 4,9028E-04 0,9 

C1decalin 152 6,3219E-03 5,3985E-03 0,8 
cC11 154 4,0274E-03 3,4844E-03 0,6 
C9 128 1,8701E-04 1,3488E-04 0,5 
C8 114 1,2122E-03 7,7633E-04 0,5 
cC9 126 6,5420E-04 4,6309E-04 0,5 

cC10 140 2,5596E-04 2,0132E-04 0,5 
cC10 140 1,9899E-03 1,5651E-03 0,5 
cC10 140 7,8993E-04 6,2129E-04 0,5 

C1tetralin 146 4,0625E-03 3,3322E-03 0,5 
C9 128 2,0270E-04 1,4579E-04 0,4 

C2decalin 166 4,6578E-03 4,3438E-03 0,4 
C9 128 8,3937E-05 6,0359E-05 0,3 
C9 128 5,3370E-05 3,8379E-05 0,3 
C9 128 1,6311E-04 1,1729E-04 0,3 
C9 128 1,3250E-04 9,5284E-05 0,3 
C9 128 5,0525E-04 3,6333E-04 0,3 

cC10 140 3,2261E-03 2,5374E-03 0,3 
cC10 140 7,8420E-04 6,1679E-04 0,3 
cC10 140 6,6779E-04 5,2523E-04 0,3 
cC10 140 3,3908E-03 2,6669E-03 0,3 
C9 128 1,1892E-03 8,5513E-04 0,1 
C9 128 4,0324E-03 2,8997E-03 0,1 

C10 142 1,4512E-04 1,1577E-04 0,1 
C10 142 1,5689E-03 1,2516E-03 0,1 
C10 142 1,4868E-03 1,1861E-03 0,1 
C10 142 7,7530E-03 6,1850E-03 0,1 
cC11 154 1,8684E-03 1,6164E-03 0,1 
cC11 154 1,7803E-03 1,5402E-03 0,1 
cC11 154 1,7141E-03 1,4830E-03 0,1 
cC11 154 2,8108E-03 2,4318E-03 0,1 
cC12 168 3,9584E-03 3,7360E-03 0,1 
C10 142 1,6451E-03 1,3124E-03 0,1 



 
 
 
 

 

 

 

 
 
 
 
 
 
    

Compound MW 

Mole 
Fraction 

(estmated) 

Mass 
Fraction 

(calculated) 

Compound 
Solubility 

(mg/L) 
C11 156 1,6471E-03 1,4435E-03 0,0 
C11 156 2,6116E-03 2,2888E-03 0,0 
C11 156 3,5286E-03 3,0925E-03 0,0 

nC11 156 1,7663E-02 1,5480E-02 0,0 
nC12 170 2,2872E-02 2,1844E-02 0,0 
C13 184 4,8593E-03 5,0231E-03 0,0 
cC13 182 5,0875E-03 5,2018E-03 0,0 
cC13 182 4,7204E-03 4,8264E-03 0,0 
cC13 182 2,4826E-03 2,5383E-03 0,0 
C14 198 8,0350E-03 8,9378E-03 0,0 

C1tetralin 180 7,0708E-03 7,1503E-03 0,0 
C3decalin 170 4,4172E-03 4,2187E-03 0,0 

nC13 184 1,7742E-02 1,8340E-02 0,0 
C2tetralin 160 1,3284E-02 1,1941E-02 0,0 
C2tetralin 160 1,4438E-02 1,2978E-02 0,0 
C2tetralin 160 4,6535E-03 4,1829E-03 0,0 

cC13 182 9,5456E-03 9,7601E-03 0,0 
C14 198 3,7925E-03 4,2187E-03 0,0 
C14 198 5,9138E-03 6,5783E-03 0,0 
C14 198 7,4244E-03 8,2586E-03 0,0 
C14 198 5,0460E-03 5,6130E-03 0,0 
C15 212 1,3838E-02 1,6481E-02 0,0 

nC14 198 2,3578E-02 2,6227E-02 0,0 
C16 226 1,2136E-02 1,5409E-02 0,0 

C5decalin 208 8,7502E-03 1,0225E-02 0,0 
cC16 224 5,2274E-03 6,5783E-03 0,0 
nC15 212 1,9181E-02 2,2845E-02 0,0 

  200 1,2282E-02 1,3800E-02 0,0 
  200 3,5955E-03 4,0399E-03 0,0 
  200 9,5774E-03 1,0761E-02 0,0 
  200 6,9047E-03 7,7581E-03 0,0 
  200 5,3137E-03 5,9705E-03 0,0 
  200 1,1996E-02 1,3478E-02 0,0 
  200 4,2001E-03 4,7192E-03 0,0 
  200 1,3809E-02 1,5516E-02 0,0 
  200 5,6956E-03 6,3995E-03 0,0 

 

Compound MW 

Mole 
Fraction 

(estmated) 

Mass 
Fraction 

(calculated) 

