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A B S T R A C T   

Interest in using contaminant mass discharge (CMD) for risk assessment of contaminated sites has increased over 
the years, as it accounts for the contaminant mass that is moving and posing a risk to water resources and re-
ceptors. The most common investigation of CMD involves a transect of multilevel wells; however, this is an 
expensive undertaking, and it is difficult to place it in the right position in a plume. Additionally, infrastructure at 
the site needs to be considered. To derive an initial CMD estimate at a contaminated site and to allow for the 
prioritization of further investigations and remedial actions, the ProfileFlux method has been developed. It is 
targeted at former industrial sites with a source zone in a low conductivity layer with primarily vertical flow 
overlying an aquifer with primarily horizontal groundwater flow. The ProfileFlux method was developed for 
mature chlorinated solvent plumes, typically originating from more than 30 to 50-year-old spills, as the usage of 
chlorinated solvents is mainly historical. Thus, it is assumed that the contaminant had time to distribute in the 
low conductivity layer by mainly diffusive processes. Today the contamination is continuously released to the 
underlying aquifer, where advection and dispersive (other than diffusive) processes are of higher importance. 
The approach combines high-resolution, depth-discrete vertical concentration profiles and a simple 2D flow and 
transport model to estimate CMD by comparing measured and simulated concentration profiles in the aquifer. 
The study presented herein includes a global sensitivity analysis, in order to identify crucial field parameters, and 
of particular importance in this regard are source length, groundwater flux and infiltration. The ProfileFlux 
method was tested at a well-examined industrial site primarily contaminated with trichloroethylene, thereby 
allowing a comparison between CMD from the ProfileFlux method and the traditional transect method. CMD was 
estimated at 117–170 g/year, when using the ProfileFlux method, against 143 g/year with the transect method, 
thus validating ProfileFlux method’s ability to estimate CMD. In addition, applying the method identified weak 
points in the conceptual site model. The method will be incorporated into a user-friendly online tool directed at 
environmental consultants and decision-makers working on the risk assessment and prioritization of contami-
nated sites with the specific hydrogeological conditions of an aquifer with an overlying low permeability layer.   

1. Introduction 

Due to modern society’s previous usage of chemicals, such as chlo-
rinated solvents, petroleum hydrocarbons, per− /polyfluoroalkyl sub-
stances and pesticides, contaminated sites abound worldwide. Often, 
contamination is located in low permeability layers overlying aquifers 
(Falta, 2005; Chambon et al., 2010, 2011; Filippini et al., 2020), where 
contaminants can be stored and released over a long period of time. The 
migration of dissolved contaminants from these sites into underlying 

aquifers poses a risk to groundwater systems and drinking water re-
sources and ultimately human and environmental receptors. When risk 
assessing contaminated sites, contaminant mass discharge (CMD) can be 
used to evaluate the risk to receptors downgradient of a source and to 
prioritize the need to remediate different contaminated sites (Einarson 
and Mackay, 2001; Troldborg et al., 2008; Newell et al., 2011; Einarson, 
2017; Rønde et al., 2017). Furthermore, it is used to evaluate source 
zone remediation and natural plume attenuation (Kao and Wang, 2001; 
National Research Council, 2005; Brooks et al., 2008; Fraser et al., 2008; 
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Fjordbøge et al., 2012; Horneman et al., 2017). Although CMD provides 
an integrated flow and contaminant concentration response, which en-
ables a risk-based assessment of the impact on water resources, most 
practitioners and decision-makers still adhere to generic concentration- 
based water quality standards at a given point downgradient of a source. 
Horst et al. (2021) listed three main factors explaining why the CMD 
approach is not fully incorporated into contaminated site risk assess-
ments: 1) a lack of technical adeptness by practitioners, 2) the need to 
develop robust CMD assessments and 3) a lack of alignment regarding 
compliance metrics when using CMD. 

CMD describes the mass of a contaminant transported through a 
control plane per unit of time. CMD is most commonly evaluated in a 
vertical control plane perpendicular to the groundwater flow direction 
in an aquifer downgradient of a source zone (e.g. Newell et al., 2011; 
Verreydt et al., 2012). In the control plane, point measurements 
covering the width and depth of the plume are often collected by using 
multiple sampling points over depth (traditional wells or multilevel 
samplers) (e.g. Kao and Wang, 2001; Freitas et al., 2011; Troldborg 
et al., 2012), albeit passive flux meters (PFMs) have also been developed 
and applied in this regard (e.g. Annable et al., 2005; Verreydt et al., 
2011; Ottosen et al., 2020). Both methods require many measurement 
points to ensure adequate sample density and to minimize uncertainty in 
the CMD estimate (Li and Abriola, 2009; Troldborg et al., 2010, 2012; 
Brooks et al., 2015; Balbarini et al., 2018). Furthermore, the placement 
of a transect is difficult, as it should be neither too close nor too far away 
from the source zone, and so it often takes several attempts to achieve a 
proper transect for CMD determination. Hence, it can be an expensive 
metric to evaluate, and we therefore need faster and cheaper methods 
for an initial estimate of the CMD in order to evaluate and prioritize 
further investigation or remediation of contaminated sites at an early 
stage. 

Field investigations and risk assessments in heterogeneous glacial 
sediments such as clay till have proven particularly difficult due to the 
existence of fractures, fissures and sand lenses which can potentially 
create preferential transport paths (Kessler et al., 2012). Furthermore, 
the matrix can store contaminants and act as a secondary source through 
back-diffusion (Falta, 2005; Chambon et al., 2010). Chambon et al. 
(2011) and Locatelli et al. (2019) have developed risk assessment 
models describing the vertical transport of dissolved contaminants 
through clay till, coupled with horizontal transport in the underlying 
aquifer. The focus of both models is on dissolved contaminant concen-
tration in the aquifer, and they do not focus on CMD. For these het-
erogeneous geological settings and/or complex contaminant plumes, the 
high-resolution, depth-discrete characterization of both hydraulic 
properties and contaminant concentrations is important in order to 
improve our understanding of the key processes driving the CMD and to 
refine conceptual site models (e.g. Suthersan et al., 2016; Steelman 
et al., 2020). 

