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SUMMARY 

A site and receptor specific risk management approach for groundwater pollution based on the 
measurement of contaminant mass flux is proposed. The approach is useful and compatible with the 
demands formulated in the European Soil Framework Directive, the Industry Emissions Directive and 
the regulations applicable in the EU member states.  
 
The proposed Contaminant Mass Flux (CMF) method focuses on: 1) capture zones, 2) the location of 
control planes, 3) the definition of the maximum allowed contaminant mass discharge, and 4) 
contaminant mass flux measurements along control planes performed with the Passive Flux Meter 
(PFM) technology. For every control plane such a maximum allowed contaminant mass discharge has 
to be derived and is crucial for the receptor risk management strategy.  
 
The PFM is a passive sampling device that provides simultaneous in situ point measurements of a 
time-averaged contaminant mass flux and water flux. The device, with a suite of tracers, is placed in a 
monitoring well or borehole for a known exposure period, where it intercepts the groundwater flow 
and captures the contaminants. The measurements of the contaminants and the remaining resident 
tracer can then be used to estimate groundwater and contaminant fluxes. The resulting contaminant 
mass flux profiles indirectly reflect the distribution of a soil contamination and directly reflect the 
mobility of the contaminants present. 
 
The method is demonstrated for a large area of groundwater pollution present in the industrial area 
of Vilvoorde – Machelen located in Flanders, Belgium, and illustrated with results of a PFM 
demonstration in France. The CMF method represents an objective and cost-efficient flux-based 
contaminated land management approach. 
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1. Introduction 
 
The monitoring and management of contaminants in soil and groundwater is a challenge, 
especially with respect to volatile organic hydrocarbons (VOH) that present at up to 60 % of the 
European industrially contaminated land. Deep and erratic VOH sources typically produce 
widespread and dynamic plume zones that are difficult to monitor and difficult to remediate 
completely. Remedial actions often fail because of an inadequate characterization of the source 
zone. Furthermore, a risk-based management of the (residual) contamination is often the only 
BATNEEC option. There is a need for an objective, adequate and simple characterization 
approach that includes: 1) an adequate and reliable monitoring technique, 2) clear target levels 
for remediation performance assessment, and 3) clear action levels for a risk-based 
contaminated land management approach. 
 
Most decisions regarding soil and groundwater contaminations are driven by contaminant 
concentrations. Since concentration estimates are mostly highly uncertain and do not include the 
fluctuations caused by spatially and temporally varying conditions, these decisions can be 
improved by additionally considering contaminant mass fluxes and contaminant mass discharges. 
The contaminant mass that is released by a source and effectively reaches a downgradient 
receptor, determines the actual risks and should therefore be monitored. It is essential to 
measure contaminant mass fluxes directly instead of estimating mass flux based on 
concentration data and estimates of groundwater velocity. Furthermore, a contaminant mass 
flux profile indirectly reflects the distribution of a soil contamination and directly reflects the 
mobility of the present contaminants. Finally, mass flux profiles can be used for source strength 
calculations, contaminant mass balance calculations, site remediation prioritization and source 
remediation performance assessment. 
 
The combined monitoring of contaminant mass fluxes and groundwater fluxes along a control 
plane is only possible using Passive Flux Meters (PFMs), a recently developed passive sampling 
device that is installed in monitoring wells for a period of time.  
 
We propose the Contaminant Mass Flux (CMF) approach as the first risk-based contaminated 
land management approach that: 1) sets out a clear framework for a complete flux-based risk 
management strategy including risk assessment and management; 2) introduces a clear formula 
to define contaminant mass discharge and mass flux levels at predefined control planes along the 
migration pathways within a capture zone; and 3) does not rely on mass flux simulations but 
rather monitors mass fluxes along predefined control planes by using the Passive Flux Meter 
technology. The CMF approach fits within the focus of the EU Soil Framework Directive and the 
Industry Emissions Directive, and can be incorporated into existing flux-based strategies.  
 
The proposed approach is illustrated with the results of a PFM demonstration in France and an 
example of a complete CMF application on a field site in Vilvoorde - Machelen (Flanders, 
Belgium).  
 
