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Abstract 11 

For the design of sustainable and cost-effective management strategies for contaminated sites, 12 

decision makers need appropriate tools, i.e. environmental decision support systems to assist them 13 

in the planning, assessment, selection and optimisation of possible alternatives. We propose a novel 14 

system dynamics model, CARO-PLUS (Cost-efficiency Analysis of Remediation Options), which 15 

provides estimates of current and future risks originating from soil and groundwater contamination. 16 

Utilising a source-pathway-receptor concept, the model particularly addresses the presence of multi-17 

compound non-aqueous phase liquids in porous media, which have been identified as major sources 18 

of groundwater contamination at many of these sites. Simplified approaches for the description of 19 

contaminant release and transport, as well as of exposure pathways for human health risk 20 

assessment, allow for a fast and effective screening model, which is particularly qualified to support 21 

early decisions within a tiered management approach at contaminated sites. CARO-PLUS is applied 22 

to assess the long-term risks originating from a kerosene contamination at a former military airfield 23 

in Germany. Monte Carlo simulations are performed to account for the large uncertainty in model 24 

parameters at early decision levels. The results of the application show that the implementation of 25 

monitored natural attenuation might be a feasible management strategy for the site, and provide 26 

guidance for additional, more detailed investigations. 27 
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1. Introduction 11 

A long history of industrial activity over the last century, thriving at the expense of inefficient 12 

and unsustainable resource exploitation, has led to severe soil and groundwater contamination 13 

resulting in remediation costs currently estimated in the multi-billion dollar range (Rowe et al., 14 

2007; Teutsch et al., 2001). However, the available resources for site identification, investigation 15 

and remediation are limited in comparison to the actual number of contaminated sites. Natural 16 

resource management must therefore confront a complex set of issues involving environmental and 17 

economic trade-offs that are characterised by interactions at many scales often with a scarcity of 18 

good observed data (Jakeman et al., 2006). As a result, new approaches are required to identify and 19 

influence the implementation of viable solutions that optimise flexibility in dealing with such 20 

issues. 21 

Today land and water contamination is perceived as a widespread infrastructural problem of 22 

varying intensity and significance where drastic risk control is often neither technically nor 23 

economically feasible (Ferguson, 1999; Finkel et al., 2007; McKnight and Finkel, 2008; Qin et al., 24 

2009; Ruegner et al., 2006; Teutsch et al., 2001). At the same time, the European Union has 25 

specifically targeted the re-use of large-scale contaminated sites as an accompanying strategy to 26 

reduce land consumption (Commission of the European Communities, 2004; German Federal 27 

Government, 2002; see also Schaedler et al., 2011a; Schaedler et al., 2011b). The complexity and 28 

scale of these sites has led to the proposal of a tiered framework for site investigation, risk 29 

assessment and management (ASTM, 2002; Ruegner et al., 2006; UK Environment Agency, 2010). 30 

Non-aqueous phase liquids (NAPLs), such as petroleum fuels and chlorinated solvents, have 31 

been identified as major sources of groundwater contamination at many contaminated sites (e.g. 32 

Adamski et al., 2005; Dobson et al., 2007; Huntley and Beckett, 2002; Lenhard and Parker, 1990; 33 

McKnight et al., 2010; Miles et al., 2008b; Peter et al., 2008). In many cases, NAPLs have been 34 

leaching into the subsurface for years or even decades. In particular, light NAPLs (LNAPLs) 35 



3 

 

typically consist of a multitude of compounds of which only a subset is known. The physico-1 

chemical characteristics of the individual constituents can be very different, and accordingly, their 2 

behaviour and fate in the subsurface – which has been the focus of much research in the last 3 

decades (Johnson et al., 2006). Thus, depending on specific site conditions (e.g. geology, 4 

geochemistry, etc.) and existing compound characteristics, many of these pollutants have the 5 

potential to form extensive contaminant plumes that can pose risks to receptors down-gradient, such 6 

as surface waters and public drinking water supply wells. This is despite the fact that at many of 7 

these sites, most of the contaminant mass will be found in the source zone (Lundegard and Johnson, 8 

2006). 9 

The long-term prediction of NAPL source zone dissolution in porous formations is therefore of 10 

critical importance to the selection of suitable management options, as it will ultimately determine 11 

the implementation time required to meet a specific target (which could be e.g., risk- or 12 

concentration-based). Consequently, the need for tools to predict the fate and transport of these 13 

compounds has led to the development of a large number of mathematical models and codes, to 14 

varying degrees of complexity (e.g. Adamski et al., 2005; D’Affonseca et al., 2011; Karapanagioti 15 

et al., 2003; Miles et al., 2008a; Prommer et al., 2006, and many others). Moreover, in the last 16 

decade, experience with natural attenuation as a strategy for plume management has shown that 17 

models have an important role to play in the selection of viable options (Alvarez and Illman, 2006; 18 

Henderson et al., 2009; NRC, 2000). However, in order to optimally support the decisions to be 19 

taken in the particular tier levels, the models used should be chosen in accordance to the scale of the 20 

model area, the quality and quantity of information that can be made available as model input, and 21 

the outcome required for making the respective decision.  22 

To date, a wide range of environmental decision support systems (EDSS) have been developed, 23 

with many more certainly under development, within the field of contaminated land management 24 

(see e.g. Marcomini et al., 2009). These range from more complex programs systems encompassing 25 

e.g. spatial DSSs such as ASSESS (Hill et al., 2005) or DESYRE (Carlon et al., 2008) to more 26 

simplistic screening tools such as one presented in Chambon et al., 2011. One of the major 27 

challenges of our time, however, is that EDSSs often fail to be adopted by their intended end users 28 

(McIntosh et al., 2011). A review by Rizzoli and Young (1997) identified a suite of “desirable 29 

features” for EDSSs, which has certainly helped subsequent developers streamline the delivery and 30 

implementation of these programs, but not yet to an acceptable degree. Part of the problem may be 31 

that many of these tools are still too sophisticated for the “average” end-user, often policy makers, 32 
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and hence new approaches are still being sought after that can appropriately link advances in 1 

science with the needed advances in policy. 2 

A lack of appropriate methodologies and tools exists particularly with respect to preliminary 3 

assessment, i.e. screening-level methodologies to support early decisions on prioritising hot spots 4 

and pre-selection of mitigation options to streamline the further planning process. Indeed, 5 

evaluation of past experiences with respect to the implementation of monitored natural attenuation 6 

(MNA) or other enhanced passive remediation (EPR) options has shown that frequently no 7 

modelling or only simple analytical models have been used for plume management (see e.g. 8 

McGuire et al., 2003).  9 

This paper presents a novel, screening-level methodology for the long-term assessment of human 10 

health risks and its implementation into a model-based EDSS called CARO-PLUS (Cost-efficiency 11 

Analysis of Remediation Options). Specifically, a system dynamics (SD) approach is used to model 12 

(i) contaminant mass release from complex organic mixtures, (ii) subsequent solute transport in 13 

groundwater, (iii) human health impacts utilizing a source-pathway-receptor concept, and 14 

subsequently, to (iv) quantify the reliability of the modelled predictions by taking uncertainty into 15 

account. SD usage in the field of hydrogeology and water resources modelling is still in its 16 

beginning stages, but emerging rapidly as its immense potential to link all aspects of the decision-17 

making process becomes recognized (e.g. Khan et al., 2009; Simonovic, 2000; Winz et al., 2009). 18 