Coupling field site investigations with transport models is a valuable 
practice, as it helps to understand contaminant transport better. 
Essouayed et al. (2021) presented a method for an iterative source 
localization strategy at a chlorinated solvent site that merged field site 
measurements and 2D modeling, as well as used the results to improve 
the conceptual site model. However, this was done in a sandy aquifer 
with a focus on locating the source zone at a contaminated site and did 
not include depth-discrete sampling or the estimation of CMD. Thus, we 
see a need – as requested by Horst et al. (2021) – for new and robust 
methods for assessing CMD emanating from clay till sites, which can be 
adapted by practitioners using existing field techniques. The transect 
method is already used to evaluate CMD and is applied at many sites. 
However, as discussed it is an expensive method, and it is often difficult 
to get the placement of the wells correct and can take several field 
campaigns to fully delineate the plume and estimate the CMD. 

With this in mind, we present a novel concept herein, namely the 
ProfileFlux method, to estimate the CMD of dissolved contaminants 
from a point source located in a low permeability layer into an 

underlying aquifer without utilizing a traditional control plane of mul-
tiple expensive and permanently installed sampling points over depth. 
The estimate is done using knowledge of the source zone, the flow field 
and high-resolution, depth-discrete concentration profiles in the aquifer 
along the plume center line. This is coupled with a 2D solute transport 
model developed specifically for sources located in clay till settings. 
Comparing field site measurements with contamination simulations al-
lows for a better understanding of contaminant migration and the con-
ceptual site model. A CMD estimate is achievable with less intensive data 
collection than the traditional transect method and can indicate whether 
a traditional transect method estimation needs to be done. This paper 
aims to (1) present the approach and prerequisites of the CMD estima-
tion method, (2) identify governing parameters via a global sensitivity 
analysis using a 2D solute transport model, and (3) apply the approach 
at a field site, including a discussion of the water balance and inferred 
updates of the conceptual site model. 

The work is developed and tested on a typical Danish industrial site 
contaminated with trichloroethylene (TCE) located in clay till settings 
overlying a sandy aquifer in order to create a risk assessment tool that 
can be used for contaminated sites located in similar settings. 

2. Conceptual model and the ProfileFlux method 

The ProfileFlux method has been developed for geological settings 
where chlorinated solvents emanate from a low permeability clay till 
unit into a high permeability aquifer (e.g. sand or gravel) located below. 
The main idea is that high-resolution, depth-discrete concentration 
profiles are the footprints of site-specific parameters such as flow sys-
tem, contaminant source strength and length and the actual CMD from 
the source zone (McNab et al., 2000). The ProfileFlux method comprises 
the following three steps:  

1) Initial site investigations to characterize the contaminated site in 
terms of the approximate extent of the source zone, contaminant 
concentration in clay till, flow direction and hydraulic properties of 
the system (Fig. 1a).  

2) An investigation into contaminants in the aquifer, where high- 
resolution, depth-discrete concentration profiles are gathered along 
the center line of the plume, both from within the source zone and at 
different distances downgradient thereof (Fig. 1b). 

3) A comparison between measured and simulated concentration pro-
files in order to estimate CMD. A 2D solute transport model is used to 
simulate these concentration profiles by adjusting site-specific pa-
rameters within a given range until a good agreement between the 
simulated and measured profiles is achieved (Fig. 1c). 

The infiltration through and downgradient the source zone will 
determine how the plume distributes vertically. Often, the infiltration 
rate is a difficult parameter to determine in clay till, as vertical hydraulic 
conductivity defining the actual infiltration is difficult to measure. 
Combining groundwater flow in the aquifer and the vertical concen-
tration profile leads to a fair estimate of infiltration through clay till, as 
the former is often known with a relatively high degree of certainty. 
Thus, through a combination of measured and simulated concentration 
profiles, we can estimate CMD, update our conceptual site model and 
refine key parameters. In the following sections, assumptions, field pa-
rameters and model descriptions are addressed. 

2.1. Assumptions for the ProfileFlux method 

The ProfileFlux method was developed with simplicity in mind to 
produce a tool that can be used within the existing field site investiga-
tion framework and provide the end-user with an estimate of CMD out of 
the source zone and within the aquifer at a given distance from the 
source as an alternative a complement to the more expensive and 
tedious transect method. The ProfileFlux method is directed toward 
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legacy sites contaminated with chlorinated solvents, which in many 
parts of the world originate from the 1940s to the 1980s (McGuire et al., 
2004; Sale et al., 2008). Thus, they are more than 40 years old and 
represent mature secondary sources, where non-aqueous phase solvents 
have been depleted by dissolution and the chlorinated compounds 
already distributed by diffusive processes and stored in the clay till 
matrix (Parker et al., 2008). Such source zones in clay till overlying 
aquifers are relevant for many sites in Northern Europe and North 
America (e.g. Hønning et al., 2007; Damgaard et al., 2013a, 2013b). 

