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Preface 

This PhD thesis is based on research carried out from September 2014 to 

August 2017 at the Department of Environmental Engineering, Technical 

University of Denmark (DTU). The research was performed under the 

supervision of the main supervisor Professor Poul L. Bjerg (DTU 

Environment), of the co-supervisor Professor Philip J. Binning (DTU), and of 

the co-supervisor Associate Professor Anders V. Christiansen (AU 

Geoscience). 

The project was supported by the research project GEOCON (Advancing 

GEOlogical, geophysical and CONtaminant monitoring technologies for 

contaminated site investigation) (contract 1305-00004B). The funding for 

GEOCON is provided by Innovation Fund Denmark. 

 

The thesis is organized in two parts: the first part contextualizes the findings 

of the PhD in an introductory review; the second part consists of the papers 

listed below. These will be referred to in the text by their paper number written 

with the Roman numerals I-VII. 

 

I Balbarini, N., W. M. Boon, E. S. Nicolajsen, J. M. Nordbotten, P. L. 

Bjerg, and P. J. Binning, 2017, A 3-D model of the influence of 

meanders on groundwater discharge to a gaining stream in an 

unconfined sandy aquifer, Journal of Hydrology, Vol. 552, Pages 168-

181. 

 

II Balbarini, N., V. K. Rønde, P. Maurya, G. Fiandaca, I. Møller, K. E. 

Klint, A. V. Christiansen, P. J. Binning, and P. L. Bjerg, Geophysics 

based contaminant mass discharge quantification downgradient of a 

landfill and a former pharmaceutical factory. Submitted. 

 

III Balbarini N., Rønde V., Balling I. M., Sonne, A. T., McKnight U. S. 

Binning P. J., Bjerg P. L., Integrated interpretation of the distribution 

of pharmaceutical compounds in a contaminant plume discharging to 

a stream in a layered aquifer. Manuscript. 
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IV Maurya, P. K., V. K. Rønde, G. Fiandaca, N. Balbarini, E. Auken, 

P.L. Bjerg, and A. V. Christiansen (2017), Detailed landfill leachate 

plume mapping using 2D and 3D Electrical Resistivity Tomography - 

with correlation to ionic strength measured in screens. Journal of 

Applied Geophysics, Vol. 138, Pages 1-8.   . 

 

V Fiandaca, G., P.K. Maurya, N. Balbarini, A. Hördt, A.V. 

Christiansen, N. Foged, P.L. Bjerg, and E. Auken, Hydraulic 

permeability estimation directly from logging-while-drilling Induced 

Polarization data. Submitted. 

 

VI Maurya, P. K., N. Balbarini, V. Rønde, I. M. Balling A.V. 

Christiansen, P.L. Bjerg, E. Auken, and G. Fiandaca, Imaging, 

lithology, water conductivity and hydraulic permeability at a 

contaminated site with induced polarization. Submitted. 

 

VII Rønde, V., U. S. McKnight, A. Th. Sonne, N. Balbarini, J. F. Devlin, 

and P. L. Bjerg, Contaminant mass discharge to streams: comparing 

direct groundwater velocity measurements and multi-level 

groundwater sampling with an in-stream approach, Journal of 

Contaminant Hydrology. Accepted. 

 

In this online version of the thesis, paper I-VII are not included but can be 

obtained from electronic article databases e.g. via www.orbit.dtu.dk or on re-

quest from DTU Environment, Technical University of Denmark, Bygningstor-

vet 115, 2800 Kgs. Lyngby, Denmark, info@env.dtu.dk 
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In addition, the following publications, not included in this thesis, were also 

completed during this PhD study: 

Boon, W. M., N. Balbarini, P. J. Binning, and J. M. Nordbotten (2016), 

Efficient Water Table Evolution Discretization Using Domain Transformation, 

Computational Geoscience, Vol. 1, Issue 1, Pages 3-11.
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Summary 

Contaminated sites are a major issue threatening the environment and the 

human health. The large number of contaminated sites require cost effective 

investigations to perform risk assessment and prioritize the sites that need 

remediation. Contaminated soil and groundwater investigations rely on 

borehole investigations to collect the geological, hydrological, and 

contaminant data. These data are integrated in conceptual and mathematical 

models describing the lithology, the groundwater flow, and the distribution of 

contaminant concentrations. Models are needed to analyze the potential risks 

to all receptors, including streams. Key risk assessment parameters, such as 

contaminant mass discharge estimates, and tools are then used to evaluate the 

risk.  

The cost of drilling often makes investigations of large and/or deep 

contaminant plumes unfeasible. For this reason, it is important to develop cost 

effective tools that reduce the number of drillings required for proper 

characterization of contaminant plumes. Among these tools, non-invasive 

surface direct current resistivity and induced polarization (DCIP) geophysical 

methods for contaminant plume investigations are promising.  

DCIP surveys provide data on the electrical properties of soil and groundwater. 

Thus, interpretation of DCIP surveys can supply indirect information on the 

geological and hydrological properties of soils. In addition, DCIP methods can 

be used to describe the distribution of concentration of ions in groundwater. 

However, the effects on the electrical signal of soil properties and of ionic 

compounds in groundwater can be similar. This means that the interpretation 

of DCIP surveys is challenging when contaminant plumes are present. 

Furthermore, these new types of data need to be integrated with the geological, 

hydrological, and contaminant data in modelling tools used for investigations 

of contaminated sites.  

This thesis presents the development of modelling tools to integrate DCIP 

methods with geological, hydrological and contaminant concentration data. 

The developed tools describe groundwater flow to meandering streams, map 

the distribution of contaminant concentrations in contaminant plumes, and 

estimate the contaminant mass discharge. The tools are tested at the Grindsted 

landfill site and at the Grindsted stream site where a contaminant plume from 

a former factory site is discharging to the stream. 



v 

Groundwater flow to streams is affected by many factors, including stream 

channel geometry. In this study, numerical models simulating groundwater 

flow to synthetic sinuous streams and to a real meandering stream were 

developed. Comparison of the models showed that groundwater discharge to 

streams is greatly affected by the geometry of meanders. Groundwater flow 

paths near streams are also affected by the combination of meander bends and 

aquifer properties, such as the groundwater flow direction in the aquifer. The 

three-dimensional (3D) characteristics of the flow paths require 3D modelling 

tools to properly describe these sites.  

This is confirmed by the migration of the contaminant plume originating from 

the old factory site and discharging to Grindsted stream. Groundwater flow 

simulations, developed using on a 3D hydrogeological model of the site, were 

combined with chemical fingerprinting. This indicated that a low permeability 

layer separates the contaminant plume in a shallow and a deep plume. These 

plumes have different chemical characteristics and different migration paths to 

the stream. This has implications for the risk assessment of the stream and 

groundwater in the area.  

The difficulty of determining groundwater flow paths means that it is also 

difficult to predict the distribution of contaminants in the subsurface. 

Anomalies in DCIP surveys near contaminated sites have been used to indicate 

the presence of plumes with high concentrations of ionic compounds, such as 

landfill leachate plumes. In some field studies, DCIP anomalies have also been 

used to detect the presence of microbial degradation of dissolved organic 

contaminants. This study presents a conceptual model describing the possible 

links between inorganic and organic contaminants often found at contaminated 

sites and plumes. The model was used to establish correlations between DCIP 

derived bulk electrical conductivity and the distribution of concentration of 

selected inorganic compounds (e.g. chloride and dissolved iron) in the 

contaminant plumes originated from the landfill site and the factory site. DCIP 

derived data could also describe the distribution of selected xenobiotic organic 

compounds, including pharmaceutical compounds and chlorinated ethenes. 

The correlation between DCIP and organic compounds is indirect and depends 

on the chemical composition of the contaminant plume and the transport 

processes. Thus, the correlations are site specific and may change between 

different parts of a contaminated site.  

DCIP data are also useful in risk assessments based on contaminant mass 

discharge, which is a measure of the contaminant load on an aquifer. 
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Contaminant mass discharge estimations often rely on multilevel wells to 

collect information on contaminant concentrations and groundwater flux. 

Thus, the error of the contaminant mass discharge depends on the density of 

the samples, on the site heterogeneity, and on the accuracy of the interpolation 

between data points. A novel contaminant mass discharge method was 

developed which integrates contaminant concentration data and DCIP data. 

The method enabled the determination of mass discharge with a lower error 

compared to only using contaminant concentrations. However, the method can 

only be applied when a correlation between DCIP and contaminant 

concentrations can be established. The geophysics based method performed 

better at low sample densities; thus, the geophysics based contaminant mass 

discharge method is in particular valuable at large sites and deep plumes, where 

the drilling costs often do not allow the installation of a sufficient number of 

sampling points.  

In conclusion, this PhD project has developed new ways to improve 

contaminated site investigations by employing integrated surface DCIP 

geophysical data with modelling tools for contaminant plume characterization. 