Compound 
Solubility 

(mg/L) 
nC16 226 2,5258E-02 3,2069E-02 0,0 

  210 3,2122E-03 3,7896E-03 0,0 
  210 3,7576E-03 4,4332E-03 0,0 
  210 4,0910E-03 4,8264E-03 0,0 
  210 9,4850E-03 1,1190E-02 0,0 
  210 4,5455E-03 5,3627E-03 0,0 
  210 3,6061E-03 4,2544E-03 0,0 
  210 3,0607E-03 3,6109E-03 0,0 
  210 7,0607E-03 8,3301E-03 0,0 

nC17 240 1,0977E-02 1,4801E-02 0,0 
pristane 268 5,4852E-03 8,2586E-03 0,0 

  220 5,7852E-03 7,1503E-03 0,0 
  220 5,1199E-03 6,3280E-03 0,0 
  220 1,8404E-03 2,2747E-03 0,0 
  220 6,6530E-03 8,2228E-03 0,0 
  220 4,3389E-03 5,3627E-03 0,0 
  220 4,0207E-03 4,9694E-03 0,0 
  220 3,1819E-03 3,9327E-03 0,0 
  220 2,4189E-03 2,9897E-03 0,0 
  220 3,1819E-03 3,9327E-03 0,0 
  220 3,0662E-03 3,7896E-03 0,0 

nC18 254 6,2134E-03 8,8663E-03 0,0 
phytane 282 4,2425E-03 6,7213E-03 0,0 

  230 2,5550E-03 3,3014E-03 0,0 
  230 2,5903E-03 3,3470E-03 0,0 
  230 3,1265E-03 4,0399E-03 0,0 
  230 4,3163E-03 5,5772E-03 0,0 
  230 3,4309E-03 4,4332E-03 0,0 
  230 5,4507E-03 7,0430E-03 0,0 
  230 2,6292E-03 3,3973E-03 0,0 
  230 3,7906E-03 4,8979E-03 0,0 

nC19 268 4,5116E-03 6,7928E-03 0,0 
  240 2,8902E-03 3,8969E-03 0,0 
  240 3,3410E-03 4,5047E-03 0,0 
  240 1,9793E-03 2,6688E-03 0,0 
  240 2,8372E-03 3,8254E-03 0,0 
  240 3,4735E-03 4,6834E-03 0,0 
  240 1,4117E-03 1,9034E-03 0,0 
  240 2,7576E-03 3,7181E-03 0,0 
  240 2,7841E-03 3,7539E-03 0,0 
  240 2,3054E-03 3,1083E-03 0,0 
  240 1,6656E-03 2,2457E-03 0,0 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Compound MW 

Mole 
Fraction 

(estmated) 

Mass 
Fraction 

(calculated) 

Compound 
Solubility 

(mg/L) 
nC20 282 4,7841E-03 7,5793E-03 0,0 

  250 2,8510E-03 4,0042E-03 0,0 
  250 4,0728E-03 5,7202E-03 0,0 
  250 2,3175E-03 3,2549E-03 0,0 
  250 2,3789E-03 3,3411E-03 0,0 
  250 2,5964E-03 3,6466E-03 0,0 
  250 1,6580E-03 2,3286E-03 0,0 
  250 2,8000E-03 3,9327E-03 0,0 

nC21 296 1,4958E-03 2,4874E-03 0,0 
  260 1,1562E-03 1,6888E-03 0,0 
  260 2,5945E-03 3,7896E-03 0,0 
  260 6,8493E-04 1,0005E-03 0,0 
  260 1,0764E-03 1,5723E-03 0,0 
  260 1,4151E-03 2,0670E-03 0,0 
  260 4,9182E-04 7,1838E-04 0,0 
     

nC22 310 1,9579E-03 3,4098E-03 0,0 
  270 1,0210E-03 1,5487E-03 0,0 
  270 9,6696E-04 1,4667E-03 0,0 
  270 8,5971E-04 1,3041E-03 0,0 
  270 4,7837E-04 7,2562E-04 0,0 
  270 3,9787E-04 6,0351E-04 0,0 

 

Compound MW 
Mole Fraction 

(estmated) 
Mass Fraction 

(calculated) 