To illustrate the methodology we consider the case of a kerosene contamination that has formed 19 

a large LNAPL pool composed of multiple compounds representing a large spectrum of different 20 

physico-chemical properties. Based on data from previous studies (Peter et al., 2008; Peter et al., 21 

2006), the long-term human health risks were modelled assuming a residential re-use of the former 22 

military airfield. The uncertainty with respect to both hydrogeological and exposure parameters is 23 

explicitly taken into account using Monte Carlo simulations (e.g. Wagener and Kollat, 2007). The 24 

assessment of the uncertainty inherent in the risk predictions (as well as of the robustness of 25 

investigated risk reduction options) is a mandatory element of the decision-making process, which 26 

should be integrated throughout the decision-making process (Refsgaard et al., 2007). 27 

 28 

2. Methodology 29 

2.1 Source-pathway-receptor concept 30 

The primary objective of CARO-PLUS is to provide support for the decision-making process 31 

concerning the remediation of contaminated sites by providing a flexible and efficient tool for the 32 
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preliminary assessment of risk and risk reduction measures. The approach is designed taking into 1 

account that the data available in early project stages is typically scarce and so does not allow for 2 

sophisticated modelling. Moreover, in the pursuit of cost-effective remedial solutions at these sites, 3 

a shift has occurred from the traditional concentration-based approach to a risk-based one (Khadam 4 

and Kaluarachchi, 2003; Pollard et al., 2004). 5 

Accordingly, CARO-PLUS utilises a source-pathway-receptor (SPR) concept for the description 6 

of contaminant transport in soil and groundwater via mass fluxes. Analytical approaches are 7 

implemented to establish a computationally efficient model-based assessment tool. The undisturbed 8 

natural system, as well as the effects of possible remediation options may be analysed in terms of 9 

contaminant mass flux and concentration, and risk/hazard indices (carcinogenic/non-carcinogenic). 10 

Using any of these three metrics, compliance with environmental targets can be controlled at 11 

various lines or points of compliance. In this way, the tool accommodates for differences in existing 12 

regulations and protocols for environmental protection from country to country (e.g. Ruegner et al., 13 

2006; Soga et al., 2004).  14 

The SPR model is based on a conceptual site model that needs to be developed from existing site 15 

data and describes relevant sources of contamination, propagation pathways (both in terms of 16 

transport and exposure) and potentially affected receptors, as shown in Fig. 1. The dynamics of the 17 

system are governed by the effects of possible remedial actions, which are described as mass flux 18 

change over time. 19 

 20 

Figure 1: Schematic illustration of the source-pathway-receptor concept implemented in CARO-PLUS. 21 

 22 

In order to enable a genuine risk assessment, risk modules were developed describing the 23 

transfer of contaminants from groundwater to the receptor ‘human being’. Specifically, quantitative 24 

estimates are generated describing the magnitude of exposure to contaminants of concern for each 25 

exposure pathway utilizing physics-based estimates.  26 
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2.2 System dynamics approach 1 

The SD approach can be generally viewed as a strategy for information processing and 2 

knowledge ordering where the focus is on synthesis, or in essence, a piecing together of sub-3 

systems to give rise to a more complex system. SD is a method for the modelling and analysis of 4 

complex dynamic systems that may encompass physical, chemical, economic and social modules 5 

(Bossel, 2007a, b, c). The field of SD was pioneered by Forrester (1961) and became well-known 6 

worldwide through Meadows et al. (1972) who developed an SD model to make predictions 7 

concerning the world’s limits to economic growth. 8 

In SD, the relation between structure and behaviour is based on the concept of information 9 

feedback and control (Khan et al., 2009; Simonovic, 2000), using an interlinked system of stocks 10 

(levels) and flows (rates) as described in McKnight et al. (2010). This approach is especially suited 11 

for management issues regarding contaminated land, since it has the ability to incorporate past 12 

actions (e.g. previous remedial strategies) that may have been undertaken to alleviate a problem 13 

(e.g. groundwater contamination) and thus certainly played a role in shaping the current situation 14 

found at a particular site.  15 

Khan et al. (2009) provide an in-depth discussion on the various approaches currently available 16 

(in addition to SD) for application to and the understanding of water systems behaviour, including 17 

methods such as Bayesian Networks, Artificial Neural Networks and Genetic Algorithms. Although 18 

each has its strengths, it was concluded that none of the other methods explored were capable of 19 

permitting a deterministic exploration of the dynamic behaviour of systems where the causes and 20 

effects can change based on the time-dependent boundaries of the systems. In contrast, SD 21 

introduces a flexibility lacking in the other methods, including increased speed of model 22 

development and improvement, ability to simulate interactions between model components, and 23 

better transparency resulting in improved confidence for all the stakeholders involved. 24 

2.3 Model description 25 

2.3.1 Governing equations – contaminant emission from LNAPL pool 26 

The source release model conceptually distinguishes between light and dense NAPL 27 

contamination scenarios, as well as residual phase or blob zones, as shown in Fig. 2. The 28 

contaminant emission from a dense NAPL pool is described in McKnight et al. (2010); here we 29 

present the dissolution from an LNAPL pool. In all cases, the organic contaminant phase is 30 

described as a mixture of multiple compounds, where up to 40 constituents can be included in the 31 
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model. In the case of mixtures like kerosene, creosote, tar oil, etc., it is typically not possible to 1 

identify all compounds; a certain mass fraction remains unidentified. This so-called unknown 2 

fraction is treated as one individual (bulk) compound, the properties of which (e.g. solubility, 3 

molecular weight, etc.) can be subjected to uncertainty testing.  4 

The quantification of mass release into groundwater employs analytical models that are based on 5 

Raoult’s Law (see Eberhardt and Grathwohl, 2002; Peter et al., 2008): 6 

,   sat

w i i i iC x S   (1) 7 

where 
sat

w,iC  [ML
-
³] denotes the saturation concentration of compound i in water, xi [-] is the molar 8 

fraction, Si [ML
-
³] is the aqueous solubility (liquid subcooled where necessary, e.g. for substances 9 

that are solids at ambient temperature and pressure) and iγ  [-] is the activity coefficient for 10 

compound i, (typically set to unity for all compounds assuming an ideal organic liquid mixture 11 

composed by structurally related hydrophobic compounds, see Banerjee, 1984). The molar fraction 12 

can be calculated from the mass of i within the mixture, mi [M], the total NAPL mass, mo [M], the 13 

mean molecular weight of the organic mixture, MWo [Mn
-1

] and the molecular weight of compound 14 

i, MWi [Mn
-1

]: 15 

  i o
i

o i

m MW
x

m MW
  (2) 16 
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 1 

Figure 2: Conceptual model for the release of contaminants into soil and groundwater considering 2 
four types of source zones: (a) residual blobs in unsaturated zone, (b) LNAPL pool, (c) residual blobs 3 
in saturated zone and (d) DNAPL pool. 4 