 

2. Passive Flux Meter technology 
 
2.1. Technology description 
 
The PFM is a recently developed passive sampling device that provides simultaneous in situ point 
measurements of a time-averaged contaminant mass flux and water fluxi,ii. The device is placed 
in a monitoring well or borehole for a known exposure period, where it intercepts the 
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groundwater flow and captures contaminants. The PFM consists of a permeable sock that is 
packed with a permeable sorbent matrix (Fig. 1). Each PFM sock is divided into segments 
separated using viton rubber washers to prevent vertical water flow through the PFM. In other 
words the PFM device provides a vertical profile of horizontal fluxes. A center tube serves as a 
backbone for the PFM and facilitates the installation and retrieval. The sorbent matrix is also 
impregnated with known amounts of one or more water soluble resident tracers. These tracers 
are leached from the PFM at rates proportional to groundwater flux. The measurements of the 
contaminants and the remaining resident tracer can then be used to estimate groundwater and 
contaminant fluxes. 
 

 
Figure 1. Concept of a PFM 

2.2. State of the art 
 
Current state-of-the-art technologies rely on numerous concentration samples in space and time 
to estimate contaminant discharges from a source zone but provide no direct measures of flow 
or contaminant mass flux. The potential use of passive sampling devices for the direct 
measurement of groundwater related (volatile organic carbon) VOC mass fluxes has been 
examinedv. A review of current passive samplers for the measurement of organic contaminants 
in water yielded the selection of eighteen samplers which were screened for a number of criteria. 
These criteria are related to the possible application of the sampler for the measurement of VOC 
mass fluxes in groundwater. This screening study indicates that direct measurement of VOC mass 
fluxes in groundwater is only possible with the PFM.  
 
The concept of the PFM technology was invented in 2004iv. A number of field applications has 
been performed in the US and Canada since 2005. The technology has since been validated and 
improved. We performed the first European PFM field application in 2010 and extended the 
focus of the PFM from source to plume zone monitoringiii. The PFM technology is somewhat 
established by now, but the use of PFM data in site management still needs clarification and 
demonstration for regulatory authorities and consultancies. The developed CMF approach should 
ease the use of PFM data in a flux-based site management approach. 
 
2.3. Advantages 
 

 Simultaneous evaluation of both water and contaminant fluxes under natural gradient 
conditions.  

 Cumulative measurement of the contaminant flux, making the results increasingly less 
sensitive to daily fluctuations in groundwater flow or contaminant concentrations. 

 Only two site visits required. 

 Measurement of vertical variations in horizontal fluxes. 

 No electrical power or pumping required. 
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 In comparison to conventional water sampling with pumps no changes in the hydraulic 
flow field, mass loss through volatilization or sorption to tubing and cross contamination. 

 Precise prior knowledge about local aquifer hydraulic conductivities not required. 

 Perfectly implementable in CMF approach. 
 
 

3. Contaminant Mass Flux approach 
 
3.1. Conceptual site model 
 
The source-pathway-receptor model is the conceptual site model of the risk-based approach 
introduced by the EU WFDiv (see example at Figure 2) and is also applicable to the proposed Soil 
Framework Directive. The contaminant mass released from a source zone that effectively 
reaches a receptor, determines the actual risks at the receptor and should therefore be 
monitored. In this context, two terms can be distinguished: ”mass flux” and “mass discharge”. 
Contaminant mass flux (CMF) can be defined as the total amount of contaminant, expressed as 
mass, passing per unit area per unit time through a well-defined control plane that is orthogonal 
to the groundwater flow direction [g m-2d-1]. Contaminant mass discharge (CMD) is an integrated 
mass flux estimate (i.e., the sum of all mass flux measures across an entire plume) and thus 
represents the total mass of any solute transported by groundwater through a defined plane [g d-

1]. Figure 2 shows the concept of a mass discharge at a control plane between source and 
receptor. A control plane is a predefined plane at which compliance with defined aquifer water 
quality standards or with tolerable CMF levels is determined. A control plane is located 
downgradient from a source zone and orthogonal to the groundwater flow direction. The plane 
covers the orthogonal cross-section of a groundwater stream that might be contaminated by the 
source zone. The exact location of a control plane depends on the specific field situation and 
information needed. A plane of compliance can be defined along a physical or hydrogeological 
boundary that delineates the potential receptor. Along this plane, a zero tolerance for exceeding 
maximum allowed mass fluxes has to be maintained. This plane is therefore also referred to as 
the ”zero tolerance plane”.   
 