Compound 
Solubility 

(mg/L) 
nC23 324 6,8939E-04 1,2548E-03 0,0 

  275 1,3643E-04 2,1078E-04 0,0 

  275 2,0642E-04 3,1890E-04 0,0 

  275 5,5730E-05 8,6100E-05 0,0 

  275 7,1533E-05 1,1051E-04 0,0 

  275 2,4972E-04 3,8580E-04 0,0 

  275 4,1705E-05 6,4431E-05 0,0 

  275 6,3518E-06 9,8132E-06 0,0 

  275 1,2712E-04 1,9639E-04 0,0 

  275 1,1593E-05 1,7911E-05 0,0 

  275 5,4409E-06 8,4058E-06 0,0 

  275 8,7726E-06 1,3553E-05 0,0 

  275 9,4709E-06 1,4632E-05 0,0 

  275 2,6257E-05 4,0566E-05 0,0 

  275 2,6555E-05 4,1027E-05 0,0 

  275 2,6620E-05 4,1126E-05 0,0 

  275 2,3455E-05 3,6237E-05 0,0 

  275 2,5592E-05 3,9539E-05 0,0 

  275 2,7200E-05 4,2023E-05 0,0 

  275 1,9636E-05 3,0336E-05 0,0 

  275 5,8383E-05 9,0199E-05 0,0 

  275 5,2850E-05 8,1651E-05 0,0 

  275 3,0232E-05 4,6706E-05 0,0 

  275 4,2195E-05 6,5189E-05 0,0 

  275 4,4767E-05 6,9162E-05 0,0 

  275 2,8678E-05 4,4305E-05 0,0 

  275 2,2512E-05 3,4780E-05 0,0 

  275 2,4976E-05 3,8586E-05 0,0 

  275 1,3643E-05 2,1078E-05 0,0 

  275 1,3725E-05 2,1204E-05 0,0 

  275 3,1144E-05 4,8116E-05 0,0 

  275 3,1214E-05 4,8225E-05 0,0 

  275 3,6638E-05 5,6604E-05 0,0 

  275 8,8278E-06 1,3638E-05 0,0 

  275 4,0825E-05 6,3072E-05 0,0 

  275 1,7611E-05 2,7209E-05 0,0 

  275 1,7693E-05 2,7335E-05 0,0 

  275 1,9775E-05 3,0552E-05 0,0 

  275 1,1960E-05 1,8478E-05 0,0 

  275 1,6848E-05 2,6029E-05 0,0 

  275 1,6103E-05 2,4878E-05 0,0 

  275 3,0775E-05 4,7546E-05 0,0 

  275 9,5440E-06 1,4745E-05 0,0 

  275 2,0184E-05 3,1183E-05 0,0 

Total    1 1   



 
 
 
 

 

 

 

The mass fraction of the different dieselcomponents as provided in table A5-1, is given as follows 
in underneath table. 
 
 
Table A6-2 Mass fraction of a diesel/gasoline mix from table A6-1 [18] and their solubilities 

 

Fraction Compound MW 

Mass 
Fraction 
(calculated) 

Solubility                    
limit                   
[mg/l] or [g/m3] 

 BTEX    
C6-C8 Benzene 78,1 0,0029 1990 
C7-C8 Toluene 92,1 0,0016 611 
C7-C8 Ethylbenz 106,0 0,0008 159 

C7-C8 
m,o&p-
Xylene 106,0 0,0028 209 

     
 Aromatics    
 C5-C8 112,9 0,1180  
C8-C10 C9 126,4 0,0101  
     
 TPH-1    
C10-C12 C10-C12 151,3 0,2611 24.8 
     
 TPH-2    
C12-C16 C12-C16 197,6 0,3778 5.81 
C16-C20 C16-C21 242,5 0,2119 0.543 
     
C20-C24 0 C21-C26 276,2 0,0130 

 
C24-C28   0 
C28-C32   0 
C32-C36   0 
C36-C40 

C26-C40 

  0 

  
Total 
Sum 1,0000  

      
 



 

 

Table A6-3 Mass fraction analyse of mineral oil and BTEX in groundwater for case-1 

 

Fraction Compound MW 

Average of 
measured 

Field  values 

Solubility 
limit      
[ug/l] 

Corrected 
values based on 
Solubility limit 

mass fraction 
domestic fuel 

oil [32]  
 BTEX      

C6-C8 Benzene 78,1 0,7 1990000 0 0 
C7-C8 Toluene 92,1 0,6 611000 0 0 
C7-C8 Ethylbenzene 106,0 0,5 159000 0 0 

C7-C8 
m,o&p-
Xylenes 

106,0 5,0 209000 0 0 

       
 TPH-1      
 C5-C8 112,9     

C8-C10 C9 126,4    0,026 
C10-C12 C10-C12 151,3 3707 24800 1910 0,077 

       
 TPH-2      

C12-C16 C12-C16 197,6 1823 5810 1604 0,2760 
C16-C21 C16-C21 242,5 12093 543 242 0,4460 

       
 TPH-3      

C20-C24 C21-C26 276,2 5180 0 0 0,175 
C24-C28   1790 0 0  
C28-C32   1046 0 0  

C32-C36   687 0 0  

C36-C40   468 0 0  
 C27-C40  3991 0 0 0.18 
       

 total TPH  26801  3756  
 (C10-C40)  37829    
  Total Sum    1 
   [µg/l] [µg/l] [µg/l]  

  
In the column estimated values based on literature mass fractions, the averaged measured field 
values are corrected, whereby for the estimated mineral oil fraction C10-C40 concentration in 
groundwater (37829 µg/L) based on the solubility limit the concentration has been modified to 
3756 µg/L in groundwater ; this has also done for the mass fractions, which seems to be a  more 
realistic value and will be used for modelling and calculation purposes. 
 
 



 
 
 
 

 

 

 

Table A6-4 Mass fraction analyse of mineral oil and BTEX in ground for case-1 

 

Fraction Compound MW 

Averages 
measured field 
values 

Calculated mass 
fraction diesel 

     

 BTEX    
C6-C8 Benzene 78,1 0 0 
C7-C8 Toluene 92,1 0 0 
C7-C8 Ethylbenzene 106,0 0 0 
C7-C8 m,o&p-Xylene 106,0 0 0 
     
 TPH-1    
 C5-C8 112,9   
 C9 126,4   
C10-C12 C10-C12 151,3 1666 0,1067 
     
 TPH-2    
C12-C16 C12-C16 197,6 5820 0,3726 
C16-C20 C16-C21 242,5 4660 0,2983 
     
 TPH-3    
C20-C24 C22-C26 276,2 2020 0,1283 
C24-C28   718 0,0460 

C28-C32   412 0,0264 

C32-C36   208 0,0133 
C36-C40   116 0,0074 
 C27-C40  1455  
     

 total TPH  15621  

 (C10-C40)  15560  
  Total Sum  0,99 
   [mg/kg d.s.]  