 5 

2.3.2 Building the system dynamics model 6 

To illustrate how complex, non-linear and interdependent biophysical processes can be 7 

interpreted using feedback loops within a system dynamics environment, Fig. 3 presents a 8 

simplified overview for the source release model following Raoult’s Law. This model forms the 9 

basis for the quantification of mass release using analytical models, as described in the subsequent 10 

sections. The positive feedback loop represents the interdependence of the total mass and the 11 

residual saturation: the larger the total mass, the larger the NAPL volume and residual saturation, 12 

which in turn decreases the volumetric water flow rate through the source zone, which decreases the 13 

mass release of the mixture constituents, which slows down the depletion of the mass at the source, 14 

completing the positive loop.  15 

The negative feedback loop represents the interdependence of the total mass and the mole 16 

fractions of the mixture constituents: as the mole fraction of an individual compound decreases due 17 

to mass release through dissolution into groundwater, the saturation concentration of the respective 18 

compound decreases, decreasing its mass release rate and mass released, which slows down the 19 

depletion of the compound mass in the source and the decline of the compound’s mole fraction, 20 
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thus completing the negative loop. The interdependency between the compounds’ mole fractions 1 

does considerably govern the dynamics of the system. For the low to moderate solubility 2 

compounds, the mole fractions will first increase due to the relatively fast depletion of the highly 3 

soluble compounds, leading to increased saturation concentrations, increasing mass release rates 4 

and mass released. The model can be extended to quantify the effect of e.g. source remediation 5 

technologies (data not shown). In this manner, management (or policy) aspects can be directly 6 

linked to hydrogeological issues such as contaminated soil and groundwater. 7 

 8 

Figure 3: Causal loop diagram for the dynamics of Raoult’s Law. 9 

 10 

Mass release from an LNAPL pool is quantified following Huntley and Beckett (2002) and Peter 11 

et al. (2008). Since the LNAPL does not fully displace the water in pores, dissolution into water 12 

occurs both within the pool zone and at its edges, i.e. at the NAPL-water interface (Huntley and 13 

Beckett, 2002). A term for groundwater recharge was added by Peter et al. (2008), who could show 14 

that mass flux due to dissolution into recharged water may dominate the total aqueous mass flux 15 

from an LNAPL, which is simulated as the sum of mass fluxes from groundwater recharge, 16 

advection, dispersion and volatilization: 17 
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LNAPL gwr adv disp vol

i i i i iJ = J J J J    (3) 1 

where 
LNAPL

iJ  [MT
-1

] is the total mass flux from source zone of compound i, and 
gwr

i
J , 

adv

i
J , 

disp

i
J , 2 

vol

i
J  are the mass releases due to recharge, advection, dispersion and volatilization, respectively, as 3 

described below. The release due to recharge is governed by the recharge rate qgwr [LT
-1

], the width 4 

BP [L] and length Lp [L] of the LNAPL contaminated zone (pool) respectively, an accessibility 5 

factor AF [-] representing the percentage of unsealed surface at the site, and the compound’s 6 

concentration as shown in equation 3a. 7 

,

gwr sat

i gwr P P F w iJ = q B L A C  (3a) 8 

Equation 3b summarizes the advective release, which accounts for reduced advection of 9 

groundwater in areas of high LNAPL saturation. It depends on the apparent LNAPL thickness in the 10 

monitoring well T [L], relative density rρ  [-], depth-integrated specific groundwater discharge q  11 

[LT
-1

], which accounts for the reduced discharge due to lowered conductivity through the oil phase. 12 

,

adv sat

i r P w iJ =T q B C  (3b) 13 

The dispersive release, accounting for the diffusive transport of dissolved compounds at the 14 

LNAPL-water interface (equation 3c), is governed by the vertical hydrodynamic dispersion 15 

coefficient v,iD  [L²T
-1

] and the specific groundwater discharge qgw [LT
-1

] in the saturated zone. 16 

,

v,i e gw pdisp sat

i P w i

4D n q L
J = B C


 (3c) 17 

Finally, the gaseous release from the LNAPL zone due to volatilization (equation 3d) is 18 

quantified based on the gaseous saturation concentration 
sat

a,iC  [ML
-
³], the compound’s 19 

concentration, the depth-averaged effective vertical gas diffusion coefficient ea,iD  [L²T
-1

] of 20 

compound i, the distance between the ground surface and the top of the LNAPL pool d
sp

 [L] (i.e. 21 

the point marking the transition between a water–air system and a water–oil–air system). 22 

ea,ivol sat

i a,i P Psp

D
J = C B L

d
 (3d) 23 

The calculation of ,

sat

a iC  is also based on Raoult’s Law: 24 

0

,   sat i i
a i i

abs

p MW
C x

RT
  (4) 25 
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where 
0

ip [ML
-1

T
-2

] is the vapour pressure above pure phase of compound i, R [ML
2
T

-2
n

-1
t
-1

] is the 1 

universal gas constant and Tabs [t] the absolute temperature in Kelvin. 2 

It should be noted that the approach represented by Eq. 3 does simplify real world conditions in 3 

several ways. It does not consider subsurface heterogeneities and transient hydraulics. Related 4 

effects (e.g. fingering, non-equilibrium conditions, smearing) are neglected. For more details 5 

regarding the LNAPL framework implemented in CARO-PLUS, the reader is referred to Peter et al. 6 

(2008). The overall structure of the model as implemented in a system dynamics framework is 7 

shown in Fig. 4. 8 

2.3.2 Governing equations – contaminant transport 9 

Contaminant transport, i.e. the mass transfer of the modelled constituents (contaminants) from 10 

the source zone to specific receptors located down-gradient, is modelled similarly to McKnight et 11 

al. (2010). The primary equations are summarized below. It should be mentioned that the model has 12 

been tested for appropriateness and verified in McKnight (2009). Dissolved contaminant migration 13 

is modelled analytically according to Sauty (1980), assuming steady-state (averaged) flow 14 

conditions, advective and diffusive transport, retardation and biodegradation (when applicable, i.e. 15 

this function can be turned on or off): 16 

-
,

,

-

2 2

x
i

x

LLNAPL
x x R vi

R

L x R

L v tJ
J erfc e

v t





 
 
 
 

 (5) 17 

where JR [MT
-1

] is the estimated mass flux to the receptor, Lx [L] is the distance between the source 18 

and the receptor in the flow, i.e. x-direction, L
α  [L] is the longitudinal dispersivity, t [T] is the 19 

simulation time, iλ  [T
-1

] is the first-order degradation rate for compound i, and vx [LT
-1

] and vx,R 20 

[LT
-1

] are the pore velocity and retarded (contaminant) pore velocity, respectively. The parameter 21 

values employed are average (or effective) values for the pathway between the source and receptor. 22 

The longitudinal dispersivity is estimated following Xu and Eckstein (1995): 23 

2.414 0.83 [log( )]L xL   (6) 24 
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 1 

Figure 4: The stock-flow structure for contaminant release from LNAPL and transport along the 2 
groundwater pathway (input parameters are indicated by slanted font). 3 