McGuire et al. (2004) examined 191 chlorinated solvent sites and 
found that most (90%) of the plumes were stable. Sale et al. (2008) 
suggested using a 14-compartment model to evaluate the contaminant 
distribution of chlorinated solvents in four different phases, in both the 
source zone and the plume. The four phases are dense non-aqueous 
phase liquid (DNAPL), vapour, aqueous and sorbed. The importance of 
each phase varies with the geological setting and time since the spill. For 
sources located in low permeability layers and in the middle to late stage 
of their life span, the stored mass in the matrix is the predominant source 
of contamination to the transmissive zone (ESTCP, 2011), as little to no 
DNAPL is present (Chapman and Parker, 2005). During the development 
of the ProfileFlux method, the aim was to get an initial robust estimate of 
CMD from the source and within the plume, which resulted in focusing 
on the saturated zone to keep the method simple. The ProfileFlux 
method therefore only takes dissolved and sorbed contaminants into 
consideration. Furthermore, degradation is disregarded in the model; 
however, if reductive dechlorination products are observed at a site, the 
sum of chlorinated compounds on a molar basis can be used as an input 
for step 3 (Chambon et al., 2013). 

As reported by Kessler et al. (2012), fractures in clay till can act as a 
preferential transport pathway causing a faster breakthrough of con-
taminants to an underlying aquifer. However, a study of clay till at eight 
sites in Denmark and one in Canada showed that the fracture aperture 
often decreases with depth, with a clear change at a depth of 3 m below 
the ground surface (m bgs) (Klint et al., 2013; Aamand et al., 2022). The 
same study found that for 32 different locations, fracture spacing 
increased with depth from around 3 m bgs. Smaller fracture apertures 
and fewer fractures will result in a smaller impact on contaminant 
transport through clay till (Falta, 2005). When reaching clay till deeper 
than approximately 3 m bgs, the importance of these fractures on water 
flow decreases, and so they are not considered in the ProfileFlux 
method, and both clay till and the aquifer are assumed to act like a 
porous medium, therefore not accounting for fractures in clay till. 

2.2. Required site characterization 

Site-specific parameters are essential for the reliable simulation of 
the vertical concentration profile – and, ultimately, a credible estimate 
of CMD with the ProfileFlux method. This section addresses the required 

field site parameters, which can be determined within the framework of 
a typical site investigation. 

Relevant input and output parameters for the ProfileFlux method are 
shown in Fig. 2 and listed in Table 1. Parameters that are field site- 
specific and typically determined in investigations at contaminated 
sites are assigned a “Yes” in the “Field” column in Table 1. Other pa-
rameters are considered less site-specific and/or need elaborate field 
methods like tracer experiments to be determined. These are assigned a 
“No” in the “Field” column. In the following, typically measured field 
parameters are described. 

Site investigation methods are diverse, and most of the input pa-
rameters can be determined using different field equipment/techniques. 
For initial site investigations (step 1), traditional screened wells will 
most likely be available. Borehole logs from these wells are useful in 
determining geology at the site and the thickness of clay till. Further-
more, properly constructed and screened wells can provide information 
on the flow field in the system by allowing measurements of the hy-
draulic head in both clay till and the aquifer. Devlin and Schillig (2017) 
presented an Excel spreadsheet for estimating groundwater flow direc-
tion and the head gradient, both of which are relevant for site in-
vestigations. Slug tests or other hydraulic test methods can be performed 
to determine hydraulic conductivity in the aquifer. Also, if hydraulic 
properties from prior investigations or models in the area are known 
beforehand, they can be considered. Soil concentrations should be 
measured to determine the amount of contaminant at the site and to 
delineate the source zone. The soil concentration can be converted into 
solute concentration using the sorption coefficient, kd. 

For unconsolidated settings such as clay till and sandy aquifers, 
direct-push methods are valuable, as they provide different depth- 
discrete information (McCall et al., 2014). For instance, using a mem-
brane interface probe hydraulic profiling tool (MiHPT) is beneficial for 
investigating contaminated clay till and the transition zone into the 
aquifer. It provides a depth-discrete, qualitative signal of contaminant 
distribution for source zone delineation, along with an estimate of the 
permeability of the subsurface, for a more detailed determination of clay 
till thickness than offered by initial borehole logs. An MiHPT is also 
useful for examining the vertical hydraulic gradient at the site – as 
described in Rosenberg et al. (2022). 

The ProfileFlux method relies on the use of high-resolution, depth- 
discrete concentration profiles (screen length of around 10 cm with a 
vertical spacing of 0.5–1 m) in the aquifer (step 2). Several multilevel 
sampling methods are available (Tuxen et al., 2006; Anneser et al., 
2008), and Broholm et al. (2016) reviewed a range of commercially 
available devices. A new device, not mentioned in Broholm et al. (2016), 
is the groundwater profiler system (GWP) from GeoProbe®, namely a 
direct-push method that samples groundwater from high permeability 
settings through the use of a syringe pump or bladder pump. 20 sample 
ports are distributed on four sides of the probe, resulting in a screen 

Fig. 1. Conceptual setup of the method: (a) Step 1, initial site investigation with approximate position of the source zone, vertical and horizontal water fluxes. 
(b) Step 2, contaminant investigation with high-resolution, depth-discrete concentration profiles gathered at different locations within and downgradient of the 
source. (c) Step 3, contaminant transport is simulated by a 2D transport model, and the measured and simulated contaminant profiles are compared 
and optimized. 
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length of around 10 cm (Dutta et al., 2021). All devices benefit from 
prior knowledge of contaminant levels at depth, in order to select 
appropriate target depths for groundwater sampling, and the MiHPT is 
very useful in this regard as well as evaluating sampling depths with 
suitable permeability. When undertaking depth-discrete groundwater 
sampling, it is important to define concentrations that delineate the 
entire thickness of the plume and locate maximum concentrations. 
Furthermore, to make the most reliable estimate of CMD, one should 
target the expected center line of the contaminant plume, based on 
overall groundwater flow direction. MiHPT can support the decision on 
the placement of the depth-discrete groundwater samples and sampling 
across the expected centerline is advised in order to make sure that the 
center line has been found. Missing or deviating from the center line, in 
particular for narrow sources, will result in an underestimation of the 

CMD (see section 4.2). 