 

 

Table A6-5 Mass fraction analyse of mineral oil and BTEX in ground for case-2 

 

Fraction Compound MW 

Averages 
measured field 

values 
Calculated mass 

fraction diesel 
     
 BTEX    

C6-C8 Benzene 78,1  0 
C7-C8 Toluene 92,1  0 
C7-C8 Ethylbenzene 106,0  0 
C7-C8 m,o&p-Xylene 106,0  0 

     
 TPH-1    
 C5-C8 112,9   
 C9 126,4   

C10-C12 C10-C12 151,3 237 0,1140 
     
 TPH-2    

C12-C16 C12-C16 197,6 877 0,4218 
C16-C20 C16-C21 242,5 568 0,2732 

     
 TPH-3    

C20-C24 C22-C26 276,2 195 0,0938 
C24-C28   33 0,0159 

C28-C32   20 0,0096 

C32-C36   19 0,0091 
C36-C40   16  

 C27-C40  87 0,0077 

 total TPH  2079  

 (C10-C40)  2181  
  Total Sum  1 
   [mg/kg d.s.]  

 
In the column, the averaged measured field values are not corrected for the estimated mineral oil 
fraction C10-C40 concentration in ground (2079 mg/kg d.s.); The mass fractions are only 
corrected related to the LNAPL in the ground and seems to be of more realistic value and will be 
used for modelling and calculation purposes. 
 



 
 
 
 

 

 

 

Table A6-6 Mass fraction analyse of mineral oil and BTEX in groundwater for case-2 

 

Fraction Compound MW 

Average of 
measured 

Field  values 

Solubility 
limit      
[ug/l] 

Corrected 
values based on 
Solubility limit 

mass fraction 
diesel [33] 

 BTEX      
C6-C8 Benzene 78,1 1,7 1990000 0 0 
C7-C8 Toluene 92,1 0,1 611000 0 0 
C7-C8 Ethylbenzene 106,0 5,8 159000 0 0 

C7-C8 
m,o&p-
Xylenes 

106,0 32,8 209000 1,46 0,000007 

       
 TPH-1      
 C5-C8 112,9     

C8-C10 C9 126,4    0 
C10-C12 C10-C12 151,3 8386 24800 2919 0,1177 

       
 TPH-2      

C12-C16 C12-C16 197,6 28733 5810 2741 0,4717 
C16-C21 C16-C21 242,5 19727 543 206 0,3797 

       
 TPH-3      

C20-C24 C21-C26 276,2 5992 0 186 0,0311 
       

C24-C28   1790 0 0  
C28-C32   1046 0 0  
C32-C36   687 0 0  

C36-C40   468 0 0  
 C27-C40  2817 0 0 0 

       
 total TPH  65654  6052  

 (C10-C40)  64497    
  Total Sum    1 
   [µg/l] [µg/l] [µg/l]  

 
In the column estimated values based on literature mass fractions, the averaged measured field 
values are corrected, whereby for the estimated mineral oil fraction C10-C40 concentration in 
groundwater (65654 µg/L) based on the solubility limit the concentration has been modified to 



 

 

6052 µg/L in groundwater ; this has also done for the mass fractions, which seems to be a  
more realistic value and will be used for modelling and calculation purposes.



 
 
 
 

 

 

 

A6.2 RIVM laboratorium analysing method and chromatographs for gasoline 
and diesel 
The quantitative measurement of the mineral oil grade in the soil and groundwater has performed 
by means of gaschromatography under RIVM standards.  
RIVM defines mineral oil as the whole of compounds which with a mixture of hexane/acetone can 
be extracted from solid matrices or with hexane from water, which adsorb at florisil and which has 
are chromatographable with retention times located between the retention times of n-decane and 
n-tetracontane. 
 
In case of oil contaminations where a volatile fraction is present, is found in unsatisfactory 
amounts back with this RIVM procedure. This is also the case if aromatics and less polair 
compounds, well or not as part of petroleum products. 
 
The principle of the GC-FID analysis is as follows: 
• The gaschromatograph is set up in such a way that before the working solution of the n-

alkanes all alkanes until the bais line are separated 
• For a calibrationstandard of the RIVM oil type the ratio of the total area from C20 untill C40 

regard to that of C10-C20 is positioned between 1.25 and 1.40 (the middle of the C20 peak is 
taken as integration border) 

 
The following carbon values are used as a guiding principle, namely: 
• C6-C14  ! Gasoline 
• C10-C16 ! Kerosene, mineral spiritus 
• C10-C28 ! Diesel, ‘stookolie’ (heating oil) 
• C10-C36 ! Heavy heating oil 
• C20-C36 ! Motor oil 
 
In the figures A6-1 and A6-2, the GC-FID chromatographs for RIVM oil (A) and gasoline- and 
dieselcontamination (B) can be viewed. 
 



 

 
 
 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A6-1: GC-FID chromatograph for RIVM oil (A)
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Figure A6-2: GC-FID chromatograph for gasoline- and diesel contamination (B)

C40
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Figure A6-3 Chromatogrphic analysis (BTEX) of (a) 

commercial and (b) weathered diesel oils [30] 

 

Table A6-7 BTEX mass fractions 



 
 
 
 

 

 

 
 

 
Figure A6-4 Chromatogrphic analysis (TPH) of (a) commercial and (b) 

weathered diesel oils (source: The Environmental Science & Technology 
Centre (ESTC) Databases and Software) 

 

Table A6-8 TPH mass fractions 



 

 
 
 

 

 

 

 
 
Table A6-9 Overview mass fractions of diesel 

 
Diesel 

   Diesel oil Domestic fuel oil 
Component Commercial 

Diesel 
(0% 

weathered) 

from [32] 