2.3.3 Governing equations – risk assessment and human health impacts 4 

With an increasing awareness that, at many sites, a complete restoration of the subsurface is both 5 

technically and economically infeasible and remedial actions therefore have to be focused on the 6 

management of existing risks to human health and ecosystems, risk assessment has become an 7 

increasingly important tool for contaminated land management (Chen and Ma, 2006, 2007; Daniels 8 

et al., 2000; Loos et al., 2010; Troldborg et al., 2008). It provides a means for understanding the 9 

degree of risk a particular contamination problem may pose to a set of receptors specific to a 10 

particular site. Thus, the primary goal behind the process of quantifying risk is to determine where a 11 

given effort (e.g. in terms of costs/effects) can provide the most benefit to improve both safety and 12 

efficiency in the management of contaminated sites. 13 

Organic pollutants can enter the human body through a variety of (exposure) pathways, including 14 

ingestion (e.g. of contaminated drinking water), inhalation (e.g. of vapour from soil particulates) 15 

and through dermal contact (e.g. during recreational activities such as swimming). CARO-PLUS 16 

implements forward risk calculations (Cushman et al., 2001), starting with identified concentrations 17 

of the compounds of interest (in groundwater) which are then converted to (average daily) doses or, 18 

in the case of inhalative uptake, exposure concentrations at the point of exposure. For each pathway 19 

k, the doses and concentrations are then converted to risk values specific for either carcinogens (risk 20 

level – RLk,i) or non-carcinogens (hazard quotient – HQk,i), as given in equation 7. These values are 21 
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summed over all considered exposure pathways (equation 8). Finally, the risk values generated for 1 

each pollutant are summed up in order to give the total risk (carcinogens – RI) or hazard (non-2 

carcinogens – HI) index (equation 9): 3 

 4 

𝑅𝐿𝑘,𝑖 = 𝐸𝐶𝑘,𝑖 ∗ 𝑈𝑅𝐹𝑖 (inhalative uptake) (7a) 5 

𝑅𝐿𝑘,𝑖 = 𝐿𝐴𝐷𝐷𝑘,𝑖 ∗ 𝑆𝐹𝑖 (other uptake pathways) (7b) 6 

𝐻𝑄𝑘,𝑖 =
𝐸𝐶𝑘,𝑖

𝑅𝑓𝐶𝑖
 (inhalative uptake) (7c) 7 

𝐻𝑄𝑘,𝑖 =
𝐶𝐴𝐷𝐷𝑘,𝑖

𝑅𝑓𝐷𝑖
 (other uptake pathways) (7d) 8 

 9 

𝐻𝑄𝑡𝑜𝑡,𝑖 = ∑ 𝐻𝑄𝑘,𝑖
𝑛𝐸
𝑘=1   (8a) 10 

𝑅𝐿𝑡𝑜𝑡,𝑖 = ∑ 𝑅𝐿𝑘,𝑖
𝑛𝐸
𝑘=1   (8b) 11 

 12 

,

1

,

1













C

C

n

tot i

i

n

tot i

i

RI RL

HI HQ

 (9) 13 

where ECk,i is the exposure concentration [ML
-3

], and LADDk,i [MM
-1

T
-1

] is the lifetime (cancer) 14 

average daily dose via exposure pathway k. URFi [L
3
M

-1
] is the unit risk factor, and SFi [MM

-1
T] is 15 

the slope factor for pollutant i. nE [-] is the number of exposure pathways considered, CADDk,i 16 

[MM
-1

T
-1

] is the chronic average daily dose, RfDi [MM
-1

T
-1

] is the corresponding reference dose 17 

and nC [-] is the number of compounds considered. It should be noted that assumptions must be 18 

made to account for the summation of risks for multiple contaminants and exposure pathways. 19 

Major assumptions include that exposure to any amount of a carcinogen will increase the cancer 20 

risk (i.e. no threshold dosage), and risks are additive from multiple chemicals and (exposure) routes; 21 

potential synergistic effects (between compounds) are not accounted for. 22 

In total 15 exposure pathway modules have been developed, which can be activated for the 23 

quantitative risk assessment, in accordance to Strenge and Smith (2006), ASTM (2004), and Chen 24 

et al. (2004; indoor air inhalation pathway only). Note that these quantitative descriptions of 25 

pathways are applicable only for organic pollutants. In this study we used a subset of 7 pathways, 26 

which were found to be relevant for the residential risk scenario that was considered (see also Table 27 

4). Here we present the governing equations for the two pathways – drinking water and leafy 28 
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vegetable ingestion – found to be of greatest importance in this study. All pathway equations 1 

utilized in this study, including the parameter values can be found in Appendix B of the 2 

Supplementary Material. 3 

Use of contaminated water as a source of domestic drinking water is evaluated in the drinking 4 

water ingestion pathway. The chronic average daily dose, CADDdw,i [MM
-1

T
-1

], for drinking water 5 

ingestion is calculated according to: 6 

,( )

, ,
g i dwTH dw dw

dw i w i i

NC

F U ED
CADD C TFe

AT BW


  (10) 7 

where Cw,i [ML
-3

] is the concentration of compound i in water, TFi [-] is a water purification factor 8 

(fraction of pollutant remaining after ex-situ treatment of water), ,g i  [T
-1

] is the chemical-specific 9 

loss rate constant (for pollutant i in confined water systems), THdw [T] is the water system holdup 10 

time, Fdw [-] is the time fraction (of days per year water is consumed), Udw [L
3
T

-1
] is the drinking 11 

water ingestion rate, ED [T] is the exposure duration, ATNC [T] is the averaging time considered for 12 

non-carcinogens, and BW [M] is the body weight (of individuals exposed). Please note that the 13 

averaging time is set equal to the exposure duration: ATNC = ED. Note further that no water 14 

treatment is assumed here (TFi = 1.0). 15 

Agricultural crops may become contaminated when polluted water (groundwater or surface 16 

water) is used as a source of irrigation water and/or airborne pollutants are deposited on crops or 17 

soil (rainfall). The chronic average daily dose, CADDlv,i [MM
-1

T
-1

], for leafy vegetable ingestion is 18 

calculated according to: 19 

, , lv
lv i lv i lv

NC

F ED
CADD C U

AT BW
 (11) 20 

where Clv,i [MM
-1

] is the total concentration in leafy vegetables, Ulv [MT
-1

] is the leafy vegetable 21 

ingestion rate and Flv [-] is the intake time fraction (of days per year leafy vegetables are 22 

consumed). The reader is also referred to Appendix B of Supplementary Material for additional 23 

equations necessary for the calculation of the total concentration in leafy vegetables in accordance 24 

with Strenge and Smith (2006). 25 

2.3.4 Remediation options  26 

Over the last few decades, dozens of technologies for remediating NAPL-contaminated sites 27 

have been developed and applied in the field, yet remediation of these sites is still problematic 28 

(Mayer and Hassanizadeh, 2005; Rivett et al., 2011). Especially for large-scale contaminated sites, 29 
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the selection of an appropriate remediation strategy is simply not straightforward, often ending 1 

ultimately in a trial-and-error approach that can be devastating in terms of costs versus benefits 2 

gained. Moreover, although several innovative technologies have shown promise at both the lab and 3 

pilot scales, there are still only a few standard technologies regularly applied in the field. These 4 

include the hydraulic removal of (L)NAPL-phase via extraction wells or trenches, pump-and-treat 5 

(P&T) for removal of the dissolved NAPL constituents in groundwater, soil vapour extraction 6 

(SVE) for removal of the volatilized NAPL components, and in situ chemical oxidation (ISCO) for 7 

transforming NAPL constituents into less harmful chemical species. Similarly, acceptance for the 8 

application of passive (i.e. MNA) or semi-active (enhanced NA) methodologies has also been 9 

largely hindered although it has been widely discussed over the past years (e.g. Chapelle et al., 10 