 
Figure 2. Conceptual site model of a contamination within the capture zone of a receptor (river) 

 
 
3.2. CMF methodology 
 

A simplified framework of the proposed management approach is given in Figure 3. The complete 
framework is presented in Verreydt et al. (2012)v. The CMF approach focuses on spreading 
pathways and spreading risks. To make a direct focus on mass flux possible, the term CMDmax 
(maximum allowed contaminant mass discharge) is introduced. The proposed strategy to derive 
the CMDmax supports an objective site and receptor specific approach (see 3.3). 
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Figure 3. Framework of the proposed CMF method 

 
After a source and receptor have been identified, a risk management zone can be delineated 
(Figure 3). Within a risk management zone, one or more control planes can be defined at which 
compliance to CMDmax levels is determined. This compliance can be determined by integrating 
individual contaminant mass flux measurements, obtained using the recently developed and 
improved PFM technology, throughout the control plane CP:  

 CMF  CMD

PC

measured  

In the event that the target CDMmax has not been met at a control plane, the CMF approach can 
be used to set remedial performance targets or reductions to confirm that target mass 
discharges have been met, thus a complete risk-based contaminated site management strategy is 
employed. 
 
3.3. CMDmax per control plane 
 
For every control plane, a maximum allowed contaminant mass discharge can be calculated 
based on the derived risk level at the receptor and the distance between the receptor and the 
considered control plane. The risk level [mg m-3], a concentration level, depends on the type of 
receptor and/or the exposure route. It can be equal to a surface water quality standard, a 
drinking water standard or a groundwater standard. 
 
If the receptor is static (drinking water supply, irrigation extraction well, terrestrial ecosystem, 
etc.), CMDmax [mg d-1] for a control plane at a distance, d, from the receptor can be calculated by: 

 f*Q* levelrisk    CMD d0static max,   

Where Q0 is the daily flux that reaches the receptor and fd the distance factor. For a drinking 
water supply or other extraction system Q0 is calculated from the extraction rates, for a natural 
water flow towards the receptor Q0 is based on the Darcy water flux q0 multiplied by the area of 
the control plane (CP area). 
 
If the receptor is dynamic (e.g. a stream, a river or other surface water body), CMDmax can be 
calculated by: 
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dswswgwdynamic max, f*Q*C  Q*
DF

levelrisk 
   CMD 










  
 

 
Where Qgw is the daily groundwater flux through the plane of compliance [m3d-1], Qsw is the total 
daily surface water flux [m3d-1] and Csw [mg m-3] is the contaminant concentration in the surface 
water immediately upstream of where the contaminant plume reaches the surface water body. 
DF is a dilution factor proposed by the EU BRIDGE projectvi, to provide a mechanism whereby the 
proportion of the impact of the groundwater pollution on the surface water can be taken into 
account.  
 
The distance factor fd expresses the ratio between the maximum allowed contaminant mass flux 
at the receptor (CMDmax,0) and the corresponding modeled mass discharge at the considered 
control plane at the time CMDmax,0 is exceeded at the receptor. An objective calculation method 
for determining fd is included in Verreydt et al. (in press)ii. 
 
3.4. Advantages 
 

 It frames the use of mass flux data within contaminated land management 

 Objective approach with clear strategy 

 Risk-based, cost-effective and efficient 

 Clear mass discharge targets based on objective calculations 

 Includes in situ time-integrating monitoring of CMF  

 Provides a support for the implementation of the PFM technology 
 
 

4. Application 
 
4.1. PFM application (France) 
 
This study represents the first European demonstration and evaluation of the PFM for the 
measurement of VOC mass fluxes and Darcy water fluxes in groundwater. In October 2010, 48 
PFMs of 1,40 m length, 10 cm diameter, divided in 5 sections, were constructed and installed in 8 
different monitoring wells in the source and plume zone of a large VOC contaminated field site in 
France. The main contaminants on site were perchoroethylene (PCE), trichloroethylene (TCE) and 
their degradation products cis-dichloroethylene (DCE) and vinyl chloride (VC). The PFMs were 
retrieved, analyzed and evaluated after 3 to 11 weeks exposure time, depending on the expected 
contaminant flux. Figure 4 demonstrates the installation of a PFM in a monitoring well.  
 