2.3. Flow and solute transport model 

Modeling of the transport of chlorinated solvents through clay till 
and further downgradient in the aquifer is performed by a classic, 
transient 2D flow and solute transport model with a simplified setup 
(Mosthaf et al., 2021). The 2D model domain comprises a clay till layer 
and an aquifer (see Fig. 2). Mainly vertical flow and transport through 
the source area and the clay till are combined with the groundwater flow 
and transport in the aquifer. Thereby flow and solute transport are 
simulated in a vertical cross-section in the main groundwater flow di-
rection, ideally through the center line of the plume. The model domain 
is extended beyond the source zone and the interval of interest covering 
the area of interest of the plume in order to reduce the influence of the 
constant head boundary, which would otherwise impede vertical flows 
in the vicinity, on the local flow field. A steady-state flow is assumed and 
described by Darcy’s law and the mass balance as: 

∇⋅( − K∇h) = 0  

with the hydraulic conductivity tensor K and the hydraulic head h as the 
primary variable. Constant infiltration is applied at the top boundary, 
and no-flow is assumed through the bottom boundary. The hydraulic 
heads on the left and right boundaries are fixed, thus creating the overall 
horizontal hydraulic gradient in the aquifer. In the clay till overlying the 
aquifer, advective transport is mainly vertical and driven by infiltrating 
water, whereas, in the underlying sandy aquifer, the advective transport 
is predominately horizontal. 

Contaminant transport is described by the time-dependent advec-
tion-dispersion equation, which can account for sorption: 

ϕR
∂c
∂t

+∇⋅(ϕcv) − ∇⋅
(
ϕDeff∇c

)
= q  

with porosity ϕ, concentration c (primary variable), retardation factor R, 
seepage velocity v, effective hydrodynamic dispersion tensor Deff (me-
chanical dispersion and molecular diffusion) and sources/sinks q. 

All boundaries in the transport domain are set to no-flow conditions. 
The contaminant source is implemented as a rectangular area with an 
initially uniform concentration of dissolved and sorbed chlorinated 
compounds covering the saturated clay till, assuming the chlorinated 
compounds in the mature contaminant source have been distributed in 
the matrix by diffusive processes, with the length of the determined 
source zone. All other areas are initially set to a concentration of 0, i.e. 
the simulation starts when contamination reaches the aquifer. 

The model was implemented in COMSOL Multiphysics v6.0, which 
has been benchmarked with more complex setups against analytical 
solutions, experimental data, and other modeling tools (e.g. Chambon 
et al., 2010; Jørgensen et al., 2019). The model simulates both vertical 

Fig. 2. Model setup with the parameters needed for 
the 2D transport model. Output from the model is 
both a simulated concentration profile and a break-
through curve in the aquifer at a chosen distance 
downgradient from the source. The simulated con-
centration profile has three important features, i.e. 
plume thickness (Tplume), maximum concentration 
(Cmax) and depth from the bottom of the clay till layer 
to Cmax (Dcmax). The first part of the breakthrough 
curve describes the CMD incline, as the contaminant 
moves from the source zone into and through the 
aquifer. The plateau part of the curve occurs when 
the model reaches a steady state at the maximum 
estimated CMD. The third part describes the decline 
of CMD in the aquifer. The ideal time for the Profi-
leFlux method is the second part, i.e. the steady state.   

Table 1 
Input parameters for the ProfileFlux method. Some parameters are field site- 
specific (marked as “Yes” in the “Field” column). All parameters have been 
given a suggested range of values to use for Danish conditions. Parameters 
marked with an x in the GSA column are used for a global sensitivity analysis.  

Parameter Symbol Field Suggested value 
range 

GSA 

Source 
Source concentration C0 Yes 0.1–10 mg/L* x 
Source length Ls Yes 5–40 m x 
Clay till 
Infiltration rate I No 30–300 mm/year x 
Vertical head gradient iv Yes 0.1–1  
Vertical conductivity Kv No 10− 6 – 10− 10 m/s  
Anisotropy Kv/Kh, 

clay 

No 0.15  

Porosity nclay No 0.2–0.4 x 
Longitudinal dispersivity αl,clay No 0.1 ma  

Vertical dispersivity αv,clay No 0.002 ma  

Thickness Tclay Yes 4–10 m x 
Sorption coefficient kd,clay No 0–2 L/kgb x 
Aquifer 
Horizontal head gradient ih Yes 0.8–5 ‰ x 
Horizontal conductivity Kh Yes 5⋅10− 6–1⋅10 − 4 m/s x 
Anisotropy Kv/Kh,aq No 0.15  
Porosity naq No 0.2–0.4 x 
Longitudinal dispersivity αl,aq No 0.1–1 mc x 
Vertical dispersivity αv,aq No 0.005–0.02 mc x 
Sorption coefficient kd,aq No 0–0.5 L/kgb x 
Vertical concentration 

profiles  
Yes    

* With a kd,clay of 1 L/kg, this range equals to 0.1–10 mg/kg. 
a Modified from Mosthaf et al. (2021) to be ten times higher, due to a larger 

scale than their study. 
b Lu et al. (2011). 
c Chiang et al. (1989); Robertson et al. (1991); Rivett et al. (1994); Mallants 

et al. (2000); Schulze-Makuch (2005); Rotaru et al. (2014); Locatelli et al. 
(2019). 
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and horizontal transport and creates vertical concentration profiles 
downgradient of the source zone, which can then be compared to 
measured concentration profiles. Input parameters can be adjusted until 
good accordance between measured and simulated profiles is obtained, 
thus yielding CMD per meter width in the model. CMD is multiplied by 
the approximate width of the source zone, in order to make a final es-
timate of CMD at the investigated field site. As the transport model is 
transient, the approximate time when the spill happened should be 
known. Part of the modeling result is a breakthrough curve at the dis-
tance of the respective concentration profile, thereby allowing for 
evaluating whether contaminant leaching at the field site is in a stable 
situation/pseudo steady state (plateau part of breakthrough curve in 
Fig. 2). 