These combined technologies may improve our ability to map groundwater 

flow and contaminant plumes more efficiently in the future. 

  

  



vii 

  



viii 

Dansk sammenfatning 

Forurenede grunde er en alvorlig trussel for både miljø og menneskers 

sundhed. Der er et meget stort antal af forurenede grunde, som kræver effektive 

undersøgelser for at kunne risikovurdere og prioritere hvilke lokaliteter, der 

kræver oprensning. Undersøgelserne af forurenet jord og grundvand kræver 

boringer, hvor data for geologiske, hydrologiske og forureningskemi 

indsamles. Disse data integreres i konceptuelle og matematiske modeller, som 

beskriver litologien, grundvandets strømning, og spredningen af forurenende 

stoffer. Der er  behov for modeller til at analysere denne risiko for 

vandressourcer, inklusiv vandløb. Nøgleparametre i disse analyser, for 

eksempel estimater af forureningsfluxen, og risikovurderingsværktøjer bruges 

derefter til at vurdere risikoen. 

Omkostningerne af boringerne gør det ofte vanskeligt at få gennemført 

undersøgelserne af store forureningsfaner. Derfor er det vigtigt at udvikle 

effektive metoder, som reducerer antallet af boringer. Blandt disse metoder er 

den geofysiske non-invasive surface direct current resistivity and induced 

polarization (DCIP)-metode lovende for undersøgelser af forurenede grunde. 

DCIP-undersøgelser giver data for de elektriske egenskaber af de geologiske 

lag og grundvandet. Derved kan fortolkningen give indirekte information om 

de geologiske og hydrogeologiske egenskaber af undergrunden. Endvidere kan 

de give oplysninger om fordelingen af ionkoncentrationerne i grundvandet. 

Forskellige jordtyper og de ioniske stoffer i grundvandet kan give det samme 

eller lignende elektriske signaler. Dette medfører, at fortolkningen kan være en 

udfordring, når der er en forureningsfane tilstede. For at kunne bruge DCIP 

data i undersøgelserne af forurenende grunde, skal de integreres i traditionelle 

modeller for geologi, grundvandsstrømming og stoftransport.  

Denne afhandling beskriver udviklingen af modelværktøjer til at integrere 

DCIP undersøgelser med geologiske, hydrologiske, hydrogeologiske og 

forureningsdata. De udviklede værktøjer beskriver grundvandsstrømninger til 

et naturligt, slyngende vandløb, kortlægger spredningen af og beregner 

forureningsfluxen. Studierne er foretaget i området ved Grindsted og omfatter 

grundvandsforureningen fra det tidligere Grindstedværket og Grindsted gamle 

Losseplads. 

Grundvandsstrømningen til vandløb er påvirket af mange faktorer, inklusiv  

geometrien omkring vandløbet. I dette studie udvikles numeriske modeller, 

som simulerer grundvandsstrømningen til et syntetisk sinusformet vandløb og 
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et naturligt, slyngende vandløb (Grindsted Å). En sammenligning af disse 

modeller viste, at grundvandsfluxen til vandløbet er stærkt påvirket af 

geometrien af slyngningerne. Grundvandsstrømningerne nær vandløbene er 

dog også påvirket af magasinets egenskaber såsom grundvandsstrømningens 

retning, tilstedeværelse af vandstandsende lag og artesiske magasinforhold. Da 

grundvandsstrømningen er tredimensionel, er det nødvendigt at benytte 

tredimensionelle modeller til at beskrive sådanne forhold fyldestgørende.  

Dette er illustreret ved strømningen af forureningsfanen fra Grindstedværket 

mod Grindsted Å. Der er opbygget en geologisk og hydrogeologiske model for 

området, som er anvendt til modellering af vandstrømningen og kombineret 

med kemisk ”fingerprinting”. Herved er det påvist, at et lerlag skiller 

forureningsfanen i en dybdere og en overfladenær del, som har meget forskellig 

kemisk sammensætning og udstrømningsmønster til åen. Dette har 

implikationer for risikovurderingen af åen og grundvandet i området.  

Udfordringen ved at beskrive grundvandsstrømning gør det ligeledes svært at 

kortlægge fordelingen af koncentrationerne af forureningsstofferne. Anomalier 

i DCIP undersøgelser nær de forurenede grunde har været brugt til at indikere 

fanerne med høje ionkoncentrationer, såsom lossepladsfaner. I nogle 

undersøgelser, har DCIP anomalier endvidere blevet brugt til at detektere 

tilstedeværelsen af mikrobiel nedbrydning af opløste organiske stoffer. Dette 

studie har udviklet en konceptuel model, som kan beskrive den mulige 

forbindelse mellem uorganiske og organiske stoffer, som ofte er fundet ved 

forurenede lokaliteter og grundvandsfaner. Modellen blev benyttet til at 

forbinde relationerne mellem DCIP afledte bulk electrical conductivity og 

koncentrationsfordelingen af udvalgte uorganiske stoffer (f.eks. klorid og 

opløst jern) i foureningsfanerne ved Grindsted gamle losseplads og 

Grindstedværket. DCIP afledte data viste sig også at kunne kortlægge  

koncentrationer af nogle miljøfremmede organiske stoffer bl.a. pharmaceutiske 

stoffer og klorerede ethener. DCIP er indirekte påvirket af de organiske stoffer 

og deres korrelation er afhængig af den kemiske sammensætning i 

forureningsfanen og transportprocesserne. Korrelationen er derfor 

lokalitetsspecifik ogsåledes også variere indenfor den samme lokalitet.  

DCIP data kan derfor være nyttige til at estimere forureningsflux, som er et 

mål for forureningsmassen pr. tid, som strømmer i et grundvandsmagasin. 

Forureningsflux estimeringer er ofte baseret på boringsdata, som giver 

information om forureningskoncentrationer og grundvandsfluxe.Usikkerheden 

af disse estimeringer afhængiger af densiteten af prøverne, lokalitetens 
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heterogenitet og nøjagtigheden af interpolationen mellem datapunkterne. En 

ny metode for at estimere en forureningsflux, hvor 

forureningskoncentrationerne og DCIP data blev benyttet, er præsenteret. 

Metoden kan estimere forureningsfluxer med en mindre afvigelse 

sammenlignet med metoden, hvor kun forureningskoncentrationer bliver 

benyttet. Dog kan metoden kun bruges, når der er en korrelation mellem DCIP 

og forureningskoncentrationer. Denne metode er især brugbar ved større 

lokaliteter, hvor boringsomkostningerne ofte ikke tillader installering af et 

tilstrækkelig antal af prøvetagningspunkter.   

I dette PhD projekt er der blevet udviklet nye måder til at forbedre 

undersøgelser af forurenede grunde ved at benytte DCIP geofysiske data i 

forståelsen af geologi, hydrogeologi og forureningsudbredelse. Der er blevet 

udviklet modelleringsværktøjer, som kan beskrive vandstrømning omkring 

vandløb, kvantificering af forureningsflux med inddragelse af DCIP og 

forureningskemiske data. De nye metoder og øget anvendelse af de 

kombinerede teknikker kan forbedre og effektivisere vores evne til at 

kortlægge grundvandsstrømning og forureningsfaner i fremtiden. 
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1 Introduction 

1.1 Background and Motivation 
Contaminated sites are a major risk to human health and the environment. 

There are more than two million potential contaminated sites in the European 

Union (WHO, 2013), and 35.461 in Denmark (Jordforureningslovens Areal 

Register database, 2017). The large number of contaminated sites and the re-

mediation costs mean that a complete remediation of all sites is not possible. 

Thus, it is necessary to prioritize the sites that poses a higher threat for the 

environment and for the human population. Prioritization and management of 

contaminated sites is difficult because of the lack of data on many of the sites 

(European Commission, 2012). 

Contaminant soil and groundwater characterization requires expensive site in-

vestigations to evaluate the risks and to define a cost-effective remediation 

strategy. These investigations obtain information on the lithology, groundwa-

ter flow, and the distribution of contaminant concentrations (e.g. Swartjes, 

2011). The information is then used to perform a risk assessment of the con-

taminated site. For risk assessment, it is often important to estimate contami-

nated groundwater discharge, and one of the most difficult environments to 

work in is where groundwater discharges to surface water bodies such as 

streams (European Water Framework Directive, 2000). Near streams, ground-

water flow paths are affected by several factors, including hydrogeological het-

erogeneity in the aquifer and in the streambed, steep hydraulic gradients, and 

stream channel geometry (Larkin and Sharp, 1992; Cey et al., 1998; Krause et 

al., 2007; Anibas et al., 2012; Binley et al., 2013; Fernando, 2013; Flipo et al., 

2014). Flow processes between groundwater and streams are scale dependent 

and the reach scale (10-200 m) is often the appropriate scale when dealing with 

contaminant plumes. Stream meanders can greatly affect groundwater flow 

paths to streams and thus the transport of contaminants (Modica et al., 1998; 

Diem et al., 2014; Krause et al., 2014; Boano et al., 2014). Meandering streams 

are particularly challenging to investigate because groundwater flow paths 

change greatly with depth, requiring 3D field and modelling tools (Harvey and 

Bencala, 1993; Modica et al., 1998; Flipo et al., 2014). However, few studies 

have performed 3D investigations of groundwater flow paths and migration of 

contaminant plumes to meandering streams, especially at the reach scale. 