Weathered
Diesel 
(22% 

weathered) 

from [32] 

Weathered
diesel oil 

 
from [33] 

Weathered  
diesel oil 

 
Nijmegen 
(Case-2) 
from [28] 

Weathered      
domestic       

fuel oil 
(�Stookolie� or 
(�thermodiesel) 

from [31] 

Weathered  
Domestic 
 fuel oil 

Beek&Donk
(Case-1) 
from [27] 

BTEX (good soluble)       

Benzene 0,000136 0 0 0 0 0 

Toluene 0,001024 0 0 0 0 0 

Ethylbenzene 0,000619 0 0 0 0 0 

Xyllenes (o,p&m) 0,003774 0,000007 0 0 0 0 

 0,00555 0,000007 0 0 0 0 

       

TPH-1 (soluble)       

C8-C10 0,0433 0 0,023  0,026  

C10-C12 0,1955 0,1177 0,077 0,1140 0,077 0,1067 

       

TPH-2 (less soluble)       

C12-C16 0,4058 0,4717 0,3968 0,4218 0,276 0,3726 

C16-C21 0,3287 0,3797 0,5020 0,2732 0,446 0,2983 

       

TPH-3 (insoluble)       

C21-C24 0,0938 0,1283 

C24-C28 0,0159 0,0460 

C28-C32 

0,0269 0,0311 

0,0096 0,0264 

C32-C36   

0,0001 

0,0091 

0,175 

0,0133 

C36-C40    0,0077 0,0025 0,0074 

       

total TPH 

 (C10-C40) 

1,0002 1,0002 1  1,0025 0,999 
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RT3D-OW modelcode parameters for case-1 and -2 

 
 



 

 

 
Table A7-1 Parameters for the source code of the Modflow program 

 
Case-1 Case-2 Unit (Remarks)

44 40 Columns 

9 6 Layers number/ distribution of cells 

1 72 Row 
bas.dat 

initial head 0.48 – 0.51 m +NAP 8,10 – 8,26 m +NAP m   (constant for all 9 layers for Case-1) 

layer type 0 (confined) 0 (confined) Transmissivity of the layer varies 

Anisotropy 1.0 (isotropic) 1.0 (isotropic)   

cell width along rows 25 2.5 m  

cell width along collumns 2.5 2.5 m    

thickness of layer 1 0.07 (pool) 0.50 (residual oil) m 

thickness of layer 2 0.01 (film) 0.50 (residual oil) m 

thickness of layer 3 

thickness of layer 4 

thickness of layer 5 

thickness of layer 6 

thickness of layer 7 

thickness of layer 8 

thickness of layer 9 

0.92 (residual oil) 

1.20 (residual oil) 

0.30 

1.50 

2.50 

1.00 

1.00 

0.50 (residual oil) 

0.50  

1.00 

1.00 

. 

. 

. 

m 

m 

m 

m 

m 

m 

m 

Transmissivity Varies for each layer Varies for each layer m2/day 

hor. hydraulic conductivity 
Varies for each layer 

(Average value: 4.4 ) 

 Constant for each layer 

(Value: 13.51) 
m/day 

bcf.dat 

vertical hydraulic conductivity 1 1 m/day            

Hydraulic Conductance of 

the Riverbed 
0.005 

. 
m2/day 

Head in the river 0.45 . m 

Elevation of the riverbed 

bottom 
-4.0 

. 
m 

riv.dat 

Parameter number 0 .  

MODFLOW 

rch.dat Recharge Flux  . 0.0001 m/day  

 



 

 

 
Table A7-2Parameters for the source code of the RT3D-OW program 

 
Case-1 Case-2 

Source 
File 

type 
Code Description Record Value assigned Value assigned Unit 

number of layers  NLAY 9 6  

number of rows NROW 1 72  

number of columns NCOL 44 40  

number of stress periods  NPER 1 1  

number of species  NCOMP 15 3  

A3 

number of mobile species  MCOMP 8 2  

A6 layer type  LAYCON 0 (confined) 0 (confined)  

A7 cell width along rows DELR(NCOL) 2.5 2.5 m 

A8 cell width along columns DELC(NROW) 25 2.5 m 

A9 Top elevation of top model layer HTOP 0 0 m 

A10 thickness of cells  DZ 

0.07   for Layer 1 

0.01   for Layer 2 

(varies) Layer 3 – 9 

0.5   for Layer 1 - 4 

1.0   for Layer 5 & 6 

. 

m 

A11 Porosity PRSTY 
Varies for each layer 

(Average value = 0.25) 

Constant for each layer 

(value = 0.30) 
[-] 

A12 Boundary Condition ICBUND 
1 (for active cells) 

-1 (for pool cells) 

1 

(for all active cells) 
 

A13 initial concentrations  SCONC 

Species(9) =      2527 (Pool)

Species(10) =     1403 (Pool)

Species(11) =      741 (Pool)

Species(12) =   2455 (Pool) 

Species(13) =   93309 (Pool)

Species(14) = 325965 (Pool)

Species(15) =260996 (Pool)

 

Species(3) = 0  (No Pool) 

 

g/m3 

A16 output frequency  NPRS 2 (print simulation as text file) 2 (print simulation as text file)  

RT3D-OW .btn 

A18 observation points  NOBS 7 7  



 

 

length stress period  PERLEN 
21900 

(60 years) 