2001; Schirmer et al., 2006; Wiedemeier et al., 1999). 11 

CARO-PLUS currently offers a selection of source treatment technologies for soil and 12 

groundwater contamination scenarios, as well as plume remediation and/or containment options 13 

including monitored and enhanced natural attenuation. For the remediation of groundwater source 14 

zones, active treatment technologies include air sparging plus SVE, steam enhanced vapour 15 

extraction and surfactant enhanced aquifer remediation. In addition, for soil source contaminations, 16 

bioventing can also be considered. For plume remediation and/or containment, P&T (evaluated in 17 

e.g. McKnight, 2009; McKnight et al., 2010), funnel-and-gate, as well as both MNA and ENA 18 

(specifically injection of oxygen to enhance biodegradation rates) can be considered. It should be 19 

noted that CARO-PLUS is open to further additions, in particular modules for new, innovative 20 

remediation technologies, in an effort to facilitate their acceptance and implementation in the field. 21 

This paper will focus on the applicability of MNA, and the use of models to support its 22 

implementation. Based on the results of the quantitative risk assessment (presented below), active 23 

methodologies would be (and have previously shown to be) superfluous at the case study site. It 24 

should be noted that the LNAPL phase extraction technology implemented at this site was 25 

represented in the SD model simply by continuously removing mass from the “stock” of mass in 26 

LNAPL (see also Fig. 4) during the time period where phase extraction was in operation.  27 

2.4 Model implementation 28 

The technical implementation of the program system CARO-PLUS is illustrated in Fig. 5. A 29 

graphical user interface (GUI) programmed in Visual Basic 6.0 manages all input and output of the 30 

SD model, which serves as a simulation kernel comprising a set of modules describing contaminant 31 

fate and transport, exposure pathways, remedial effects and costs. The SD model is programmed 32 
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using the commercial software Vensim (Ventana Systems, 2007). The Vensim platform, as well as 1 

other similar SD development tools (e.g. STELLA; isee systems, 2007), simplifies the 2 

conceptualization and creation of models of dynamic systems through the provision of a visual 3 

modelling environment featuring dynamic functions, subscripting (arrays), Monte Carlo simulation, 4 

optimization, data handling and application interfaces. 5 

An interface enables data transfer to external software (e.g. Matlab) for the post-processing of 6 

results. At the completion of a simulation, the results are transferred back to the GUI for 7 

visualization (using Visual Basic MS Chart) or exportation. An editable database provides access to 8 

parameter values from literature or previous projects that may be used when respective values are 9 

not available for the investigated site. The database contains chemical-specific properties related to 10 

NAPL mixtures (chemical/physical data, e.g. solubility), technology and process parameters (e.g. 11 

granular activated carbon properties) and risk-based information (e.g. reference doses). 12 

 13 

Figure 5: Technical implementation of the program system CARO-PLUS including database, GUI and 14 
SD simulation model Vensim. 15 

2.5 Accounting for uncertainty and variability in input parameters 16 

As described above, both the quantification of contaminant release and the simulation of 17 

contaminant transport are based on simplified approaches employing homogeneous surrogate 18 

models and effective values of hydrological parameters (e.g. recharge rate), physical properties (e.g. 19 

hydraulic conductivity, residual water saturation), chemical parameters that are site-specific (e.g. 20 

degradation rates) and further model parameters (e.g. LNAPL pool thickness) that all vary in reality 21 

in space and partly also in time. Due to the spatial and partly temporal variability of these 22 

parameters and due to our inevitably limited knowledge about this variability, these effective values 23 
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are inherently uncertain. In this sense we exclusively deal in this study with parameter uncertainty 1 

arising from measurement/sampling errors, use of generic/surrogate data and natural (intrinsic) 2 

variability. Conceptual and model uncertainty (see e.g. McMahon et al., 1999) are not considered, 3 

assuming that the conceptual site model and its mathematical implementation in the system 4 

dynamics framework are adequate though simplified representations of actual site conditions, 5 

natural processes and the effects of remedial actions. 6 

Monte Carlo (MC) simulation, which is readily available for use within the Vensim workbench, 7 

was applied using the Latin Hypercube sampling (LHS) technique (McKay et al., 1979) to 8 

efficiently explore the parameter space. LHS reduces computational time by incorporating both 9 

random and stratified sampling, which is particularly important for variables with large input 10 

ranges, where the forced stratification ensures that the entire range of best-case to worst-case 11 

scenarios will be considered (e.g. Helton and Davis, 2003). 12 

The output generated by MC simulation was post-processed in order to exclude infeasible 13 

realizations (or ‘non-behavioural’ models, see Wagener and Kollat, 2007) of reality. In this step, 14 

each realization is checked to see whether the model results reasonably (within a given range) 15 

match available contaminant concentration measurements at a given point and time. All realizations 16 

with unreasonable results are subsequently discarded. Results of the uncertainty analysis are 17 

graphically presented in terms of families of time variation curves for contaminant concentration 18 

and resulting risk indices. This “model screening” is a novel step, which can work to strengthen the 19 

validity of the uncertainty results through the removal of those realizations that are physically 20 

infeasible (due to “erroneous” parameter combinations during the MC simulation).  21 

In the uncertainty and variability analysis, it is possible and useful to separately consider 22 

parameters involved in the predictive simulation of contaminant concentration in groundwater on 23 

one the hand and exposure parameters relevant for the quantification of associated risks to human 24 

health on the other. Following this approach we independently investigated the variability of 25 

exposure-specific parameters (e.g. ingestion rates, time fraction of exposure) and its role concerning 26 

the probability of human risks. Finally, results from both analyses are exemplarily combined in a 27 

qualitative way. 28 

The analysis of uncertainty and variability of input parameters is limited to point estimate 29 

sensitivity analysis (i.e. min-max considerations) and one-dimensional MC analyses. This is in line 30 

with the intention of providing support specifically to preliminary assessment, representing a lower 31 

tier of the risk assessment process (e.g., U.S. EPA, 2001). Results shall provide information mainly 32 
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to decide on whether or not relevant risks are to be expected and progression to a higher tier is 1 

necessary, i.e. involving more detailed data collection and more complex methods such as two-2 

dimensional MC analysis (e.g., Hoffman and Hammonds, 1994; Cullen and Frey, 1999; Xue et al., 3 

2006). 4 

 5 

3. Case study site 6 

Niedergoersdorf is the site of a former military airfield (see Fig. 6), first established at the end of 7 

the 19
th

 century until its closure in 1994. This site has been extremely well investigated using 8 

innovative direct push methods, especially since the failure of an LNAPL phase extraction 9 

campaign that was conducted between 1998 and 1999 and then halted due to its ineffectiveness. 10 

From the total five tank farms used for the storage of fuel, two exhibit a massive kerosene 11 

contamination of both the unsaturated zone and the capillary fringe (Peter et al., 2008). The aquifer 12 

is unconfined and characterized largely by fine-silty to medium sands with porosities between 30% 13 

and 45%, hydraulic conductivities on the order of 10
-5

 ms
-1

 and seepage velocities ranging from 0.5 14 

to 10 m yr
-1

. The preliminary assessment methodology was applied to the larger (eastern) light non-15 

aqueous phase pool corresponding to Tank Farm 1, located at the western end of the main runway. 16 