In order to collect the geological, hydrological, and contaminant data necessary 

to estimate the contaminant mass discharge and to perform risk assessment 
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drilling of wells are required (Einarson and Mackay, 2001; Cai et al., 2001; 

Kübert and Finkel, 2006; Basu et al., 2006; Brooks et al., 2008; Troldborg et 

al., 2012; Balbarini et al., II; Rønde et al., VII). The number of sampling points 

varies depending on the size of site and the required accuracy (Danish EPA 

2000 and 1998). However, the error of the contaminant mass discharge estima-

tion depends on the density of the sampling points as well as on the heteroge-

neity of both the flow and the contaminant concentration fields (Kübert and 

Finkel, 2006; Troldborg et al., 2012). Due to the cost of drilling, the density of 

boreholes is usually too low for a proper characterization of large contaminant 

plumes (Troldborg et al., 2010; Döberl et al., 2012; Nielsen, 2015).  

It is important to develop cost-effective tools for contaminant plume charac-

terization. Among these methods, the non-invasive surface direct current resis-

tivity induced polarization (DCIP) geophysics method is promising. The DCIP 

method provides information on the electrical properties of the geological for-

mation and on the groundwater filling the pore space. The interpretation of 

DCIP surveys can provide insight on lithological stratifications and hydrogeo-

logical properties (Rubin and Hubbard, 2005; Slater et al., 2007; Weller et al., 

2010; Gazoty et al., 2012b; Weller et al., 2015; Binley et al., 2015; Fiandaca 

et al., V; Maurya et al., VI). DCIP investigations have been employed at land-

fills to detect leachate plumes (e.g. Abu-Zeid et al., 2004; Chambers et al., 

2006; Rucker et al., 2009; Maurya et al., IV; Balbarini et al., II).  In addition, 

microbial biodegradation of organic contaminants has been linked to DCIP 

anomalies in contaminant plumes from old industrial sites (e.g. Atekwana and 

Atekwana et al., 2010; Vaudelet et al., 2011).  

Even though DCIP techniques have been employed to develop geological and 

hydrogeological models, their applications to modelling tools for contaminant 

plume characterization is still limited. The lithological and hydrological infor-

mation needed to simulate groundwater flow by mathematical models could be 

provided by combining borehole data and DCIP surveys. Similarly, contami-

nant concentration data and DCIP survey could be integrated to describe the 

distribution of contaminant concentrations and to map the extension of con-

taminant plumes. Risk assessment key parameters, such as contaminant mass 

discharge estimations, could benefit from DCIP surveys to tackle the limited 

number of groundwater samples and provide more accurate values. 

However, the currently limited knowledge and useful methods restricts the ap-

plicability of DCIP surveys for hydrogeological characterization as well as for 

describing the distribution of contaminant concentration.  
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1.2 Research objectives 
The purpose of this PhD thesis is to develop innovative methods to integrate 

geological, hydrological, contaminant, and geophysical data with modelling 

tools for contaminant plume characterization. The main objectives of the pro-

ject are to: 

 Provide insight on groundwater flow  and contaminant plume migration 

to meandering streams by combining geological and hydrological data 

with surface geophysical data (Papers I, III, V, and VI); 

 Determine the extent to which DCIP geophysical data can provide in-

formation on the distribution of contaminant concentrations in plumes 

(Papers II, IV, and VI); 

 Develop modelling tools that combine concentration data with geophys-

ical data to estimate the contaminant mass discharge (Papers II and 

VII); 

1.3 Outline of the PhD Thesis 
The thesis describes the development of modelling tools for contaminant plume 

investigations that combines geological, hydrological, contaminant, and geo-

physical data. These tools were applied at two sites, described in Chapter 2: a 

landfill leachate plume and a meandering stream impacted by an old factory 

site plume. The modelling tools describe the groundwater flow field (Chapter 

3), the distribution of contaminant concentrations (Chapter 4), and the contam-

inant mass discharge (Chapter 5). Conclusions and future research needs are 

presented in Chapters 6 and 7, respectively. 
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2 The field sites 

The study focused on two field sites (Figure 1) located near Grindsted, Den-

mark: the Grindsted landfill and the Grindsted stream. The contaminant plumes 

present at the two sites originated from two different sources: an old landfill 

and an old factory site, respectively. Thus, the contaminant plumes have dif-

ferent size, extent, and chemical characteristics, allowing the developed mod-

elling tools to be tested for different conditions and types of contaminants in a 

similar geological setting. 

 

Figure 1: The map of Grindsted town (grey shading and inset map of Denmark) shows the 

two field sites (clear boxes): the landfill site and the stream site. The factory site (light 

brown) is located north of the stream site and the landfill (dark red) is located south of the 

stream. The equipotential lines [m above sea level] are indicated by the blue lines. The geo-

logical stratification is shown along two profiles, indicated also by red dashed lines on the 

map. The hotspot area of the stream where high concentrations of chlorinated ethenes were 

found is marked by the red box. Modified figure from Balbarini et al. (II) 

2.1 Grindsted stream 
At the Grindsted stream site, a contaminant plume originating from the Grind-

sted factory located 1.5 km north of the stream, is discharging to the stream 

(Rønde et al., VII; Rasmussen et al., 2016). The factory site plume is charac-
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terized by high concentrations of xenobiotic organic compounds (XOCs), in-

cluding benzene, chlorinated ethenes, and pharmaceutical compounds, mainly 

sulfonamides and barbiturates (NIRAS, 2009; Sonne et al., 2017).  

A Quaternary meltwater sand formation is present in the top 10 m below 

groundwater surface (bgs) (Figure 1, profile A-A’). Underneath, a 70 m thick 

Miocene sand formation is underlain by a regionally extensive and thick clay 

layer. Three Miocene clay and lignite layers up to 1 m thick are embedded in 

the Miocene sand. An additional Miocene clay and lignite layer located at ca. 

25 m asl has a thickness up to ca. 5 m near the stream (Balbarini et al., II, 

Maurya et al., VI). This low permeability clay layer has a large impact on the 

groundwater flow and partially hydrologically disconnects the unconfined aq-

uifer in the Quaternary formation from the confined aquifer in the Miocene 

formation. The hydraulic head difference between the two aquifers is larger 

near the stream, where the clay layer is ca. 5 m thick. The difference in hydrau-

lic head disappears 1 km north of the stream, at well 114.1447. No substantial 

difference in hydraulic head is observed between the other Miocene clay layers 

(Balbarini et al., III).  

A 3D geological model for Grindsted stream site was developed using geolog-

ical boreholes and DCIP surveys. DCIP surveys were useful in mapping the ca. 

5 m thick clay and lignite layer located ca. 25 m asl near the stream. The im-

aged bulk electrical conductivity (EC) by DCIP could discriminate between the 

effects of the clay layer and of the high concentration of ions in the contaminant 

plume (Maurya et al., VI). 

Groundwater flows toward the stream in the unconfined aquifer, as shown by 

the equipotential map (Figure 1). The mean hydraulic conductivity ranges be-

tween 1.4 10-6 m/s in the Miocene clay to 1.8 10-4 m/s in the meltwater sand 

(Maurya et al., VI; Rønde et al., VII; Balbarini et al., II). 

A hotspot area was found in the stream (Figure 1) where high concentrations 

of chlorinated ethenes, mainly vinyl chloride and cis-1,2-Dichloroethene (cis-

DCE) were detected (Rønde et al., VII). However, contaminated groundwater 

enters the stream along a 2 km stream stretch discharging mainly pharmaceu-

tical compounds (Sonne et al., 2017). 

2.2 Grindsted landfill 
At Grindsted landfill, 300,000 tons of waste were deposited between 1930 and 

1977 over an area of 10 ha. The waste includes municipal solid waste, sewage 

sludge, and demolition waste. In the north-western part of the landfill, 85,000 
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tons of waste from a pharmaceutical factory were deposited. The waste was 

deposited directly on the surface and without any leachate collection at the site 

(Kjeldsen et al., 1998a). 

The landfill is located on top of a ca. 10 m thick Quaternary meltwater sand 

layer (Figure 1, profile L-L’). A ca. 70 m thick Miocene sandy formation be-

longing to the Odderup formation is present underneath the Quaternary sand 

layer. Four Miocene clay and lignite layers up to 1 m thick are embedded in 

the sandy formation (Balbarini et al., II). At -40 m asl (ca. 80 m bgs), a thick 

and regionally extended clay layer underlines the unconfined aquifer (Heron et 

al., 1998). 