10958 

(30 years) 

Days 

 
A21 

Number of time-step NSTP 7 (Transient) 8 (Transient)  

Transport step size  DTO 0.2 0.2 days 

 

A23 
   Maximum number of transport  

   steps  
MXSTRN 500.000 500.000 

 

 solution option  MIXELM -1 (explicit finite-difference) -1  (Explicit finite-difference) 
 

 courant number  PERCEL 1 (Courant number) 1 (Courant number) 
 

B1 

Total number moving particles MXPART 75000 75000 
 

 Weighting scheme integer  NADVED 2 (default value) 2 (default value) 
 

Particle tracking algoritm ITRACK 1 (1st order Euler Algoritm) 1 (1st order Euler Algoritm)  
B2 

Concentration weighting factor WD 0.5 (default) 0.5 (default)  

Initials particles per cell NPH 16 (for 2-D) 32 (for 3-D) 
 

.adv 

B3 
Minimum number of particles 

allowed per cell 
NPMIN 2 (diverging flow field) 2 (diverging flow field)  

C1   Longitudinal dispersivity AL 
0.45 

(Except for  the 1st and 2nd layer)

0.45 

(Except for  the 1st and 2nd layer)
m 

C2 
  

TRPT 0.1 0.1 
 

C3   
TRPV 0.1 0.1  

.dsp 

C4 
effective molecular diffusion 

coefficient  DMCOEF 0 0 m2/day 

D1 
River option 

Recharge option 

FRIV 

FRCH 

T (true) 

. 

. 

T (true)  

D2 maximum number of sinks/ sources MXSS 300 
3320 

(default value)  

 D3     

D4 

D7 

Reading of recharge fluxes 

Concentration of recharge flux 

Number of point sources 

INCRCH 

CRCH 

NSS 

. 

. 

1 

0 

0 (3x, for all species) 

1 

 

Cell indices (layer,row, column) KSS, ISS, JSS 1, 1, 1 1, 1, 1 
 

Specified source concentration or 

mass loading rate 
CSS 

0.0 

(dummy variable needs 

to be entered) 

0.0 

(dummy variable needs 

to be entered)  

 

.ssm 

D8 

integer for type of point source ITYPE 4  (for River option) 0  

vertical transverse dispersivityRatio: =  
longitudinal dispersivity 

TV

L

α
α

horizontal transverse dispersivityRatio: =  
longitudinal dispersivity 

TH

L

α
α



 

 

.ssm D8 
Concentrations of all species 

associated with a point source.  
CSSMS(n) 

the concentrations of all the 15 

species are assigned zero. 

the concentrations of all the 3 

species are assigned zero. 
 

E1 

type of sorption simulated;                         

type of kinetic rate reaction simulated;       

number of const react parameter values;  

number of var react parameter arrays;      

Default solver; 

Reaction variables entered;    

ISOTHM     

IREACT      

NCRXNDATA 

NVRXNDATA 

ISOLVER     

IRCTOP 

0    (no sorption is simulated)  

10  ( user-defined module)   

50  (user-defined)          

17  (user-defined)          

1                        

1 (in 1-D array specified) 

0    (no sorption is simulated)   

10  ( user-defined module)     

14  (user-defined)           

5  (user-defined)            

1                         

1 (in 1-D array specified)  

E2B bulk density porous medium  RHOB 1700000 1700000 g/m3 

E5 absolute- and relative tolerance  RC1 

1e-10 and 1e-9 

(enter for each species) 

first order reaction rate for 

dissolved (liquid) phase 

1e-10 and 1e-9 

(enter for each species) 

first order reaction rate for 

dissolved (liquid) phase 

 

E6 Input of constant parameters   RC 
There are 50 parameters in this 

case 

There are 14 parameters in this 

case 
 

1. array with the pure phase 

solubility of the components 

solu(B)       

solu(T)       

solu(E)       

solu(X) 

solu(C10-C12)

solu(C12-C16)

solu(C16-C21)

1990 

611 

159 

209 

24.8 

5.810 

0.543 

. 

. 

. 

. 

24.8 

. 

. 

[mg/L] or 

[g/m3] 

2. Aerobic degradation rate 

(1st –order degradation rate constant) 

(“Halfwaarde tijd”) 

kda (B)        

kda (T)        

kda (E)        

kda (Xsum)     

kda (C10-C12)

kda (C12-C16)

kda (C16-C21)

0.198 

0.167 

n.d. (not defined)! 0.001 

0.116 

0.010 

0.001 

0.001 

. 

. 

. 

. 

0.010 

. 

. 

 

1/day 

3. Anaerobic degradation rate 

(Average value of : Nitrate reducing, 

Fe[III] reducing, sulphate reducing and 

methanogene reducing) 

(1st –order degradation rate constant) 

(“Halfwaarde tijd”) 

kdan (B)       

kdan (T)       

kdan (E)       

kdan (Xsum)    

kdan (C10-C12)

kdan (C12-C16)

kdan (C16-C21)

0.004 

0.039 

0.007 

0.010 

0.010 

0.001 

0.001 

. 

. 

. 

. 

0.010 

. 

. 

1/day 

 

.rct 

29
 p

ar
am

et
er

s 
of

 E
6 

4. Stochiometric values  

(to compute the change in 

concentration of oxygen) 

yox(B)         

yox (T)         

yox (E)        

yox (Xsum)     

yox (C10-C12)

yox (C12-C16)

yox (C16-C21)

3.07 

3.12 

3.16 

3.16 

3.50 

3.50 

3.50 

. 