The development of the 2D model approach was based on a 
comprehensive study at a field site, where a detailed 3D model was set 
up to simulate chlorinated solvent contamination emanating from clay 
till into a sandy aquifer. This was simplified to the 2D model described 
above. Comparisons of the 2D model’s results with the 3D model’s re-
sults showed a good agreement, with the main difference caused by 
transverse dispersion, which is not resolved in the vertical 2D model 
setup. 

2.4. Global sensitivity analysis 

When comparing simulated and measured concentration profiles, it 
is important to identify parameters with a strong impact on the simu-
lated concentration profiles and resulting CMD. For a successful 

application of the ProfileFlux method, it is crucial that the most influ-
ential parameters on CMD and the depth of the concentration maximum 
can be easily determined. To identify the most relevant parameters, a 
global sensitivity analysis (GSA) was conducted. Moreover, the results 
from the GSA would provide guidance on which field parameter would 
be further investigated if simulated and measured concentration profiles 
did not match. The GSA method employed for this study was the 
Elementary Effects method, proposed by Morris (1991) and refined as 
suggested by Campolongo et al. (2007). It evaluates how a change in 
each input parameter affects output through the use of μ* and σ. In this 
case, μ* is the mean absolute sensitivity of the evaluated output 
parameter, while the standard deviation, σ, of the sensitivity of a 
parameter describes uncertainty in these changes (Campolongo et al., 
2011). 

The input parameters examined in the GSA are marked with an “x” in 
the “GSA” column in Table 1 along with the investigated parameter 
range. The examined output parameters are CMD, plume thickness 
(Tplume), maximum concentration (Cmax) and depth of the maximum 
concentration (Dcmax). The output parameters were evaluated at 50 m 
downgradient from the source 50 years after the spill had happened. For 
a thorough description of the GSA, see Supporting Information 1 (SI1). 

Fig. 3 presents the results of the GSA analysis for each output 
parameter. The gray dashed lines mark the first and third quartiles of the 
resulting values of μ* and σ, and only parameters above the third 
quartile are shown with a label. The μ* and σ values for all parameters 
can be found in SI1. When analyzing the results, the most important 
value is μ*, as it describes the normalized mean impact of each 

Fig. 3. Results of the GSA with 12 input parameters and four output parameters, 50 years after the spill. The scatter plots describe the relationship between the mean 
(μ*) and standard deviation (σ) of the sensitivity index of each parameter. A low mean means that the parameter does not have a big influence on output, and vice 
versa. A low standard deviation means that the effect on output does not vary, and vice versa. 
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parameter on the output, whereas a high σ value indicates non-linear 
effects or possible interactions with other parameters. 

For all four output parameters, the infiltration rate, I, as well as the 
source length Ls (with the exemption of Tplume), has a significant influ-
ence. The depth of the maximum concentration Dcmax is also sensitive to 
groundwater flow, characterized by ih and Kh. The GSA of CMD shows 
that the low-sensitivity parameters are the porosities nclay and naq, the 
distribution coefficient in the aquifer kd,aq and vertical dispersivity in the 
aquifer (transverse to the flow direction) αv,aq. Parameters with a small 
influence on the vertical concentration profile (Tplume, Cmax and Dcmax) 
are C0, nclay, naq, kd,clay, kd,aq and αl,aq, albeit the latter five of these are 
normally not determined during site investigations. The results of the 
GSA are discussed further in section 4.1. 

3. Application of the ProfileFlux method at a chlorinated solvent 
site 

To test the ProfileFlux method, it was applied to a TCE-contaminated 
site located in Denmark. In 1962, a factory was established to cut and 
laminate Styrofoam. TCE was used in the production and consequently 
released to the subsurface. A historical examination has shown that the 
TCE spill likely happened at some point between 1970 and 1996. The 
geology at the site consists of clay till, with a varying thickness of 
10–12 m, overlying a sandy aquifer. The site is described in Rosenberg 
et al. (2022), in which a detailed conceptual geological model is pro-
vided. In Fig. 4a a plan view of the site is shown, and in Fig. 4b, a 
simplified longitudinal transect of the saturated part of the site is shown. 
The source was determined to be 20 m long and 16 m wide, the saturated 
depth of clay till 5 m, infiltration 140 mm/year and groundwater flow 
velocity 14 m/year. At the site, the average vertical hydraulic head 
gradient was 0.4 m/m, resulting in vertical hydraulic conductivity in the 
clay till of 1.11⋅10− 8 m/s, which is in the lower range found at other 
Danish clay till sites (Nilsson et al., 2001; Jørgensen et al., 2002, 2004; 

Mosthaf et al., 2021). This indicates that the simulated infiltration rate 
was in accordance with the field measurement relating to the vertical 
hydraulic head gradient. Sorption coefficients, which were measured for 
research purposes and are normally not expected in a typical site 
investigation, were kd,clay = 0.87 L/kg and kd,aq = 0.22 L/kg. The 
maximum measured solute concentration in the source was 4900 μg/L 
TCE; therefore, no free phase DNAPL was expected to be present. 

In total, GWPs were performed at seven locations after investigating 
the vertical extent of groundwater contamination using MiHPT logs. The 
MiHPT logs identified the approximate center line of the plume using the 
overall flow field as a starting point for the survey. One of the GWPs was 
placed at the source area (GWP1 on Fig. 4b), three were placed at 
different distances along the expected center line of the plume (GWP2–3 
and GWP5 on Fig. 4b) and the other three were placed transversal to the 
groundwater flow direction at the same distance as GWP5 downgradient 
of the source. There was no indication of any particularly significant 
reductive dechlorination at the site; however, cis-1,2-dichloroethylene 
(cis-DCE) was detected in some of the groundwater samples. Therefore, 
the concentrations used in this example are noted as the sum of chlori-
nated ethenes (TCE-equivalents, TCE-eq). 