The equipotential map shown in Figure 1 indicates that groundwater flows in 

the north-western direction. Seasonal changes in the groundwater flow direc-

tion near the landfill are responsible for the lateral spreading of the leachate 

plume (Kjeldsen et al., 1998b). The geometric mean of the hydraulic conduc-

tivities measured in the unconfined aquifer by 22 slug tests was 1.7 10 -4 m/s 

(Balbarini et al., II). 

The landfill leachate plume contains high concentrations of ionic compounds, 

such as chloride and dissolved iron (Bjerg et al., 1995) and a mixture of XOCs, 

including chlorinated ethenes and petroleum hydrocarbons (Rügge et al., 

1999). Pharmaceutical compounds, mainly sulfonamides and barbiturates, 

have been found in the northern part of the landfill (Kjeldsen et al., 1998a) and 

in downgradient groundwater (Holm et al., 1995).  
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3 Insight on groundwater flow to 

meandering streams 

Groundwater contaminant plumes are a toxic concern for stream water quality 

(Roy and Bickerton, 2011). The management of streams and of restoration ac-

tivities require understanding groundwater flow paths to streams and mapping 

groundwater fluxes. Water exchanges between streams and aquifers is gov-

erned by several factors, including the stream channel geometry, the hydraulic 

gradient, and the hydraulic conductivity distribution (Larkin and Sharp, 1992; 

Cey et al., 1998; Krause et al., 2007; Anibas et al., 2012; Binley et al., 2013; 

Fernando, 2013; Flipo et al., 2014; Balbarini et al., I and III).  

Most studies looking at the effects of meander bends on the groundwater inter-

action with streams has focused on the hyporheic flow (e.g. Wroblicky et al., 

1998; Salehin et al., 2004; Cardenas et al., 2004; Revelli et al., 2008; Cardenas, 

2008, 2009a,b; Boano et al., 2006; Stonedahl et al., 2010; Boano et al., 2009, 

2010; Brookfield and Sudicky, 2013; Gomez-Velez et al., 2014, 2015; see also 

Table S1 by Balbarini et al., I). Hyporheic processes occur in a zone adjacent 

to the stream where groundwater and stream water mixes before entering the 

stream. Thus, hyporheic flow processes cannot describe the groundwater flow 

paths in the aquifer and the transport of contaminants to streams. When dealing 

with contaminant plumes discharging to streams, the reach scale (10-200 m) is 

often the appropriate study scale (Harvey and Bencala, 1993; Conant et al., 

2004; Anibas et al., 2012; Weatherill et al., 2014). 

Examples of modelling studies investigating the variability of the groundwater 

flow and of the discharge to streams at different scales are summarized in Table 

1. Few studies have looked at meandering streams, with most focusing instead 

on straight streams. However, meander bends can greatly affect groundwater 

flow and the spatial distribution of groundwater discharge to streams (Modica 

et al., 1998; Diem et al., 2014; Krause et al., 2014; Boano et al., 2014; Balbarini 

et al., I and III).  

In this chapter, the effects of stream meanders on groundwater flow paths at 

the reach scale and on groundwater discharge to streams are discussed. The 

effects of stream meanders are considered in relation to other factors affecting 

groundwater-stream exchanges: the hydraulic gradient in the aquifer and in the 

stream, the groundwater flow direction, and the presence of low permeability 

layers. 
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Table 1: Examples of modelling studies analyzing the spatial variability of groundwater flow and discharge to streams. D stands for dimension.  

 Stream Study D Method Aim Results on the spatial variability 

 

Meander  
Modica et 
al., 1998 

3-D 
Steady-state groundwater flow model 
with stream interaction 

Source area of groundwater dis-
charging to stream and estimate 
its age 

Groundwater that flows in the stream banks 
originates near the stream, groundwater that 
flows in the stream channel originates in dis-
tant areas. 

Catchment 
scale 

Straight  
Aisopou 
et al., 
2015 

2-D 
Groundwater flow and transport model 
with stream interaction and pumping 
system 

Effect of pumping on pesticide 
transport in groundwater 

Groundwater coming from one side, enters the 
stream at both sides with under-stream paths 

 

Straight  

Larkin 
and 
Sharp, 
1992 

3-D 
Steady state groundwater flow with 
stream interaction 

Effect of stream channel slope, 
penetration, and hydraulic param-
eters on the relative magnitude of 
base- and under-flow 

Underflow is highest for high channel slope, 
low sinuosity, high width-to-depth ratio, and low 
penetration.   

 

Straight  
Derx et 
al., 2010 

3-D 
Transient groundwater flow and 
transport with stream interaction 

Mixing processes in the aquifer at 
riverbanks, short-term change of 
groundwater discharge due to 
changes in the stream water level 

Spatial discharge variability in straight stream 
due to changes in the hydraulic gradient. 

 

Straight  
Guay et 
al., 2013 

3-D 

Groundwater flow model in FEFLOW 
with infiltration from HELP; CAUCHY 
coupling a diffusion wave surface rout-
ing and Richards equation 

Comparison of fully integrated 
models (CATHY) and sequential 
models (HELP + FEFLOW) 

Groundwater flows concentrically to the 
stream.  

Reach 
scale 

Straight  

Miracap-
illo and 
More-
Seytoux, 
2014 

2-D 

The analytical values for the one-sided 
dimensionless conductance are com-
pared with a numerical groundwater 
model 

Analytical approach to character-
ize local flow exchange conduct-
ance and boundary condition be-
tween a stream and an aquifer 

Groundwater flows below the stream and 
enters the stream to the opposite side because 
different horizontal gradients imposed by 
boundari conditions 

 

Meander 
Balbarini 
et al., I 

3-D 
Groundwater flow model implementing 
a coordinate transformation method by 
Boon et al. (2017) in COMSOL 

Effect of meander bends on the 
groundwater flow and discharge to 
streams 

Groundwater flow paths and the spatial 
variability of the discharge to streams are 
affected by meander bend geometry, 
groundwater flow direction, hydrualic gradient  

 

Meander  
Balbarini 
et al., III 

3-D 
Groundwater flow model implementing 
a coordinate transformation method by 
Boon et al. (2017) in COMSOL 

Effect of layered aquifer on 
groundwater flow and discharge to 
a meandering stream 

Groundwater flow paths and the origin of 
groundwater discharging to a meandering 
stream are affected by low permeability layers 
in the aquifer 

Local scale 

Straight 
reach, 
meander 
river 

Munz et 
al., 2011 

3-D 
Transient groundwater flow model in 
contact with a stream, modelled using 
MODFLOW River Package 

Identifying groundwater-surface 
water exchange flow patterns and 
quantifying fluxes in a small-
stream reach 

Particularly at the beginning of peak flow 
conditions, head gradients are likely to cause 
substantial increase in surface water infiltration 
into the streambed. 
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3.1 Spatial variability of the groundwater discharge 

to meandering streams 
Groundwater discharge to streams changes along meander bends. At the Grind-

sted stream site, the horizontal groundwater discharge at the upper edge of the 

stream-aquifer interface is shown in Figure 2. Details on the 3D groundwater 

flow model simulating groundwater flow to Grindsted stream (see Figure 2) 

and to sinusoidal streams are provided by Balbarini et al. (I and III). These 

studies concluded that groundwater discharge is highest on the outside of me-

ander bends and is lowest on the inside of the meander bends. The effect of 

meander bends on the spatial variability of groundwater discharge increases 

with the sinuosity, which depends on the amplitude and on the wavelength of 

the meanders (Balbarini et al., I).  

 

Figure 2: Simulated groundwater discharge (blue arrows) to Grindsted stream at the upper 

edge of the stream-aquifer interface. The upper left figure shows the location of the model 

domain (black lines) at the Grindsted stream site. The upper right figure shows the grid, the 

boundary conditions, and the model size. Modified figure from Balbarini et al., I. 
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The effect of meander bends on contaminant discharge to streams has implica-

tions for the transport of contaminant plumes to streams and on the distribution 

of contaminant concentrations near streams. High concentrations of contami-

nants at the outer parts of meander bends are explained by the model results 

and are confirmed by observations at meander bends at the Tern river (Weath-

erill et al., 2014) and at the Grindsted stream site (Rønde et al., VII; Sonne et 

al., 2017).  

Stream meanders are not the only factor affecting the discharge of groundwater 

and of contaminant plumes to streams. The spatial variability of the groundwa-

ter discharge is also affected by the groundwater flow direction (Balbarini et 

al., I) and by the distribution of hydraulic conductivity in the streambed (Kal-

bus et al., 2009; Krause et al., 2012; Brookfield and Sudicky, 2013; Poulsen et 

al., 2015) and in the aquifer (Balbarini et al., I and III). The magnitude of the 

groundwater discharge to streams increases with the hydraulic conductivity 

and with the magnitude of the hydraulic gradient in the aquifer (Balbarini et 

al., I).  