The application of the PFM at this VOC contaminated field site was very successful. Overall, the 
PFM yields representative flux data for the source (and near source) as well as the plume zone. 
The study demonstrated that the PFM can be applied without concerns in monitoring wells with 
European standards. Figure 5 visualizes the PFM groundwater flux (q0) and contaminant flux (JPCE, 
JTCE, JDCE and JVC) data for one monitoring well near the PCE/TCE source with a filter screen length 
of 18 m. 14 PFMs were stacked vertically in this well to provide a continuous flux profile.  
 
High groundwater fluxes generally resulted in high contaminant fluxes. A significantly increased 
contaminant flux value that does not correspond to an increased Darcy water flux may indicate 
an upstream source near the well. Consequently, the TCE flux peak in MW200 at a depth of 12 m 
bgs suggests the presence of an upstream TCE pure product spot. 
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A contaminant mass discharge of 109 ± 11 kg VOC/year could be calculated from the PFM data 
for a control plane at 55 m downgradient from the source. 
 

 
Figure 4. Installation of a PFM in a monitoring well 

 
 

 
 

Figure 5. PFM flux data for a monitoring well near the source, equipped with 14 PFMs 
 

 
4.2. CMF approach (Vilvoorde-Machelen, Belgium) 
 
The CMF approach was demonstrated for a large area of polluted groundwater present in the 
industrial area of the towns Vilvoorde and Machelen along the river Zenne (north of Brussels, 
Belgium). Field investigations carried out at the brownfield site indicated the presence of 
extensive regional groundwater contamination, consisting of a mixture of BTEX and VOC. The 
redevelopment of this area is complex since it consists of many parcels, both residential and 
industrial. Some locations within the area are abandoned industrial sites with a history of over 
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100 years of industrial activity. One of the capture zones considered at this site in Vilvoorde - 
Machelen is that of the mixed benzene and chlorinated aliphatic hydrocarbon plume into the 
Zenne river, originating from source areas 1 & 2 (Figure 6). 
 

 
Figure 6. Location of the control planes in the Zenne capture zone 

at the study site in Vilvoorde – Machelen 
 
For each individual chlorinated hydrocarbon compound investigated, a CMDmax,0 (at receptor) 
and a CMDmax,CP1 (at CP1) was calculated (Table 1). The auxiliary parameters CP area and dilution 
factor (DF, see 3.3) are determined as respectively 4800 m² and 1.8E-3. The distance between 
Zenne river and CP1 is 180 m. The measured CMD at CP1 is also provided in the table. CMDmax,CP1 
has been exceeded for cis+trans dichloroethylene and for vinylchloride if no dilution factor has 
been taken into account, therefore remedial actions are recommended. 
 

Table 1. Mass discharge calculations for the studied site in Vilvoorde – Machelen 
Pollutant Risk 

level 
(µg L

-1
) 

fd 
[-] 

CMDmax, 0 
(g d

-1
) 

 

CMDmax,CP1 

(g d
-1

) 
 

CMDCP1 
(g d

-1
) 

 
   no DF with DF no DF with DF measured 

perchloroethylene 
 

10 20.6 8 4308 81 44425 5 

trichloroethylene 
 

10 20.6 8 4308 81 44425 10 

cis + trans 
dichloroethylene 

 

 

 

10 2.9 8 4308 11 6139 36 

vinylchloride 

 

10 1.5 8 4308 6 3231 21 

benzene 
 

10 20.6 8 4308 81 44425 5 

 
To develop the action plan and risk monitoring program, all capture zones within the defined risk 
management zone need to be considered. Continuous regular monitoring is clearly required. 
PFM implementations with yearly sampling at the planned control planes meet this requirement. 
The results of the CMF application have been taken into account by the authorities, in the 
context of the risk management approach which will be used for this site. 
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5. Cost savings 
 