The compounds comprising this particular kerosene include the branched alkanes C8-C19, the 17 

polycyclic aromatic hydrocarbons (PAH) naphthalene and 2-methylnaphthalene, as well as the 18 

monoaromatics toluene, ethylbenzene, ethyltoluene, and the xylene and trimethylbenzene (TMB) 19 

isomers, whereby these latter three compounds/isomers comprised the largest concentrations 20 

measured in groundwater (see also Peter et al., 2006 for details). In total, 25 compounds were 21 

considered in the simulation of contaminant release and transport. The fraction of unknown 22 

compounds was grouped and considered as a single lumped compound denoted as “Unknown 23 

fraction”. Table 1 lists the physico-chemical properties for a selection of the known compounds in 24 

the mixture, and values used for the unknown fraction. Please note that, in the absence of data 25 

required to calibrate solubility, the “Unknown fraction” was assumed to be virtually insoluble, and 26 

values of concentration at the receptor were consequently low. A complete description of the 27 

kerosene composition and associated physico-chemical properties is given in the Supplementary 28 

Material (Table A). 29 

 30 

Table 1 31 
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 1 

Figure 6: Tank Farm 1 (TF1) in Niedergoersdorf is located 60 km south of Berlin in the East German 2 
state of Brandenburg (modified from Miles, 2007). Borehole TL1-10 represents the edge of the source 3 
zone; borehole S20 depicts the location of the “receptor”, 18.5 m down-gradient. 4 

 5 

The phase thickness, as measured in the observation wells in 2003, ranges between 3 cm and 60 6 

cm. The extent of the LNAPL pool was approximated to 130 m (length) times 30 m (width). The 7 

kerosene volume was estimated based on van Genuchten soil parameters calculated with the 8 

established software packages ROSETTA (Schaap et al., 2001) and SOILPROP (Mishra and 9 

Parker, 1989), and from grain-size distribution curves (Peter et al., 2006). The results are 10 

summarized in Table 2.  11 

Table 2 12 
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4. Results and discussion 1 

4.1 Impact prediction - base case scenario 2 

We assume a residential risk scenario (considering ‘children as the most sensitive target risk 3 

group), in order to represent the most conservative conditions with respect to receptor type for 4 

decisions regarding current (or future) risk. Should the monitoring of natural attenuation processes 5 

(MNA) prove to be acceptable in preventing risk to a residential receptor, then there would be no 6 

need for imposing or recommending land use restrictions at this site. The modelled receptor was 7 

placed 18.5 m down-gradient of the source zone (labelled S20 in Fig. 6), as data existed for this 8 

location that could be used for the calibration of the model. A time frame of 300 years was 9 

modelled, assuming a spill date in 1950. 10 

Table 3 lists the best estimate values of transport (following Peter et al., 2008) and exposure 11 

parameters, utilized in the base case scenario. Using these values, an initial volume and mass of 105 12 

m³ and ca. 84 tons were calculated, respectively (close to values calculated using SOILPROP, 13 

compare Table 2). The model was calibrated such that modelled concentrations matched those for 14 

the constituents measured both in the source zone and at the receptor. 15 

Table 3 16 

 17 

Figure 7 depicts the simulated development in time for the dominant contaminants of concern 18 

(with respect to risk). Please note the small jump in years 1998 to 1999 in Fig. 7a, which reflects the 19 

removal of 3 m³ LNAPL by phase extraction. Modelled concentrations fit well to the measured 20 

values both in the source zone and at the receptor (compare Table 1). The results confirmed 21 

previous findings (Peter et al., 2006) that the trimethylbenzene isomers are the dominant 22 

constituents of interest at this site both with respect to concentration and risk values (compare Figs. 23 

7e and 7f, respectively), and results hereafter will reflect this. Another priority pollutant is 2-24 

Methylnaphthalene , which also noticeably contributes to the hazard index values in the scenarios 25 

described below (see also Fig. A.1 in Appendix A of the Supplementary Material). In addition, the 26 

model simulations could reveal the dominant aqueous release mechanism at this site. As shown in 27 

Fig. 7d, the contaminant dissolution into groundwater is dominated by the flux due to recharge 28 

(Jgwr = 3.6 kg yr
-1

 initially, i.e. in 1950, representing ca. 78% of total flux,), followed by the flux due 29 

to dispersion (Jdisp = 0.96 kg yr
-1

, ca. 20% of total flux) and finally flux due to advection (Jadv = 0.24 30 

kg yr
-1

, ca. 2% of total flux). 31 
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 1 

Figure 7: Output of the source zone and groundwater models: (a) mass depletion, (b) aqueous mass 2 
flux from LNAPL source zone, (c) mole fraction of compounds of interest, (d) percent contribution of 3 
fluxes (all known compounds) due to the individual release processes at t=0 (e) concentration at 4 
receptor and (f) HQtot,i (incrementing lines) including HI (upper solid line), representing the 5 
cumulative risk over all mixture components. 6 
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 1 

Table 4 lists the pathway-specific results of the risk assessment for the dominant compounds of 2 

concern, i.e. 1,2,3-TMB, 1,3,5-TMB and 2-Methylnaphthalene. The maximum value was calculated 3 

to be 1.09 (t = 07-1960) for HQtot,1,2,3-TMB, 0.55 (t = 09-1956) for HQtot,1,3,5-TMB and 0.478 (t = 05-4 

2089) for HQtot,2-Methylnaphthalene,. Since then, calculated values decrease slowly (current value – in 5 

April 2012 – for HQtot,1,2,3-TMB = 1.01; 0.50 for HQtot,1,3,5-TMB) or are still increasing (0.475 for 6 

HQtot,2-Methylnaphthalene) albeit slowly. Comparison with corresponding HI values (2.44 in July 1960, 7 

2.26 in April 2012) revealed that ca. 44-46% of the total risk can be attributed to 1,2,3-TMB; and 8 

these three compounds together account for ca. 88% of the current risk (t = 04-2012). Of the seven 9 

pathways originally deemed significant for the receptor, only two pathways were found to play a 10 

significant role with respect to risk at this site: drinking water and leafy vegetable ingestion. These 11 

pathways are related to the establishment of a private well and garden, whereby the latter assumes 12 

that well water is used to irrigate the garden. The remaining pathways can be considered 13 

insignificant for this site, as indicated by the very low maximum values for HQk,i (Table 4). 14 

According to the result of the deterministic risk screening and the current values of hazard 15 

quotients and hazard index, remedial action would be required only for the case when residential re-16 

use of the site would include abstraction of groundwater for drinking water purposes. Moreover, 17 

predicted current and future concentrations of BTEX and of mineral oil compounds in groundwater 18 

clearly meet the German standards (20 µgL
-1

 and 200 µgL
-1

, respectively; see BBodSchV, 1999). 19 

However, simulated current concentrations of 1,2,3-, 1,2,4- and 1,3,5-TMB exceed the standard (10 20 

µgL
-1

) and will do this according to the predictions for the duration of the modelled time horizon.  21 