3.2 Groundwater flow paths to meandering streams 
Groundwater flow paths to meandering streams change greatly with depth. 

(Harvey and Bencala, 1993; Modica et al., 1998; Flipo et al. , 2014; Balbarini 

et al., I and III). Thus, these sites must be characterized using 3D field and 

modelling tools.  

In straight streams, groundwater enters the stream at the bank closer to the 

provenience of the streamlines (Guay et al., 2013; Balbarini et al., I). At me-

ander bends pointing north, groundwater originating north enters the stream 

both at the north and at the south banks by flowing beneath the stream (Figure 

3). Flow paths are reversed for meandering bends pointing north (Balbarini et 

al., I). This effect is caused by the difference in hydraulic gradients at the two 

sides of the stream near meander bends. Different head gradients in an aquifer 

between the two sides of a stream caused by pumping wells or by boundary 

conditions can also result in similar groundwater flow paths (Miracapillo and 

Morel-Seytoux, 2014; Aisopou et al., 2015; Balbarini et al, I). 

Groundwater discharging at the upper edge of a stream bank originates from 

the upper part of the aquifer (Figure 3), while groundwater discharging at the 

centre of the stream originates from the deeper part of the aquifer (Modica et 

al., 1998; Balbarini et al., I and III). The effect of stream channel geometry on 

the groundwater flow paths decreases with the depth of the aquifer. In a sandy 
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aquifer, at large depths groundwater flows horizontally to the stream and then 

downgradient parallel to the stream flow (Balbarini et al., I). This effect may 

be enhanced by the presence of low permeability layers in the aquifers (Balba-

rini et al., III). This is shown in Figure 3 by the different groundwater flow 

paths to Grindsted stream in the shallow unconfined aquifer compared to the 

deep confined aquifer. 

 

Figure 3: Groundwater flow paths (red lines) and equipotential lines (blue lines) in a cross 

section cutting thought a meander bend pointing north. The two close ups on the right shows 

groundwater flow paths in plan view in the confined and unconfined aquifers discharging to 

Grindsted stream. The upper left figure shows the location of the model domain (black lines) 

and the cross section (red dashed line) at the site. Modified figure from Balbarini et al. (I 

and III). 
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3.3 Implications of groundwater flow paths to 

meandering streams on the migration of 

contaminant plumes 
Since groundwater flow paths to meandering streams are depth dependent, es-

pecially in layered aquifers, the migration of contaminant plumes to streams 

may be as well. At the Grindsted stream site, the distribution of 48 pharmaceu-

tical compounds in groundwater and in the hyporheic zone was analyzed by 

principal component analysis and hierarchical cluster analysis (Balbarini et al., 

III).  

The different distribution of pharmaceutical compounds in the shallow uncon-

fined aquifer and in the deep confined aquifer suggests the presence of different 

plumes originating from the old factory site. Simulated groundwater flow paths 

can explain the different distributions of pharmaceuticals in the two aquifers 

(Figure 4). 

The plume in the unconfined aquifer with high concentrations of pharmaceuti-

cals, chlorinated ethenes (mainly cis-DCE and vinyl chloride) and petroleum 

hydrocarbons (mainly benzene) enters the stream on a short stretch within the 

middle of the model domain. This is supported by stream water samples (Rønde 

et al., VII; Balbarini et al., III; Sonne et al., 2017). Differently, in the confined 

aquifer, groundwater flow paths parallel to the stream may result in the migra-

tion of the contaminant plume downstream the model domain. This is con-

firmed by the presence of several peaks in stream water samples of pharma-

ceuticals on a 2 km stretch The results suggest a potential risk of contamination 

of the deep aquifer downstream the study area, especially for persistent and 

semi-persistent compounds, such as the pharmaceuticals.. 
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Figure 4: In a) PCA using pharmaceutical compounds found in groundwater samples col-

lected in the unconfined and confined aquifer and at stations in the hyporheic zone. The 

colored circle indicate clusters that differ significantly from each other (p<0.05). The clu s-

tering was found by HCA (SIMPROF). The location of the groundwater and hyporheic zone 

samples is shown in b) for the unconfined aquifer and in c) for the confined aquifer. In b) 

and c) the model domain (black line), the groundwater flow paths (red lines) and the equi-

potential lines (blue lines) are shown.  
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4 Mapping the distribution of contaminant 

concentrations by DCIP 

The surface DCIP method has increasingly been used to characterize litholog-

ical stratification and hydrogeological properties, such as permeability and wa-

ter content (e.g. Rubin and Hubbard, 2005; Slater et al., 2007; Weller et al., 

2010; Gazoty et al., 2012b; Weller et al., 2015; Binley et al., 2015; Fiandaca 

et al., V; Maurya et al., VI).  

At contaminated sites, DCIP method has been applied for contaminant source 

characterization. The method has been used to detect the presence of pools of 

mobile phase or residuals of non-aqueous phase liquids, such as petroleum hy-

drocarbons, (DeRyck et al., 1993; Yang et al., 2007; Flores Orozco, et al., 

2012; Johansson et al., 2015) and to map waste distribution at landfills (Cham-

bers et al., 2006; Gazoty et al., 2012a; Frid et al., 2017).  

DCIP is also a useful tool for contaminant plume investigation. However, the 

applicability of DCIP surveys for contaminant plumes can be more challenging 

than at contaminant sources because contaminant concentrations in plumes are 

often much lower. In this chapter, an overview of applications of DCIP for 

contaminated plume investigations is provided. Then, the imaged bulk EC from 

DCIP is compared with the concentration of inorganic and organic contami-

nants at the Grindsted stream and landfill sites. 

4.1 Contaminant plumes detected by DCIP 
DCIP response is affected by the EC of both groundwater and soil surface (e.g. 

Ntarlagiannis et al., 2016; Maurya et al., VI). Water EC depends on the con-

centration of ions in water (Appelo and Postma, 2005) and is proportionate to 

the bulk EC (Archie, 1942). Surface EC depends on the surface area of the 

material and on the distribution of the pore size (e.g. Weller et al., 2013; Ntar-

lagiannis et al., 2016). The presence of contaminant plumes can affect both the 

bulk EC and the surface EC. 

In Table 2, examples of bulk EC imaged by DCIP applied at contaminant plume 

investigations are collected. Contaminant plumes, and especially landfill 

leachate plumes, are characterized by high concentrations of inorganic species 

(Christensen et al., 2001). Thus, several studies have successfully applied 

DCIP to localize leachate plumes (e.g. Abu-Zeid et al., 2004; Chambers et al., 

2006; Rucker et al., 2009; Maurya et al., IV; Balbarini et al., II). 
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Contaminant plumes can have high concentrations of organic carbon, depend-

ing on the composition of the contaminant source. Microbial biodegradation of 

organic carbon affects the distribution of organic and redox species. In a labor-

atory column experiment, Aal et al. (2004) observed an increase in the concen-

tration of ions and thus water EC due to microbial biodegradation, which could 

be detected by DCIP. DCIP has also been used at the field scale to localize 

areas with pronounced microbial degradation processes (e.g. Atekwana et al., 

2005; Atekwana and Atekwana et al., 2010; Vaudelet et al., 2011).  

Microbial biodegradation was also observed to affect the surface EC due to 

biofilm formation, increasing in cell population, and mineral precipitates (e.g. 

Allen et al., 207; Atekwana and Slater, 2009; Aal et al., 2004; Williams et al., 

2009; Personna et al., 2013). At the studied sites at Grindsted, iron precipitates 

are not considered a controlling factor of the DCIP signal and the presence of 

biofilm is unlikely due to low microbial densities in a contaminant plume (Bal-

barini et al., II). Under these assumptions, the focus of this study has been only 

on the effects of contaminant plume on the bulk EC imaged by DCIP. 
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Table 2: Examples of applications of bulk EC imaged by DCIP for describing the distribution 

of contaminants in groundwater plumes. 

Process            
affecting the im-
aged bulk EC 

Study Findings 

 
Abu-Zeid et al., 

2004 

Identification of leachate plumes characterized by high 
concentrations of inorganic species, such as dissolved iron 
and aluminum, migrating from a landfill site. 

 
Rucker et al., 

2009 

Identification of a leachate plume with high concentrations 
of inorganic species, including radiological and heavy met-
als, from a nuclear waste disposal site. 

Landfill leachate 
plume 

Chambers et al., 
2006 

Identification of a potential zone of leachate migration from 
the landfill. Chemical analysis on samples collected in the 
zone are not reported. 

 Maurya et al., IV 
Correlations of imaged bulk EC from DCIP with water EC 
and ionic strength from groundwater samples collected 
downstream Grindsted landfill site. 

 Balbarini et al., II 

Correlation of imaged bulk EC from DCIP with water EC 
and with inorganic species, such as chloride, and selected 
pharmaceutical compounds. The correlations are site spe-
cific for Grindsted landfill site. 