. 

. 

. 

3.50 

. 

. 

g/g 

or 

[-] 



 

 

5. Molecular weight                          

(one for each component+one for 

LNAPL) 

molg(B)        

molg(T)        

molg(E)        

molg(Xsum)    

molg(C10-C12)

molg(C12-C16)

molg(C16-C21)

molg(LNAPL) 

78.1 

92.1 

106 

106 

130 

150 

190 

122 (weight of average LNAPL) 

. 

. 

. 

. 

130 

. 

. 

122 (weight of average LNAPL) 

g/mol 

6. Density                                          

   (one for each component) 

dens(B)        

dens(T)        

dens(E)        

dens(X) 

dens(C10-C12)

dens(C12-C16)

dens(C16-C21)

dens(LNAPL) 

878800 

866900 

870000 

870000 

850000 

850000 

850000 

850000 (density of the LNAPL)

. 

. 

. 

. 

850000 

. 

. 

850000 (density of the LNAPL)

[g/m3] 

9. “Reynolds number” as dummy  

     variable 
rate(1) 0.000232 0.000232  

10. Molecular diffusion coeffiecient  rate(2) 0.000077 0.000077 m2/day [26] 

11. diameter particles rate(3) 0.0004 0.0004 m 

12. beta0 (dissolution) rate(4) 12 12  

13. beta1 (dissolution) rate(5) 0.75 0.75  

   

14. beta2 (dissolution) rate(6) 0.6 0.6  
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RT3D-OW modelcode results for Case-Study-1: Beek en Donk 

 
 



 

 

 
 
A8.1 Conceptual model with observation points 
 
 

 
 

Figure A8-1 Schematic drawing (not on scale) of the conceptual model of Beek en Donk 
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A8.2 Scenario Beek-1 
 
(Pool + film) 
 
A8.2.1 Water saturation 

 
 

Figure A8-2 Observation of the development of the Water saturation in Case-1 from 1955 (year 0) untill 2025 
(year 70). 

 
 
 
 

0 10 20 30 40 50 60 70
89

89.05

89.1

89.15
WaterSaturation

Time(years)

P
er

ce
nt

ag
e(

%
)

 

 

ObservationPoint1
ObservationPoint2
ObservationPoint3
ObservationPoint4
ObservationPoint5
ObservationPoint6
ObservationPoint7



 

 

 
 
A8.2.2 Analyzing the development of the Risk components 

 
 

 
Figure A8-3 Cocentration contourmap of Benzene(aq) within the plume just after the  start of the simulation 
from year 1955 under anaerobic conditions (year 1) 
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Figure A8-4 Cocentration contourmap of Benzene(aq) within the plume just after 70 years of simulation (in 
year 2025) under anaerobic conditions 
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Figure A8-5 Development of the plume components, namely: Benzene, Toluene, Ethylbenzene, 
Xylenes(sum), C10-C12, C12-C16 and C16-C21 at observation point 1 (20.5 meters downstreams/ near Pb 
1007) from 1955 (year 0) untill 2025 (year 70) 
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Figure A8-6 Development of the NAPL components, namely: Benzene, Toluene, Ethylbenzene, 
Xylenes(sum), C10-C12, C12-C16 and C16-C21 at observation point 2 (42.5  meters/ within the residual oil 
zone) from 1955 (year 0) untill 2025 (year 70) 
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A8.2.3 Calculation of the flux of mineral oil before the remediation 
 
From table A6-9, we get the following information: 
 

 

Component Commercial Diesel 

(0% weathered) 

from [32] 

Weathered  Domestic fuel oil 

Beek&Donk (Case-1) 

from [27] 

C10-C12 0,1955 0,1067 

C12-C16 0,4058 0,3726 

C16-C21 0,3287 0,2983 

C21-C40 0,0700 0,2224 

 

Density 839 kg/m3 882kg/m3 

Watersauration 89% 89,13% 

Oil saturation 11% 10,87% 

Volume of soil 1600m3 1600m3 

Porosity  30% 30% 

Oil volume 48,06 m3 48 m3 

 
From above information, the flux of mineral oil before the remediation is 
about: 3 Liters oil/yr. 
 

Year 0 Year 20 



 

 

 
A8.3 Scenario Beek-2 
 
(no Pool + no film + no 1st residual zone) 
 
A8.3.1 Water saturation 

 
 

Figure A8-7 Observation of the development of the Water saturation in Case-1 
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A8.3.2 Analyzing the development of the Risk components 

 
Figure A8-8 Cocentration contourmap of Benzene(aq) within the plume just after the  start of the simulation 
from year 2009 under anaerobic conditions (year 1) 
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Figure A8-9 Cocentration contourmap of Benzene(aq) within the plume just after 16 years of simulation (in 
year 2025) under anaerobic conditions 
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Figure A8-10 Development of the plume components, namely: Benzene, Toluene, Ethylbenzene, 
Xylenes(sum), C10-C12, C12-C16 and C16-C21 at observation point 1 (20.5 meters downstreams/ near Pb 
1007) within 16 years 
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Figure A8-11 Development of the NAPL components, namely: Benzene, Toluene, Ethylbenzene, 
Xylenes(sum), C10-C12, C12-C16 and C16-C21 at observation point 2 (42.5  meters/ within the residual oil 
zone) within 70 years 
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A8.3.3 Calculation of the flux of mineral oil after the remediation 
 
From table A6-9, we get the following information: 
 
 
 
Component Weathered  Domestic fuel oil 

Beek&Donk (Case-1) 

from [27] 

 

C10-C12 0,1067  

C12-C16 0,3726  

C16-C21 0,2983  

C21-C40 0,2224  

 
Density 882kg/m3  

Watersauration 90% 90,09% 

Oil saturation 10% 9,91% 

Volume of soil 800 m3 800 m3 

Porosity  30% 30% 

Oil volume 48 m3 47,99 m3 

 
From above information, the flux of mineral oil before the remediation is 
about: 0,6 Liters oil/yr. 
 