Fig. 5 presents a comparison between the measured and simulated 
concentration profiles. Simulated concentration profiles with three 
different initial concentrations (1500 μg/L, 2600 μg/L and 3800 μg/L) 
are depicted, resulting in an estimated CMD of 67 g/year, 117 g/year 
and 170 g/year, respectively. The simulated concentration profiles are 
compared to two of the GWPs along the expected flow center line (GWP3 
and GWP5) and GWP6 5 m to the east of GWP5. For both GWP3 and 
GWP6, the simulated concentration profiles captured the thickness of 
the measured concentration profile. GWP6 shows a close to Gaussian- 
shaped concentration profile, with the initial source concentration of 
3800 μg/L comparing well with the maximum measured concentration 
in terms of both depth and value. The simulation of the initial source 
concentration of 2600 μg/L compares well with measurements at around 

Fig. 4. a) Plan view of the study site with the placement of wells, GWPs, source zone, CMD control plane from NIRAS (2019) and the placement of the expect 
centerline, referred to as longitudinal transect. b) Longitudinal transect (A-A’) showing the simplified geology at the industrial site in the expected center line of the 
plume. The blue arrows indicate the flow direction. The five graphs show the vertical concentration profiles of the sum of chlorinated ethenes in TCE-equivalents in 
the source zone, 22 m, 37 m and 48 m downgradient from the source. GWP3, GWP5 and GWP6, which are exemplified in the study, are shown in red, whereas GWP1 
and GWP2 are shown in gray as they are not used for the CMD quantification. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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3.5 m below the clay till layer, indicating that CMD at the site is between 
117 g/year and 170 g/year. GWP3 showed a more asymmetrical con-
centration profile, with the maximum concentration not captured by the 
simulation. However, the simulation did reveal a large proportion of the 
measured values and the general shape of the concentration profile. 
Furthermore, the MiHPT at this point showed some heterogeneities in 
the aquifer when evaluating the MiHPT pressure log. For GWP5, the 
simulated profile with an initial concentration of 1500 μg/L (67 g/year) 
compared well with the measured concentration profile relating to the 
depth and value of the maximum concentration and the thickness of the 
plume. The resulting CMD, based on the two GWPs in the center line and 
simulations, was between 117 and 170 g/year, which is in the same 
range as previously estimated at the site. A consulting company, NIRAS 
(2019), estimated the CMD to be 143 g TCE/year by using the traditional 
transverse transect method at 50 m downgradient from the source zone. 
The plume was delineated and the CMD estimate was based on 26 well 
screens with individual concentration and hydraulic conductivity mea-
surements. Whilst planning the field campaign, it was expected that 
GWP5 would be in the center line of the plume, but this was not the case, 
as GWP6 had higher concentrations and yielded higher CMD from the 
ProfileFlux method. Furthermore, GWP4 and GWP7 showed signifi-
cantly lower concentrations, which confirms that the centerline is 
around the placement of GWP6. 

According to historical data relating to the site, and knowledge of the 
thickness of the unsaturated and saturated zones, the contaminant 
started leaching from the saturated zone around 27–40 years ago. This is 
indicated as the gray box on the breakthrough curve in Fig. 5, high-
lighting that contamination at the site is in a steady state for both the 
earliest and latest estimates of time. This is also evident from the 
simulated concentration profiles for GWP3 and GWP6, which reveal the 
same level of CMD at both 37 and 48 m downgradient of the source – 
equivalent to approximately 1.5 years’ worth of transport in the aquifer. 

4. Discussion 

4.1. Robustness and uncertainty of the ProfileFlux method 

Parameters with a strong effect on the results of CMD and the vertical 
concentration profiles (Tplume, Cmax and Dcmax) were identified in the GSA 
(Fig. 3). Most influential parameters are often determined as a part of an 
initial field investigation at a contaminated site. Critical parameters 
which are difficult to estimate according to measurements, but which 
are nevertheless important, are infiltration rate I through the clay till 
and vertical dispersivity αv,aq, in the aquifer. However, the unique 
combination between the infiltration rate in clay till, I, and the hori-
zontal groundwater flux determines the shape of the vertical concen-
tration profile and the depth of the maximum concentration Dcmax. 
Hence, a good approximation of the groundwater flux allows for 
determining infiltration through clay till by adjusting the infiltration 
rate until a good agreement between the simulated and measured Dcmax 
is reached. Establishing I based on the groundwater flux will further-
more lead to a better and more reliable determination of CMD, as I is the 
second most sensitive parameter when estimating CMD. 

Regarding dispersivities in the aquifer, the vertical dispersivity αv,aq, 
only affects Tplume significantly, which means that the other two pa-
rameters describing the vertical concentration profile (Cmax and Dcmax) 
can still be determined with reasonable certainty. Furthermore, αv,aq 
does not influence CMD estimates and should be kept at a certain low 
value (in the millimeter scale) based on literature (Bjerg et al., 2011). A 
high αv,aq value will lead to a poor comparison. The longitudinal dis-
persivity αl,aq is of minor importance and fairly good values exist from 
tracer experiments and field observations (Jensen et al., 1993; Bjerg 
et al., 2011) and the literature review by Schulze-Makuch (2005). 

In general, the least influential parameters are fortunately those 
requiring laboratory measurements (nclay, naq, kd,clay, kd,aq), which suits 
the objectives of the ProfileFlux method. The method is developed for 
initial investigations of CMD at a contaminated site where comprehen-
sive lab work has not been carried out. 