 Aal et al., 2004 

In a column test, increases in bulk EC over time reflects in-
creases in water EC. The test showed also increases of 
calcium and microbial population numbers as well as de-
creases in nitrate, sulfate, and total hydrocarbon. These 
temporal changes are due to microbial biodegradation of 
hydrocarbons: benzene, toluene, ethylbenzene, and xy-
lene. 

 
Atekwana et al., 

2005 

Identification of areas with high bulk EC, high concentra-
tions of total dissolved solids, of dissolved inorganic car-
bon, of major ions (e.g. calcium and alkalinity) and redox 
sensitive parameters. These effects were related to the mi-
crobial degradation of petroleum hydrocarbons.  

Microbial          
biodegradation 

Atekwana and 
Atekwana, 2010 

Identification of areas with high bulk EC, high concentra-
tions of dissolved water EC, iron and calcium, and low ni-
trate and sulfate. These effects are related to the microbial 
degradation of contaminant hydrocarbons. Difference elec-
trical responses can be obtained due to microbial activity 
from different areas in the plume. 

 
Vaudelet et al., 

2011 

Identification of an area with high bulk EC linked to high 
water EC. In the same area, high concentrations of total 
organic carbon and chlorinated ethenes, and low concen-
trations of nitrate and sulfate were found. This can be ex-
plained by microbial biodegradation of dissolved organic 
carbon, including contaminant hydrocarbons, and anaero-
bic reduction of chlorinated ethenes. 

 Balbarini et al., II 

Correlation of imaged bulk EC from DCIP with water EC 
and with inorganic and organic compounds (benzene, cis-
DCE, vinyl chloride). The correlations are site specific for 
Grindsted stream site. 
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4.2 Linking contaminant concentrations with the 

imaged bulk EC by DCIP 
The effects of contaminant plumes on the bulk EC (see Section 4.1) indicate 

that DCIP can provide information on the distribution of contaminants in 

groundwater. However, the applicability of DCIP is limited by the chemical 

composition and the transport processes of the plume. A conceptual model of 

the possible links between bulk EC and the distribution of concentrations of 

organic and inorganic contaminants in plumes is shown in Figure 5.  

 

Figure 5: Conceptual model of the correlation between bulk EC from DCIP, water EC con-

ductivity and inorganic and organic contaminants. Direct correlations are indicated by bulk 

blue arrows and indirect correlations are indicated by green dotted arrows.  XOCs indicates 

xenobiotic organic compounds, DOC indicates dissolved organic carbon. Modified figure 

from Balbarini et al. (II) 

 

The conceptual model was applied at Grindsted landfill and Grindsted stream 

sites to investigate the use of bulk EC for describing the distribution of selected 

groundwater contaminants. At Grindsted landfill (Figure 6a), the bulk EC 

could describe the distribution of the ionic strength (Figure 6b), of chloride 

(not shown), and of sulfonamides and barbiturates (Figure 6c) (Maurya et al., 

IV; Balbarini et al., II).  
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Figure 6: Locations of the DCIP profiles (orange lines) and multilevel sampling wells (black 

dots) are shown in a) for the landfill site. The bulk electrical resistivity and the ionic strength 

from water samples (black bars) are shown in b), legend shown in d), for the profile parallel 

to the groundwater flow direction indicated by the black line in a). The correlation between 

the water electrical conductivity (EC) and the concentration of sulfonamides and barbiturates 

are shown in a log-log plot in c). Modified figure from Balbarini et al (II) and Maurya et al 

(IV). 
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At the Grindsted stream, a correlation could be established between the con-

taminant plume in the unconfined aquifer discharging to Grindsted stream and 

the water EC, ionic strength, and redox sensitive species, such as dissolved 

iron (Balbarini et al., II). High concentrations of dissolved iron, low sulfate 

concentrations, and the presence of methane indicate strongly reducing condi-

tions due to pronounced microbial activity (Christensen et al., 2000). A corre-

lation was found between water EC and benzene, a biodegradable XOCs re-

leased from the contaminant source. 

Chlorinated ethenes can take part in reductive dechlorination, where the parent 

compounds (tetrachloroethene and trichloroethene) are transformed to daugh-

ter products, mainly cis-DCE and vinyl chloride (Badin et al., 2016; Chambon 

et al., 2012).Generation of VC from cis-DCE takes place under strongly reduc-

ing conditions (iron reducing to methanogenic), such as those in the contami-

nant plume at the stream site. Since water EC can describe the distribution of 

redox sensitive compounds, and since redox conditions can describe the distri-

bution of chlorinated ethenes, an indirect link between EC and daughter prod-

ucts can be established. At the Grindsted stream site, the water EC could 

thereby describe the concentration of cis-DCE and vinyl chloride in the uncon-

fined aquifer (Figure 7).  

The correlations established between the bulk EC (or water EC) and the con-

centrations of inorganic and organic compounds are indirect and may change 

in different areas of the same site (Atekwana and Atekwana, 2010). At the 

Grindsted stream site, the correlations established at the contaminant plume 

discharging to the stream could not be applied in the deeper part of the of the 

contaminant plume (Figure 7).  

The distribution of pharmaceutical compounds was used to analyze the com-

position of the contaminant plume. The pharmaceutical compounds are semi 

persistent and present in the contaminant plume originating from the former 

factory site. Principal component analysis and hierarchical cluster analysis per-

formed on groundwater samples indicate that the distribution of these com-

pounds in the plume discharging to the stream is statistically different from the 

plume in the confined aquifer. Even within the confined aquifer, water samples 

collected in the area marked by the black box (Figure 7) show different com-

positions (Balbarini et al., II). This indicates that areas with different chemical 

characteristics exist within the plume at Grindsted stream site. Thus, the cor-

relations between the bulk EC and the contaminants can be applied only at 
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specific areas of the plume as discussed above (Figure 7). This limits the ap-

plicability of the DCIP survey for delineating the contaminant plume.  

The correlation could successfully be used to determine the contaminant mass 

discharge of chlorinated ethenes and benzene of the plume in the unconfined 

aquifer discharging to the stream (see Section 5). However, it was not possible 

to apply the DCIP survey to delineate the contaminant plume in the confined 

aquifer. Additional boreholes in this area may help identify and describe the 

transport paths of the contaminant plume in the confined aquifer and the po-

tential link to DCIP. 

 

Figure 7: Correlation between the water EC, vinyl chloride (VC), cis-DCE, and benzene in 

an area of the unconfined aquifer, marked by the red box, and in an area of the confined 

aquifer, marked by the black box, at the Grindsted stream site. The map shows Grindsted 

town with the factory site (brown), located north of the stream site, and the landfill site (dark 

red) located south of the stream. The equipotential lines [m asl] are indicated by the blue 

lines. 
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5 A tool for contaminant mass discharge 

quantification that combines DCIP and 

contaminant concentrations 

The contaminant mass discharge is a key parameter for the risk assessment of 

contaminated sites and contaminant plumes (Einarson and Mackay, 2001; 

Kübert and Finkel, 2006; Basu et al., 2006; Cai et al., 2001; Troldborg et al., 

2012; Balbarini et al., II; Rønde et al., VII). It is defined as the total mass of 

contaminants passing per unit time through a control plane that is perpendicu-

lar to the groundwater flow direction and encompasses the plume (Basu et al., 

2006; Troldborg et al., 2010).  

A common method relies on multilevel wells installed on the control plane to 

collect contaminant concentrations and hydrological data. The control plane is 

divided into n sections of area (An) at which a value of the contaminant con-

centration (Cn) and a value of groundwater discharge normal to the plane (qn) 

are assigned. The contaminant mass discharge CMD [kg/y] can be calculated 

as described in equation 1 (Mackay et al., 2012; Li and Abriola, 2009; Kübert 

and Finkel, 2006; Balbarini et al., II; Rønde et al., VII). 

 

𝐶𝑀𝐷 =  ∑ 𝐶𝑛 ∙ 𝑞𝑛 ∙ 𝐴𝑛

𝑁

𝑛=1

 (1) 

The contaminant concentration and the groundwater discharge do not need to 

be sampled at each section n. Statistical tools, such as ordinary kriging, can be 

used to predict the value of a target variable (e.g. the concentration of a selected 

contaminant) at an unknown location (e.g. the centre of section n) by using the 

weighted average of the observations. 

The error in the contaminant mass discharge estimation depends on the density 

of the sampling points as well as on the heterogeneity of both the flow and the 

contaminant concentration fields (Kübert and Finkel, 2006; Troldborg et al., 

2012). At large contaminated sites, installing a sufficient number of sampling 

points to describe the variability the concentration field and of the flow field 

is often not possible (Troldborg et al., 2010).  

In order to tackle the limited number of groundwater samples, surface DCIP 

can be a useful tool to interpolate between the point measurements (Rubin and 

Hubbard, 2005, Balbarini et al., II). A geophysics based method for modelling 

the concentration field for contaminant mass discharge estimation was deve-
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loped. In this chapter, the geophysics based method is described. Then, the 

method is compared with traditional methods for contaminant mass discharge. 