Table 4 22 

4.2 Decision-making under uncertainty 23 

 In an effort to obtain a higher degree of reliance regarding the potential applicableness of MNA 24 

as a management strategy, the uncertainty in the prediction of the base case scenario was evaluated 25 

using MC simulation. Results obtained for parameter settings representing variations of the base 26 

case scenario were analysed. The analysis is focused primarily on model results for 1,2,3-TMB, 27 

which is considered the priority compound due both to its typically recalcitrant behaviour and since 28 

it exhibited the highest modelled value with respect to risk in the base case scenario. The 29 

importance of individual model input parameters is discussed below, segregating three parameter 30 

categories: (i) site-specific (e.g. groundwater recharge rate), (ii) soil property (e.g. residual water 31 

saturation) and (iii) exposure parameters (e.g. drinking water ingestion rate). As shown previously 32 
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in McKnight et al. (2010), this type of segregation can help risk assessors to undertake target-1 

oriented detailed investigations to narrow down uncertainty. Nonetheless, the HI was evaluated 2 

across all categories in order to account for maximum potential risk, and in order to better compare 3 

the importance – in terms of effects – of the role of uncertainty. 4 

4.2.1 Site-specific parameters 5 

The analysis focuses specifically on model input parameters identified as critical during a 6 

perturbation study (data not shown, see McKnight, 2009). Table 5 lists these parameters and the 7 

corresponding distributions and ranges applied for the analysis. Input parameters were described 8 

using either triangular or uniform distributions, where the degree of variation (i.e. spread) reflected 9 

the estimated uncertainty for a specific parameter (e.g. van Groenendaal and Kleijnen, 2002). 10 

Table 5 11 

 12 

Simulations were done for an ensemble of 500 realizations (see Fig. 8a). This is 100 times the 13 

number of uncertain parameters, which accords well with the recommendations given in the 14 

literature for Latin Hypercube sampling (e.g. Heebner and Toran, 2000, Benedetti et al., 2010) and 15 

was therefore considered acceptable for generating statistically significant results. The outcome was 16 

then screened in order to generate a subset of realizations that are consistent with actual site data. A 17 

subset of 53 behavioural realizations was produced utilising a screening criterion that required the 18 

predicted concentrations in groundwater to be within ±30% of the observed concentration measured 19 

at the receptor in 2003 (i.e. for 1,2,3-TMB, see Fig. 8b). Notably, the results of the screening step 20 

tended to remove realizations (from the original ensemble) from both extremes. The peak maximum 21 

HI before screening was just under 8.0; however after screening, the peak maximum had decreased 22 

to 5.3. Also important to note is that only realizations with HI > 1, the threshold indicating potential 23 

risk to the receptor, remained after the screening step. A comparison of the modelled results 24 

between the concentration at receptor and HI further illustrates that risk is clearly a function of 25 

(groundwater) concentration. These results show that, in any case, the peak for maximum modelled 26 

risk (and concentration) to the receptor has passed, provided that the assumptions made in the 27 

uncertainty analysis are appropriate. 28 
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 1 

Figure 8: Monte Carlo simulations concerning site-specific parameters for (1) 1,2,3-TMB 2 
concentration in groundwater at receptor and (2) HI for (a) all realizations (thick line indicates base 3 
case model run) and (b) the subset of behavioural realisations selected by the re-screening. 4 

 5 

A synopsis of the inputs and results of the MC simulation and the screening step is provided in 6 

Table 6. Ranges of input parameter values are narrow compared with the previously defined ranges 7 

(see Table 5) as a consequence of model screening. The coefficient of variation (CV) was used to 8 

quantify how the original uncertainties may have propagated through the modelled system. The 9 

results indicate that the sensitivity of the simulated output parameters with respect to site-specific 10 

parameters is rather similar. Transverse vertical dispersivity, followed by plume hydraulic 11 

conductivity and 1,2,3-TMB degradation rate are the most uncertain. The screening step narrowed 12 
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particularly the range of values for the 1,2,3-TMB degradation rate such that settings with high 1 

values were identified as non-behavioural. Specifically, the percent change of 75% indicates that 2 

the space of variation has been considerably constrained. A multiple linear regression analysis was 3 

also carried out for all the input parameters varied in the MC analysis (for HI at t = 07-1960 as the 4 

dependent variable). For HI, a reasonably high coefficient of determination was estimated 5 

(R
2
=0.54). Backward stepwise regression indicated that only two input parameters were significant 6 

(P<0.001): groundwater recharge rate and LNAPL pool length (data not shown). 7 

Table 6 8 

4.2.2 Soil property parameters 9 

Total contaminant mass in LNAPL source is a key factor in predicting the overall timescale of 10 

pollution. The source lifetime is in turn a very important factor for the management and 11 

redevelopment of contaminated sites. Peter et al. (2006) intensively investigated the sensitivity of 12 

the kerosene volume estimate with respect to the van Genuchten soil parameters that were assumed 13 

for the estimation. 14 

To further evaluate the role of uncertainty in the determination of the initial mass for the case 15 

study site, a range of values was considered for those input parameters relevant to mass estimation. 16 

Table 7 lists the ranges of parameter distributions used to conduct the MC simulation. A uniform 17 

distribution was assumed for the van Genuchten (or soil retention) parameter values. Lower and 18 

upper limits were determined by applying the standard deviations presented in Maurer (1997) to the 19 

base case scenario values (see Table 2). The LNAPL thickness was varied following the estimations 20 

determined by Peter et al. (2006) and Miles (2007), assuming also a uniform distribution.  21 

Simulations were again done for an ensemble of 500 realizations (approx. 70 times the number 22 

of varied parameters). The vertical profiles of water and NAPL saturation were calculated according 23 

to Peter et al. (2008). Initial mass values show an approximately triangular distribution (see Table 24 

7). Further model input parameters that are a function of the soil properties, i.e. of the vertical 25 

profile of water, air, and oil phase, are the depth-averaged values of the effective vertical gas 26 

diffusion coefficient ea,iD  and of the specific groundwater discharge q . Parameter ranges and 27 

histograms are shown in Table 7. Please note that the variation of the contaminant-specific gas 28 

diffusion coefficient was considered by help of a multiplier. 29 

Table 7 30 

 31 
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Figure 9 shows the simulated mass flux and risk (HI). In particular, mass fluxes were chosen for 1 

illustration since an observed reduction of contaminant mass flux rates corresponds to one of the 2 

traditional three lines of evidence for supporting the implementation of NA (U.S. EPA, 1999), while 3 

also satisfying the extra prerequisites within German law (LABO, 2005). The simulated mass flux 4 

over time also reflects the LNAPL phase extraction in 1998 and 1999. Particularly in realizations 5 

with relatively low initial mass estimates, the mass flux depletes very quickly (Fig. 9a). A subset of 6 

397 behavioural realizations was produced using a screening criterion that required the predicted 7 

concentrations to be within ±30% of the observed concentration at the receptor. The screening step 8 

again concentrated the results, however, this time more towards the higher values (Fig. 9b). Not 9 

surprisingly, the realizations in which the extraction of 3 m
3
 of LNAPL phase would have led to a 10 

clear reduction in contaminant concentration in groundwater (which has not been observed in 11 

reality) have been removed. The modelled results also indicate that for all of the realisations 12 

considered here, the peak for maximum risk has passed, and that no risk would exist for a 13 

residential receptor (assuming a risk target of HI < 1). 14 

A synopsis of the inputs and results of the MC simulation with regards to the subset of 15 

behavioural realizations is presented in Table 8. A closer inspection of the CV values indicates that 16 

the sensitivity of simulated receptor-related output parameters with respect to soil properties (as 17 

determinants for initial contaminant mass) is rather low, although initial (total) mass varies within 18 

the ensemble of behavioural realisations by a factor of 20. The screening step also somewhat 19 

narrowed the range of values for the depth-averaged specific groundwater discharge, such that 20 

settings with higher values were identified as non-behavioural, and for the factor for effective 21 

vertical gas diffusion coefficient, such that settings with lower values were identified as non-22 

behavioural. Their exclusion yielded a percent change of 14% and 10%, respectively. Backward 23 

stepwise regression indicated that all input parameters were significant (P<0.05) except for initial 24 

total mass (data not shown). 25 

Table 8 26 
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 1 

Figure 9: Monte Carlo simulations concerning soil property parameters for (1) mass flux from 2 
LNAPL source (1,2,3-TMB) and (2) HI for (a) all realizations (thick line indicates base case model 3 
run) and (b) the subset of behavioural realisations selected by the re-screening. 4 