 
 

Year 0 Year 16 
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RT3D-OW modelcode results for Case-Study-2: Nijmegen 



 
 
 
 

 

 

 

A9.1 Conceptual model with observation points 
 

 
 

Figure A9-1 Location of the observations points within the modelling area of Case-2: Nijmegen 
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A9.2 Scenario Nijmegen-1 
 
A9.2.1 Water saturation 

 

 
 

Figure A9-2 Observation of the development of the Water saturation in Case-2 
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A9.2.2 Analyzing development of the Risk component 
 

 
 
Figure A9-3 Development of the C10-C12 plume at observation point 1 (downstreams near Pb 1008) within 65 years 
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Figure A9-4 Development of the NAPL component C10-C12 at observation point 3 and 5 (within the residual oil zones) 
within 65 years 
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A9.2.3 Calculation of the flux of mineral oil before the remediation 
 
From table A6-9, we get the following information: 
 
 
Component Commercial Diesel 

(0% weathered) 

from [32] 

Weathered  Diesel fuel oil 

Nijmegen (Case-2) 

from [28] 

C10-C12 0,1955 0,1140 

C12-C16 0,4058 0,4218 

C16-C21 0,3287 0,2732 

C21-C40 0,0700 0,1910 

 
Density 839 kg/m3 882kg/m3 

Watersauration 96% 96,7 % 

Oil saturation 4% 3,3% 

Volume of soil 1875 m3 1875 m3 

Porosity  30% 30% 

Oil volume 18.69 m3 18,56 m3 

Oil Concentration  3.700 mg/kg d.s. 

C10-C12  422 mg/kg d.s. 

Total mass oil  11.792 kg 

Mass C10-C12  1.344 kg 

   

 
From above information, the flux of mineral oil before the remediation is about: 
2 Liters oil/yr. 

Year 0 Year 65 



 

 

 
A9.3 Scenario Nijmegen-2 
 
A9.3.1 Water saturation 

 
 

Figure A9-5 Observation of the development of the Water saturation in Case-2 
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A9.3.2 Oxygen development 
 
 

 
 

Figure A9-6 Observation of the development of oygen in Case-2 
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A9.3.3 Analyzing the development of the Risk components 
 

 
 

Figure A9-7 Development of the plume component C10-C12 at observation point 1 (downstreams near Pb 1008) within 
21 years 
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Figure A9-8 Development of the NAPL component C10-C12 at observation point 3 and 5 (within the residual oil zones) 
within 21 years 
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A9.3.3 Calculation of the flux of mineral oil during the remediation 
 
From table A6-9, we get the following information: 
 
 
Component Weathered  Diesel fuel oil 

Nijmegen (Case-2) 

from [28] 

 

C10-C12 0,1140  

C12-C16 0,4218  

C16-C21 0,2732  

C21-C40 0,1910  

 
Density 882kg/m3  

Watersauration 97 % 97,1 

Oil saturation 3,3% 2.9% 

Volume of soil 1875 m3 1875 m3 

Porosity  30% 30% 

Oil volume 18,56 m3 18.54 m3 

Oil Concentration 3.700 mg/kg d.s.  

C10-C12 422 mg/kg d.s.  

Total mass oil 11.792 kg  

Mass C10-C12 1.344 kg  

   

 
From above information, the flux of mineral oil during the remediation period 
of 5 year is about: 4 Liters oil/yr. 
 
 
 
 
 

Year 0 Year 5 



 

 

 
A9.4 Scenario Nijmegen-3 
 
A9.4.1 Water saturation 

 
 

Figure A9-9 Observation of the development of the Water saturation in Case-2 
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A9.4.2 Analyzing the development of the Risk components 
 

 
 
 

Figure A9-10 Development of the plume component C10-C12 at observation point 1 (downstreams near Pb 1008) 
within 21 years 
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A9.4.3 Calculation of the flux of mineral oil after the in situ remediation 
 
 
Component Weathered  Diesel fuel oil 

Nijmegen (Case-2) 

from [28] 

 

C10-C12 0,1140  

C12-C16 0,4218  

C16-C21 0,2732  

C21-C40 0,1910  

 
Watersauration 99 % 99.18% 

Oil saturation 1 % 0.82% 

Volume of soil 1875 m3 1875 m3 

Porosity  30% 30% 

Oil volume 5.6 m3 5.59 m3 

Oil Concentration 1800 mg/kg d.s.  

C10-C12 205 mg/kg d.s.  

Total mass oil 5.738 kg  

Mass C10-C12 654kg  

   

 
From above information, the flux of mineral oil after stopping the in-situ 
remediation in 2009 and simulating until 2025 , thus in a period of 16 years is 
about: 0.63 Liters oil/yr. 

Year 0 Year 5 