Finally, the use of a geophysics for modelling the flow field is discussed.  

5.1 The geophysics based method 
The geophysics based method analyses both the imaged bulk EC determined 

by DCIP and water samples to describe the contaminant concentration field. 

This method uses regression kriging to assign the contaminant concentration 

value to each section of the control plane. In regression kriging, the weighted 

average of auxiliary variables (e.g. the bulk DCIP) is used to predict the target 

variable (e.g. the concentration of a selected contaminant) (Hengl et al., 2009; 

Hengl et al., 2007; McBratney et al., 2003; Odeh et al., 1995; Matheron et al., 

1973). Additional details about the implementation of the method are provided 

by Balbarini et al. (II). 

The geophysics based method can be applied only for contaminants whose dis-

tribution can be directly or indirectly linked to the distribution of water EC. 

The correlations are site specific and depend on the chemical composition of 

the plume and on the contaminant transport processes. At the Grindsted stream 

site, it could be applied for benzene, vinyl chloride, and cis-DCE; at the Grind-

sted landfill site, the method could be applied for sulfonamides and barbiturates 

(Balbarini et al., II). However, at the Grindsted landfill site a correlation could 

not be established for some contaminants, such as benzene or chlorinated eth-

enes, which are found at low concentrations in the leachate plume. 

In Figure 8, the distributions of contaminant concentration obtained by com-

bining contaminant concentrations and DCIP are shown for selected com-

pounds at the Grindsted stream and at the Grindsted landfill site. The distribu-

tions of contaminant concentration are used to estimate the contaminant mass 

discharge in Section 5.3.  
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Figure 8: Locations of the control planes (red dashed lines), DCIP profiles (orange dotted 

lines), and multilevel sampling wells (black dots) are shown in a) for the landfill site and c) 

for the stream site. The distribution of sulfonamides determined by the geophysics based 

method along the control plane at the landfill site is shown in b); the distribution of vinyl 

chloride determined by the geophysics based method at the stream site is shown in d). Mod-

ified Figure from Balbarini et al. (II). 

 

5.2 The geophysics based method versus the 

contaminant concentration based method 
In Table 3, the estimated contaminant mass discharge for selected contami-

nants at the Grindsted stream and at the Grindsted landfill sites are shown. Two 

methods are compared: a contaminant concentration based method and the ge-

ophysics based method. Both methods apply equation 1 and assume a constant 

groundwater flow velocity of 14.6 m/y at the landfill site and 106 m/y at the 

stream site (Balbarini et al., II). In the contaminant concentration method, the 

concentration field is modelled by kriging the contaminant concentration data 

(Rønde et al., VII; Balbarini et al., II). In the geophysics based method, the 
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concentration field is modelled by combining contaminant concentration data 

and DCIP surveys (see Section 5.1). 

Table 3: Estimated contaminant mass discharges in kg/y for selected contaminants at the 

Grindsted stream and at the Grindsted landfill sites (see Figure 8 for the location of the 

control planes and of the data points). The contaminant mass discharge is estimated by two 

methods: the first interpolated water sample measurements through kriging and the second 

combined water samples with DCIP data through regression kriging. The assumed ground-

water flow is 106 m/y at the stream and 14.6 m/y at the landfill. Source Balbarini et al. (II). 

 
 

Contaminant concentra-
tion based method [kg/y] 

Geophysics 
based method 

[kg/y] 

Grindsted 
landfill 

Sulfonamides 750 1,848 

 Barbiturates 88 112 

Grindsted 
stream 

Vinyl chloride 48 49 

 cis-DCE 51 52 

 Benzene 12 11 

 

For all contaminants, the difference between the two methods is larger at the 

landfill site compared to the stream site. This can be explained by the sample 

density at the two site: 0.06 samples/m2 at the stream site versus only 0.0004 

samples/m2 at the landfill site. The relative contaminant mass discharge error 

is inversely proportional to the sample density.  

In Table 4, examples of relative contaminant mass discharge errors and sample 

densities of studies calculating the contaminant mass discharge using contam-

inant concentration based methods and the geophysical based method are 

shown. The relative error requires the “true” value of the total contaminant 

mass discharge to be calculated. The “true” value is usually not known at field 

sites. Instead, common practice is to calculate the relative mass discharge un-

certainty as the standard deviation divided by the mean. In Balbarini et al. (II), 

the contaminant discharge calculated using all concentrations is assumed to be 

the “true” value. The calculations employing all contaminant concentrations at 

the Grindsted stream site and at the Grindsted landfill site (shown in table 3) 

are not included in table 4, since no uncertainty/error was calculated. 
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Table 4: Comparison of sample densities and relative contaminant mass discharge errors and 

uncertainties from studies applying contaminant concentration based methods and the geo-

physical based method for calculating the contaminant mass discharge. Only the sample 

densities applied in the stochastic simulation are included in the table. The error/uncertainty 

could not be calculated for the contaminant mass discharge employing all site observations 

of contaminant concentration. Modified table from Troldborg et al. (2012), Troldborg 

(2010), and Balbarini et al. (II). 

Study 

Sample 
density 
[sam-

ples/m2] 

Area of the 
control 

plane [m2] 

Relative error 
of the mass 

discharge [%] 

Relative         
uncertainty of 

the mass    
discharge [%] 

Kübert and Finkel, 2006 1.07 60 15 - 

  1.00 80 40 - 

  1.00 80 100 - 

Li et al., 2007 0.12 77.3 20 - 

  0.32 77.3 10 - 

Scwede and Cirpka, 2010 0.08 120 76 81 

  0.08 120 80 2 

Troldborg et al., 2010 0.02 1450 - 68 

Cai et al., 2011 3.50 16 - 9 

  0.63 77.7 - 19 

Beland-Pelletier et al., 2011 0.63 126 - 67 

Troldborg et al., 2012 0.32 380 - 43 

  0.05 380 - 74 

 
Concentration 
based method 

0.055 960 2 6 

  0.045 960 6 12 

  0.035 960 13 18 

  0.025 960 21 31 

Balbarini et al., II  0.015 960 25 51 

 
Geophysics 
based method 

0.055 960 0.2 6 

  0.045 960 4 12 

  0.035 960 11 19 

  0.025 960 18 31 

  0.015 960 19 52 

 

When examining all studies shown in table 4, a correlation between the sample 

density and the relative error/uncertainty cannot be found. This can be ex-

plained by the dependence of the error/uncertainty on both the sample density 
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and the level of heterogeneity in the flow and concentration fields (Kümbert 

and Finkel, 2006; Troldborg et al., 2012). Different studies may have different 

level of heterogeneities. Furthermore, Balbarini et al. (II) and Cai et al. (2011) 

did not account for the heterogeneity of the flow field, which may result in 

lower relative errors and uncertainties compared to other studies. Balbarini et 

al. (II) calculated the error by assuming the contaminant mass discharge esti-

mated using the contaminant concentration method including all available sam-

ples as the “true” value. This may result in low relative errors, especially for 

the contaminant concentration based method.  

When comparing the contaminant concentration based method and the geo-

physics based method, the relative error and uncertainty increase with the sam-

ple density. The geophysics based method show lower mass discharge errors 

and uncertainties at all sample densities compared to the contaminant concen-

tration based method. The difference between the mass discharge error calcu-

lated using the geophysics based method and the concentration based method 

increases when decreasing the sample density. This indicates that the geophys-

ics based method may be valuable at large contaminated sites, such as the land-

fill site, where the sample density is usually low due to drilling costs.  

 

5.3 DCIP as a tool to model the hydraulic 

conductivity field 
The flow field for contaminant mass discharge calculations can be determined 

by assigning a hydraulic conductivity and a hydraulic gradient value to each 

part of the cross sectional area. The flow is then calculated using Darcy’s law. 

Surface DCIP surveys can provide information on the hydraulic properties of 

the soil, including the hydraulic conductivity (e.g. Slater et al., 2007; Weller et 

al., 2015, Fiandaca et al., V; Maurya et al., VI). At the Grindsted stream and at 

the Grindsted landfill sites, the hydraulic permeability, and thus the hydraulic 

conductivity, were estimated by DCIP using an empirical equation derived by 

Weller et al. (2015). In Figure 9, the vertical variability of the hydraulic per-

meability at three boreholes located at the investigated sites are shown. The 

DCIP surveys were acquired using a logging-while-drilling technique (El-log). 