From the GSA, the source length Ls is shown to have a significant 
impact on the results of both the vertical concentration profiles (Tplume, 
Cmax and Dcmax) and the estimated CMD, and it is therefore important to 
obtain a good estimate of this parameter. In the case of the application at 
the Danish field site described in section 3, Ls was determined by using a 
combination of soil concentrations (above 1 mg TCE/kg soil), solute 
concentrations from clay till (above 1000 μg TCE/L) and MiHPT logs. 
When using ProfileFlux, the source zone should be viewed as the place at 
which the contaminant enters the aquifer. Sand lenses and other het-
erogeneities in clay till can cause a shift in the placement of the 
contaminant source at depth (Kessler, 2012). For this type of investi-
gation, a field method such as MiHPT is useful for establishing the 
location of chlorinated ethenes. 

An important quantity for the ProfileFlux method is the depth from 
the bottom of the clay till to the groundwater sampling points. At some 
sites, the transition from clay till to the underlying aquifer is very sharp 
(i.e. a narrow depth interval), while at other sites the change is gradual 
over a greater depth interval, resulting in a transition zone between the 
two geological units. The choice of the location of the bottom of the clay 
till will have an effect on the comparison between the measured and 
simulated vertical concentration profiles. When the transition zone has a 
significant thickness, it is suggested to treat half of it as clay till and the 
other half as the sandy aquifer when applying field site parameters to the 
2D transport model (step 3). With an MiHPT, the transition zone can 
easily be observed using the pressure log (Rosenberg et al., 2022). 

Fig. 5. Comparing simulated profiles to the measured profiles at 37 and 48 m 
downgradient of the contaminant source. Three different source concentrations 
were applied in the simulation. Furthermore, the breakthrough curves for the 
three simulations at a distance 48 m downgradient from the source are shown, 
with the gray box indicating the time interval since the contamination 
approximately started leaching from the bottom of the saturated clay till 
(27–40 years). The x-axis on the breakthrough curve is time from the contam-
inant started leaching from the clay till into the aquifer. 
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4.2. Data requirements and field methods 

The use of depth-discrete concentration profiles is essential for the 
ProfileFlux method, and should ideally be sampled along the expected 
center line of the contaminant plume. In total, four or five vertical 
concentration profiles with a high resolution (e.g. 50–100 cm intervals, 
with short screens of around 10 cm) should be made both along and 
across the center line of the contaminant plume, in order to increase the 
probability of hitting the center line. This is a critical point as deviations 
from the center line will reduce the CMD estimates. In particular for 
narrow sources it is recommended to optimize the position of the con-
centration profiles by MiHPT measurements across the center line. It 
should also be noted that the CMD is proportional to the source width 
and sensitive to the source length as discussed above. Thus, focus on the 
initial delineation and geometry of the source is recommended in the 
application of the ProfileFlux method. The vertical concentration pro-
files, should be performed at a distance away from the source that is in 
perspective to groundwater flow velocity. This is done by considering 
the same aspects as for the transect method; time from the spill, clay till 
thickness and the likelihood of the contaminant plume having reached/ 
passed the point of interest. 

Multiple profiles along the center line of the plume at different dis-
tances away from the source zone will allow for evaluating whether the 
contaminant plume is growing, stable or depleting. From the application 
at the site presented in section 3, GWP3 and GWP6 (taken along the 
observed center line of the contaminant plume at distances from the 
source of 37 and 48 m), showed that the estimated CMD was the same, 
thereby indicating a stable plume between the two GWPs. The differ-
ences between the estimated CMDs based on GWP5 and GWP6 (same 
downgradient distance) were 67 and 170 g/year, respectively, which is a 
factor of 2.5 between two points that are 5 m apart. This is based on 
measured maximum concentrations of 915 and 2049 μg/L, respectively, 
and shows the importance of more than one sampling point across the 
center line of the contaminant plume. 

Site-specific parameters can be found by using various field methods 
as described previously. With parameters that most likely will show 
spatial variations (e.g. Kh at different locations), it is possible to consider 
several simulated concentration profiles and to evaluate which value 
results in the best accordance for all of the measured vertical concen-
tration profiles. Using the comparison between the simulated and 
measured vertical concentration profiles can add knowledge of the 
contaminated site as poor accordance indicates knowledge gaps 
regarding geology, hydrogeology, the contaminant source or plume. 
Different combinations of infiltration rate and groundwater flux can lead 
to similar profiles. However, constraining the groundwater flux based on 
measurements of the hydraulic conductivity and the gradient allows 
constraining the solutions. 

As mentioned previously, comparing the simulated and measured 
vertical concentration profiles, using the site-specific groundwater flux, 
allows for evaluating the infiltration rate I. This acquired value can be 
compared to the assumed/expected value of I as well as checked using 
measurements of iv and Kv. If the resulting values of Kv, I and iv are within 
the expected ranges, the estimate of I is reasonable. Furthermore, if the 
simulated and measured vertical concentration profiles only compare 
well by extensively changing the field site parameters, this can be an 
indication that further field site investigations are required. This is also 
the case if these changes result in unrealistic input parameter values, e.g. 
overly high infiltration rates. This means that applying the ProfileFlux 
method can contribute to a much better conceptual site model, which is 
a very strong additional benefit of the approach. 

4.3. Can the ProfileFlux method be applied in other geological settings and 
for other contaminants? 

Applying the ProfileFlux method to other geological settings is 
possible. However, it is important to keep in mind that the model is 

made for a source zone located in a low permeability layer with a pri-
marily vertical flow, and the aquifer has considerably higher hydraulic 
conductivity with a primarily horizontal and stable flow. This combi-
nation of a low permeability layer overlying a high permeability aquifer 
should be present when applying the ProfileFlux method to other 
geological settings, as a strong difference in hydraulic conductivity is 
important with regards to the soil type and our understanding of the 
stable source and plume. Both the low permeability layer and the aquifer 
should be only moderately heterogeneous, which for the low perme-
ability layer means no significant fractures, and groundwater flow 
conditions need to be stable. 