To estimate the cost savings generated using the CMF approach including the PFM technology, 
the cost estimation of a complete traditional contaminated land management including 
monitoring and remediation needs to be compared with the proposed CMF approach, also 
including monitoring and remediation. Comparing complete site management methods is 
extremely difficult for a variety of reasons. The cost-efficiency of a contaminated land 
management approach depends mainly on the cost-efficiency of the soil characterization 
technique. Therefore, we focus on the comparison of a contaminant mass discharge estimation 
through a control plane based on traditional multilevel sampling (MLS) data and PFM data. 
 
Figures 7a and 7b show the estimated cost comparison between a contaminant mass discharge 
estimation based on 1) MLS concentration data combined with Darcy groundwater flux 
measurements, and 2) PFM flux data. The cost calculation assumes a 7.6 m thick aquifer and a 
respectively low, medium and high spatial resolution. The associated costs are plotted as a 
function of the control plane width. 
 

   
Figure 7a-b. Cost comparison between a mass discharge estimation based on MLS and PFM data 

for a 7.6 m thick aquifer with respectively a) low and b) high sampling resolution 
 
Both MLS and PFM costs show an increase with increasing control plane width. PFM costs 
however, are significantly lower and less influenced by increasing required sampling resolution. 
 
It should also be noted that the PFM technology produces much more information than 
traditional sampling. It is time integrating water and contaminant flux data versus snapshot 
concentration data which still need to be combined with Darcy water flux estimations to obtain 
flux estimations. As a consequence, the uncertainty on the obtained flux data also differs if 
resulting from PFM measurements or traditional concentration measurements.  

 
 

6. Prospects & discussion 
 
The in situ time-integrating monitoring of the CMF, and therefore indirectly also the monitoring 
of the risk of soil and groundwater contamination to a receptor, is unique and a very promising 
technique in contaminated soil and groundwater management. 
 
The proposed CMF approach for the management of soil and groundwater contamination fits 
within the procedures and principles formulated in the proposed EU Soil Framework Directive, 
the EU Water Framework Directive, the Industry Emissions Directive and the Flemish Soil Decree. 
Innovative aspects within the proposed strategy are the flux-based monitoring approach, the 
location of the control plane(s), the derivation of the CMDmax and the direct measurement of 
contaminant mass fluxes with the PFM technology. The implementation of this flux-based 
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strategy requires the participation of the local authorities to accept mass flux measurements as 
an additional or in some cases better alternative monitoring method to conventional 
concentration measurements.  
 
If required, flux measurements can be supplemented with traditional concentration 
measurements. However, one of the advantages of a flux-based monitoring approach using PFMs 
is the reduction of monitoring costs by the time-integrating aspect of the measurements and the 
combined Darcy water and CMF dataset. Moreover, a mass discharge through a control plane 
calculated by integrating measured local mass fluxes, over a timescale of up to several months, 
implies less uncertainties then an estimated mass discharge based on snap shot concentration 
measurements and estimated Darcy water fluxes. T 
 
The Flemish authorities have already taken the first step toward possible mass flux targeting 
instead of concentration targeting by implementing the results of the CMF application within the 
management of the Vilvoorde-Machelen brownfield, and by starting a validation study for the 
PFM technology. 
 
 

7. Conclusion 
 

For the management of groundwater pollution, an objective flux-based risk management strategy 
is proposed. This strategy is based on the source-pathway-receptor approach as stated in the EU 
Water Framework Directive and the Flemish Soil Decree. The proposed CMF strategy includes the 
delineation of capture zone(s) and the location of control plane(s) within a considered risk 
management zone. It also includes the direct measurement of contaminant mass fluxes along a 
control plane and states the derivation of the maximum allowed contaminant mass discharge and 
contaminant mass flux per control plane. The strategy does not rely on mass flux simulations, but 
uses the recently developed Passive Flux Meter technology and therefore minimizes 
uncertainties. The CMF strategy yields a clear methodology on a flux-based groundwater risk 
management. The strategy should lead to a more integrated and more controlled handling and 
management of soil and groundwater contamination in the near future. 
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