Hydraulic conductivities were measured by slug tests and grain size analysis 

(Fiandaca et al, V).  
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Figure 9: a) Location of the El-logs (E1-E3, black stars) at the Grindsted stream and landfill 

(dark red) sites. Next to each El-log, three boreholes for collecting soil samples and per-

forming hydraulic tests are installed (Bh1-Bh3). Next to E1, a sediment core (Sc1) was col-

lected. The vertical variability of the permeability estimated by geophysics (black line), 

grain size analysis (red dots), and slug tests (blue dots) are shown in b). The geological log 

is shown next to each permeability profile. 
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The hydraulic permeability estimated by the El-log can match the hydraulic 

permeability estimated by slug tests and grain size analysis to within one order 

of magnitude. When employing surface DCIP, thin low permeability layers 

embedded in thick high permeability layers cannot be detected by the method 

due to lack of resolution. Thin high permeability layers embedded in low per-

meability layers can also not be detected. The permeability is also underesti-

mated near the boundaries between high permeability layers and low permea-

bility layer, because of the smoothness constraint applied in the inversion pro-

cedure (Maurya et al., VI). These limitations meant that the hydraulic permea-

bility estimated by surface DCIP could not be applied for contaminant mass 

discharge estimations. The El-log results showed the potential of DCIP for per-

meability estimation. Future developments of surface DCIP collection and in-

version techniques may improve the permeability estimation. 
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6 Conclusions  

The aim of this PhD thesis was to develop tools for contaminant plume inves-

tigation that integrate geological, hydrogeological, contaminant concentra-

tions, and geophysical data. The major conclusions of this study are: 

 A 3D geological model developed at a field site showed that surface DCIP 

can describe the continuity and thickness of low permeability layers between 

borehole logs. DCIP could discriminate between the effects of clayey layers 

and high concentrations of ionic compounds in the contaminant plume 

(Maurya et al., VI); 

 3D groundwater flow models were developed simulating groundwater flow 

to sinuous and meandering streams. Comparison of the scenarios showed 

that meander bends affect groundwater flow paths and the spatial variability 

of groundwater discharge to streams. The effect of meanders increases with 

the sinuosity and depends on the orientation of meander bends relative to 

groundwater flow (Balbarini et al., I); 

 The developed groundwater flow models showed groundwater flow to me-

andering streams depends on the properties of the aquifer, such as the aqui-

fer thickness. Deep groundwater may flow below the stream to enter through 

the opposite bank to its origin. The presence of low permeability layers in 

the aquifer may enhance this effect. (Balbarini et al., I and III); 

 The distribution of pharmaceutical compounds in the unconfined and con-

fined aquifer indicated the transport of contaminants to meandering streams 

require 3D analysis. A join interpretation of groundwater flow paths and of 

contaminant concentrations in groundwater, hyporheic zone and stream wa-

ter could provide insight on the discharge of contaminants to the stream. 

Pharmaceutical compounds were found to pose a potential risk for the deep 

confined aquifer (>30-50 m below ground surface) and for the stream along 

a 2 km stretch. 

 Analysis of concentrations of inorganic and organic compounds at two field 

sites indicated that the imaged bulk EC by DCIP could describe changes in 

water EC. DCIP surveys could map high electrically conductive contami-

nant plumes, such as leachate plumes. Bulk EC could describe the distribu-

tion of selected conservative ions (e.g. chloride) and low degradable organic 

compounds (e.g. sulfonamides and barbiturates), which have similar 

transport paths compared to the conservative ions (Maurya et al, IV; Balba-

rini et al., II); 
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 Microbial biodegradation cause changes in the redox conditions and the dis-

tribution of ionic species, which have been linked with the DCIP anomalies 

by previous studies. In this study, bulk EC imaged by DCIP could be corre-

lated with concentrations of redox sensitive species. When such a link can 

be established, imaged bulk EC could describe the distribution of contami-

nants involved in the degradation (e.g. organic carbon and hydrocarbons) 

and contaminants whose presence depends on the redox conditions (e.g. 

daughter products of chlorinated solvents) (Balbarini et al., II); 

 Comparison of two field sites showed that the correlations between the bulk 

EC imaged by DCIP and selected inorganic species and organic contami-

nants are site specific. The correlations may change at the same site depend-

ing on the composition of the contaminant plume and the transport processes 

(Balbarini et al., II);   

 A contaminant mass discharge method which combines DCIP surveys with 

contaminant concentration data was developed. The method can estimate the 

contaminant mass discharge by a lower error compared to traditional meth-

ods applying only contaminant concentrations. The method is limited by the 

possibility of establishing a link between the bulk EC imaged by DCIP and 

the distribution of concentrations of selected contaminants. The novel 

method can be beneficial at large contaminated sites where a high sample 

density is costly (Balbarini et al., II; Rønde et al., VII); 

 An empirical equation for calculating hydraulic conductivity by DCIP sur-

veys was tested at two field sites. When DCIP surveys were performed by 

logging-while-drilling technology, the geophysics based hydraulic conduc-

tivity could describe hydraulic conductivities within one order of magnitude 

compared to the value determined by slug tests and grain size analysis. Sur-

face DCIP surveys were limited by the lack of resolution of thin layers and 

near boundaries between layers with different permeability (Fiandaca et al., 

V). 

These findings allow the number of drillings required for contaminant plume 

investigations to be reduced, thus decreasing the costs of risk assessment.  
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7 Perspectives 

This study presented a few applications of DCIP geophysical methods for in-

vestigation of contaminant plumes. However, describing and predicting the 

contaminant plume transport is challenging. It relies on both determination of 

the groundwater flow field and plume mapping. The effects on the electrical 

signal of soil properties and of ionic compounds can be similar; thus, disentan-

gling the two effects on the geophysical signal can be difficult. In addition, 

organic contaminants are not directly linked to the geophysical signal and their 

indirect cause and effect relationship can be challenging to explain. Even 

though we have shown that the methods are promising, the applicability of  

geophysics for contaminant plume investigations is still limited. Here are some 

ideas for future research in order to extend the use of geophysical methods for 

contaminant plume investigations: 

 Investigate how the link between DCIP and selected organic and inor-

ganic compounds changes within a contaminant plume. The correlations 

between DCIP and selected contaminants was found to change within the 

same contaminant plume. This may be explained by transport processes tak-

ing place in the contaminant plumes. The development of contaminant 

transport models which can explain how the distribution of inorganic and 

organic species changes over time and space in the plume could help under-

standing the changes in the link with DCIP. A combined approach of con-

taminant transport models and DCIP surveys could allow describing the dis-

tribution of contaminants by DCIP at different areas of the plume.  

 Investigate the applicability of DCIP at contaminated sites character-

ized by highly heterogeneous geology. The Grindsted landfill site is char-

acterized by a mildly heterogeneous geology. Thus, the effects of contami-

nant plumes on the DCIP signal could be analyzed without the disturbance 

of the geological heterogeneity. At the Grindsted stream site, which has a 

more heterogeneous geology, disentangling the effects of the geology and 

contaminant plumes has been more challenging (Maurya et al., VI). The 

challenges relied on the effects of heterogeneity on the geophysical signal 

as well as on the transport and thus the distribution of contaminants. Even 

though the two studied sites has different degree of heterogeneity, the geol-

ogy is similar. Thus, it would be interesting to test and compare the tools 

developed in this study between sites with different geologies.  
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 Mapping the distribution of hydraulic conductivity by surface DCIP. 

The empirical correlation developed by Weller et al. (2015) can describe the 

distribution of hydraulic conductivity. This could be successfully applied 

when using logging-while-drilling DCIP surveys (Fiandaca et al., V), but 

not at surface DCIP surveys. Methods for collecting and inverting the sur-

face DCIP data could be developed in order to solve some of the issues 

which limited the application of surface DCIP for hydraulic conductivity 

mapping. This would be beneficial at large sites where few hydraulic tests 

and hydraulic conductivity values are available.  

 Extend the analysis of the effects on meander bends on groundwater 

flow to streams with seasonally dependent stream-aquifer interactions 

and to streams with heterogeneous streambeds. The analysis on ground-

water flow to meandering streams was performed on gaining streams. How-

ever, streams may change between gaining and losing conditions depending 

on the stretch of the stream and on the period of the year. Future analysis on 

groundwater flow to meandering streams could investigate how groundwa-

ter flow is affected by the alternation of gaining and losing conditions.  This 

may require to extend the investigation to a different study site than Grind-

sted stream. Furthermore, the analysis performed by Balbarini et al. (I and 

III) did not accounted for streambed heterogeneity, which is a known factor 

affecting the stream-aquifer interaction. Future studies could investigate the 

combined effect of meanders bends and streambed heterogeneity to ground-

water flow to meandering streams. 

 Develop modelling tools that integrates other geophysical methods than 

DCIP for contaminant plume investigations. This study has focused only 

on DCIP geophysical methods. However, other methods were found to be 

promising for contaminant plume investigations. Among these, the self po-

tential method could describe redox zonation (Heenan et al., 2017). In this 

study, the bulk EC imaged by DCIP could be linked to redox sensitive pa-

rameters and organic contaminants taking part on or whose presence de-

pends on redox processes. Future research could investigate the use of self 

potential at the studied sites and how the results compare with the ones ob-

tained by DCIP methods.     
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