4.2.3 Exposure parameters 5 

The relevance of variability of exposure parameters was investigated for the two dominant 6 

pathways determined in the base case scenario. It should be noted that only factors pertaining to the 7 

actual pathways were analysed, namely those (usually site-specific) input parameters whose 8 

variability can subsequently (i.e. in the next decision tiers) be more precisely specified by collecting 9 

(more detailed) information. Standard default risk assessment factors (e.g. exposure duration, 10 

averaging time) or chemical-specific parameters (e.g. reference dose) were not included. Table 9 11 

lists the parameters and ranges applied for the analysis (for both priority pathways).  12 



28 

 

Table 9 1 

Using the temporal development of contaminant concentrations in groundwater at the receptor 2 

resulting from the base case simulations of contaminant release and transport (see Figure 8), Monte 3 

Carlo simulations were done for an ensemble of 500 realizations (approx. 33 times the number of 4 

varied parameters), as shown in Fig. 10. In addition, it was also tested to which extent Latin 5 

Hypercube sampling (LHS) captures the “extremes” of parameter variability in a given dataset 6 

through its stratified sampling technique. This was done by including the maximum and minimum 7 

simulations, which could be calculated from the input values given in Table 9 (these simulations are 8 

indicated as max and min in Fig. 10). Note that a screening step is not relevant here since this 9 

analysis relates specifically to the pathway from groundwater to the receptor itself, which is 10 

subsequent to the point where the screening criterion applies.  11 

Figures 10a-c indicate that, even for unrealistic i.e. extreme parameter settings, 1,2,3-TMB will 12 

most likely not pose a risk to a residential lifetime receptor (the bulk of the realizations indicate 13 

HQtot,1,2,3-TMB < 1; see 98
th

 percentile, i.e. upper range of 96% confidence interval in Fig. 10c). 14 

Unacceptable risk is, however, predicted when all compounds are evaluated together, as indicated 15 

by the HI values (Fig. 10d), which are at or above unity for the entire simulation time. The large 16 

discrepancy between the 98
th

 percentile and upper boundary of the range of values (“max”), which 17 

can be observed for HQi,1,2,3-TMB, HQtot,1,2,3-TMB and for HI, shows that the LHS technique does not 18 

capture the “true” best- and worst-case scenarios, which would correspond here to a minimum HI = 19 

0.22 and maximum HI = 4.29, respectively. In all cases, it is again clear that the modelled peak for 20 

maximum risk (to the receptor) has passed (see e.g. t = 2011). 21 



29 

 

 1 

Figure 10: Temporal development of the hazard quotient (1,2,3-TMB) for (a) drinking water ingestion 2 
and (b) leafy vegetable ingestion, (c) total hazard quotient ( for 1,2,3-TMB) considering all pathways, 3 
and (d) hazard index considering all constituents. Shown are the 96% confidence interval (gray band), 4 
maximum scenario (green solid line), base case scenario (black dashed line), mean MC scenario (red 5 
dash-dotted line), and minimum scenario (blue dotted line). Please note the different y-axis scales. 6 

 7 

The results of the investigations made with respect to the variability of exposure parameters may 8 

also be interpreted in terms of the ratio between e.g. the 98
th

 percentile (or alternatively, the 9 

maximum possible risk) and the base case, which – for the HI – are approximately 1.15 and 1.80 10 

respectively. With these ratios, i.e. multipliers, one may superimpose the results with those from 11 

preceding analyses regarding the uncertainty of site-specific parameters and soil property 12 

parameters. If we accept e.g. the 98
th

 percentile as a suitable measure to account for the variability 13 

of exposure parameters, we may add a surcharge of 15% (corresponding to a factor of 1.15) to the 14 
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HI values depicted in Figures 8 and 9 (graphs 2a and 2b) to get risk values taking into account both 1 

uncertainty in effective model values and variability in exposure parameters.  2 

 3 

5. Conclusions 4 

The implementation of system dynamics to hydrogeological issues recognizes the increasing 5 

importance for interdisciplinary systems research that relates policy assessment with resource 6 

management options that ultimately lead to improved sustainability outcomes. Implementation of a 7 

tiered assessment concept can help to successively reduce the number of competitive options for 8 

any further detailed assessment. This will avoid unnecessary site investigations and/or inappropriate 9 

management strategies not in line with the principle of proportionality. In order to streamline and 10 

standardize the assessment of both the technical and economic feasibility of remediation options for 11 

use in contaminated land management programs, a new assessment concept has been developed and 12 

is implemented in the decision support tool CARO-PLUS.  13 

At the core of this concept is a modelling-based, multi-compartmental environmental impact 14 

assessment designed to establish the suitability of management scenarios capable of meeting pre-15 

defined, site-specific compliance criteria. Conducting a risk assessment for multiple, or projected 16 

uses of a site the decision-maker can begin to have an idea about what use restrictions or 17 

modifications might be necessary for a particular type of receptor.  18 

Initial modelling scenarios found that the drinking water and leafy vegetable ingestion pathways 19 

were the risk-driving pathways for a (hypothetical) residential receptor. This is an important 20 

distinction since this type of knowledge makes it easier to control risk at the receptor, i.e. in helping 21 

to determine what form of institutional control(s) might be necessary to protect human health at a 22 

particular site. The model simulations also revealed the dominant aqueous release mechanism to be 23 

mass flux due to groundwater recharge, pointing to the importance of including the flux due to 24 

groundwater recharge especially for LNAPL contaminated sites. Critical parameters within both the 25 

existing site-specific and exposure data could be identified, including potential gaps in the 26 

information suggestive of where additional effort should be directed when prioritizing future 27 

investigation needs.  28 

The results also substantiate initial investigations in the application of risk management 29 

methods by segregating and quantifying the role of relevant parameter categories. This allows the 30 

risk assessor to subsequently undertake target-oriented detailed investigations to narrow down 31 

uncertainty. The results of the original MC simulations for hazard index across all three categories 32 
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(site-specific, soil property and exposure parameters) indicated that the uncertainty in the site-1 

specific parameters had the largest influence on the results, thus prioritizing this area for future data 2 

collection. The rescreening step was valuable in identifying behavioural realizations, which may 3 

better represent actual site data. The result of the hand calculation (i.e. for the exposure parameters 4 

category), however, suggests that the LHS technique may not be capable of reproducing the 5 

absolute best- and worst-case scenarios. 6 

The results of the uncertainty analysis indicate that MNA could potentially be implemented at 7 

the case study site, as long as institutional controls are in place that will prevent the use of the 8 

groundwater, i.e. restrictions should be made against the placement of any (private or public) wells. 9 

In a next step, the findings of this study would have to be confirmed by a more detailed 10 

investigation. The latter may include an in-depth analysis of the unknown fraction of the LNAPL 11 

source and the application of a more sophisticated mathematical model. Also, an assessment of the 12 

feasibility of alternative management options involving active remediation technologies may be 13 

considered. 14 
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