The method is also applicable to geological settings with fractures in 
the clay till. For such settings, the model has to be adjusted to account 
for fracture-matrix interactions e.g. with a discrete fracture-matrix 
model (Chambon et al., 2010, 2011, Locatelli et al., 2019), in order to 
include the effects of preferential flow and matrix diffusion on the 
contaminant leaching out of the source zone. 

When the ProfileFlux method is used at chlorinated solvent sites, 
initial investigations using MiHPT are beneficial, as e.g. the halogen 
specific XSD detector can detect these. Other volatile contaminants e.g. 
BTEX/petroleum hydrocarbons can also be detected using MiHPT 
equipped with a suitable detector. Using MiHPT for initial screening of 
the contaminant distribution is not possible for non-volatile contami-
nants such as pesticides; however, the HPT is still valuable for a 
hydrogeological description of the site. The ProfileFlux method is still 
applicable for such contaminants, as the source zone and hydro-
geological setting have the same effect on the contaminant spreading 
and the resulting vertical concentration profiles – as in the case of 
chlorinated ethenes. It should, however, be noted that degradation of 
the contaminants will affect the vertical concentration profiles as dis-
cussed in studies for pesticides (Tuxen et al., 2006) and for BTEX 
(Anneser et al., 2008). 

4.4. Contaminant mass discharge for risk assessment 

Risk assessment of contaminated sites has been performed over 
several decades based on point concentrations and comparisons to 
maximum contaminant levels (MCLs). Point measurements are highly 
dependent on the media in which they are taken, as well as where they 
are placed in the plume (center or edges). In this regard, several con-
centration measurements can be taken across the width of the plume, 
without knowing which one to compare with the MCL (Einarson, 2017). 
Several researchers (Verreydt et al., 2012; Einarson, 2017; Horst et al., 
2021) have called over the past decade for the use of flow-weighted, 
spatially averaged concentrations to perform risk assessments at 
contaminated sites, which CMD allows for. 

The development of methods for evaluating CMD has come a long 
way, but there are still some uncertainties regarding how to perform a 
risk assessment based on a CMD estimate. Einarson and Mackay (2001) 
suggested using CMD in the aquifer and the flow rate of a supply well to 
evaluate resulting maximum concentration. The flow rate of the supply 
well could be replaced by the flow rate of a relevant receptor (Einarson, 
2017) e.g. a stream (Rønde et al., 2017). Another suggestion from the 
literature is a contaminant plume classification system that divides CMD 
into ten separate magnitude categories relevant, for instance, to priori-
tizing between several contaminated sites (Newell et al., 2011). 
Recently, the Capital Region of Denmark has started to implement CMD 
as a metric for performing risk assessments through the use of an existing 
or a potential future groundwater well, thereby allowing for a com-
parison between a concentration derived from CMD and the MCL (Horst 
et al., 2021). Furthermore, the Capital Region of Denmark uses CMD and 
level of conceptual understanding of the site to evaluate the potential 
risk caused by contamination at a site. 

As previously stated in the Introduction, one of the missing links 
mentioned by Horst et al. (2021), in terms of including CMD at 
contaminated sites, is the lack of robust CMD estimates. The ProfileFlux 
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method addresses this missing link by guiding the end-user to focus on 
high-resolution, depth-discrete concentration profiles and then couple 
this information with a standard flow and transport model. Within the 
project for which the ProfileFlux method was developed, a 2D transport 
model will be set up as a user-friendly tool publicly available, in order to 
include CMD estimates in a better way at contaminated sites located in 
clay till settings. Moving forward, the subject relating to how CMD can 
be used as a metric for risk assessment should be addressed by regulators 
so that the community truly adopts it as a key metric for risk assessing 
contaminated sites. 

5. Conclusion 

The ProfileFlux method for estimating the CMD at a contaminated 
site located in a clay till setting is presented herein. Compared to the 
traditional transect method, the ProfileFlux method is useful in the early 
stages of field investigations of mature plumes and does not require the 
installation of permanent multilevel wells. The combination of high- 
resolution, depth-discrete concentration profiles and a 2D flow and 
transport model is essential, as it engenders a better understanding of 
how the contaminant spreads, because the method exploits information 
extracted from concentration profiles (i.e. maximum concentration, 
depth of maximum concentration, plume thickness) downgradient of a 
contaminant source. A GSA highlighted the most important field char-
acteristics for the ProfileFlux method in terms of both the shape of the 
vertical concentration profiles and the estimated CMD. It revealed that 
parameters determining water fluxes (both vertical and horizontal) and 
source length are crucial for ensuring a good CMD estimate when 
comparing the measured concentration profiles to their simulated 
counterparts. Using these, combined with the horizontal groundwater 
flux, can yield a good infiltration estimate – and subsequently a good 
CMD estimate. The method was applied at a thoroughly investigated 
contaminated site, resulting in an estimated CMD of 117–170 g/year, 
which compared well with the 143 g/year found using the more 
expensive and tedious transect method. Furthermore, the high- 
resolution, depth-discrete measurements taken in the plume perpen-
dicular to the flow direction showed that the center of the plume was 
actually further east than expected, therefore, improving the conceptual 
understanding of the contaminant spread at the site. This paper exem-
plified that the CMD can be found using the ProfileFlux method. The 
next step, besides testing at other contaminated sites, is to implement 
the method in a tool for end-users to use in the risk assessment of 
contaminated sites. 
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