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Preface

The work presented in this PhD thesis was carried out at the Department of
Environmental and Resource Engineering at the Technical University of
Denmark (DTU Sustain) in the period January 2018 to July 2023. Professor
Poul L. Bjerg (DTU Sustain) was the main supervisor and Associate Professor
Mette M. Broholm (DTU Sustain) was the co-supervisor.

The project was funded by the Capital Region of Denmark and the Department
of Environmental and Resource Engineering (DTU Sustain).

The thesis is organized in two parts: the first part puts into context the findings
of the PhD in an introductive 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 1-V1. Paper 111 partly deals with how to interpret the
georadar signals to investigate the geology of clay till sites. The georadar
interpretation will only play a minor role in the introductive review, however,
it is included in the thesis, as the paper contributes to the understanding of the
geology at the field site.

I Rosenberg, L., Broholm, M.M., Tuxen, N., Kerrn-Jespersen, I|.H.,
Lilbzk, G., and Bjerg, P.L., 2022. Vertical Hydraulic Gradient Estima-
tion in Clay Till, Using MIHPT Advanced Direct-Push Technology.
Groundwater Monitoring and Remediation 42, no.l: 29-37. DOI:
10.1111/gwmr.12470.

Il Rosenberg, L., Mosthaf, K., Broholm, M.M., Fjordbage, A.S., Tuxen,
N., Kerrn-Jespersen, H., Rgnde, V.K., and Bjerg, P.L., 2023. A Novel
Concept for Estimating the Contaminant Mass Discharge of Chlorinated
Ethenes Emanating from Clay till Sites. Journal of Contaminant Hydrol-
ogy 252, 1-10. DOI: 10.1016/j.jconhyd.2022.104121.

11l Jensen, B.B., Rosenberg, L., Tsitonaki, A., Tuxen, N., Bjerg, P.L., Niel-
sen, L., Hansen, T.M., and Looms, M.C., 2023. High-resolution geolog-
ical information from crosshole ground penetrating radar in clayey tills.
Groundwater Monitoring and Remediation. DOI: 10.1111/gwmr.12588.



IV Mosthaf, K., Rosenberg, L., Broholm, M.M., Lilb&k, G., Christensen,
A.G., Fjordbgge, A.S., and Bjerg, P.L., 2023. Quantification of contam-
inant mass discharge from point sources in aquitard/aquifer systems
based on vertical concentration profiles and 3D modeling. Submitted.

In addition to these papers, the following written work has been carried out in
the duration of the PhD study:

Locatelli, L., Binning, P.J., Sanchez-Vila, X., Sgndergaard, G.L., Rosen-
berg, L. and Bjerg, P.L., 2019. A Simple Contaminant Fate and Transport
Modelling Tool for Management and Risk Assessment of Groundwater Pol-
lution from Contaminated Sites. Journal of Contaminant Hydrology 221,
35-49. DOI: 10.1016/j.jconhyd.2018.11.002.

Jensen, B.B., Rosenberg, L., Nielsen, L., Tuxen, N., Tsitonaki, K., Hansen,
T.M., and Looms, M.C., 2022. The Impact of Water-Filled Boreholes on
GPR Data in a Clayey-till Environment. In 19th International Conference on
Ground Penetrating Radar. Golden, Colorado. DOI: 10.1190/gpr2022-
061.1.
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Summary

Worldwide, contaminated sites pose a threat to water resources, in particular
groundwater. Legacy chemicals, like chlorinated ethenes, exceeding the
groundwater quality criteria are vastly found in groundwater. To limit the risk
posed to ecosystem health, including humans, clean-ups are needed. How-
ever, funds are not unlimited and prioritization of the contaminated sites pos-
ing a risk to a given receptor is needed. To better perform a prioritization of
contaminated sites, the concept of Contaminant Mass Discharge (CMD) has
been suggested as a prevailing metric. A variety of methods to quantify CMD
are needed in order to perform risk assessments at different knowledge levels.

In the Northern Hemisphere, many sites are located in clay till settings. Un-
derstanding the transport of contaminants in the low-permeability clay till is
complex, but vital, in order to protect the underlying aquifer and drinking wa-
ter abstraction wells. High-permeability features, such as sand lenses and
fractures can act as preferential transport pathways. Via diffusion, and later
on back-diffusion, the clay till matrix can act as a secondary source increas-
ing the duration of the contaminant emanating to the aquifer. Setting up effi-
cient approaches for investigation of contaminant sources in clay till settings
to inform the conceptual site model is key for a reliable risk assessment.

The aim of this thesis is to improve the risk assessment of chlorinated ethene
sources in clay till posing a risk to groundwater resources. This was done by:
exploring governing and relevant transport processes of chlorinated ethenes
in clay till/aquifer systems; assessing field investigation approaches for eval-
uation of the hydrogeology and contamination at a clay till site; evaluating
current methods for quantification of CMD in aquifers and suggesting incor-
poration of the methods in the Danish risk assessment scheme for contami-
nated sites. A chlorinated ethane contaminated site in Vassingergd, Denmark,
was used as field case for this study.

A comprehensive study of transport and fate processes of chlorinated ethenes
in clay till and underlying aquifers was conducted. The study showed a time-
depending of dominant processes governing transport of chlorinated ethenes
in clay till. Diffusion (enhanced by sorption) and back-diffusion in clay till
play a crucial role in distributing and releasing the contaminant. In many
cases, contamination with chlorinated ethenes occurred several decades ago,
resulting in a more evenly distributed mass of contamination within the clay
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till. The uncertainty in estimating the stored mass of the contaminant in the
source zone of clay till is partly attributed to the sorption coefficient of the
soil. In the aquifer, steep concentration gradients in both the horizontal and
vertical directions are often observed, indicating low dispersivity values and
minimal dilution at local scale.

Through comprehensive field and laboratory studies the vertical hydraulic
gradient, sorption coefficient of chlorinated ethenes, and high-resolution,
depth-discrete water samples were investigated. Furthermore, a solute
transport model was set up to investigate the quantification and governing pa-
rameters for CMD at the site and evaluate the effect of fracture aperture and
sorption in the clay till. The studies showed that the vertical hydraulic gradi-
ent provide insights into the presence of fractures and enhances the accuracy
of estimating the infiltration rate at the site. An advancement of using the di-
rect-push method Membrane Interface Probe Hydraulic Profiling Tool
(MIHPT) proved valuable for estimating the vertical hydraulic gradient.
High-resolution, depth-specific concentration profiles can be considered a
footprint of the flow field and provide valuable information about the source
zone at the site. Sorption plays a significant role for the mass distribution of
contaminants, leaching time and the break-through of contamination into the
aquifer. For large fracture apertures, the model showed that the transport pri-
marily happened in the fractures, whereas for smaller fracture apertures, the
model showed that the advective and diffusive transport in the clay till was
the governing processes.

A need for a CMD quantification method for initial site investigations at clay
till sites was identified and led to the development of the ProfileFlux method.
This method allows for a time-efficient estimate of CMD that enables the pri-
oritization of contaminated sites based on the associated receptors at a catch-
ment scale. A suggestion for incorporating different CMD methods for differ-
ent stages of risk assessment frameworks has been provided. CMD has been
used for several years by the scientific community, however, it is a new way
of thought for many practitioners. Thus, the implementation of CMD in risk
assessment is still in its early stage in management of groundwater resources
by authorities. Further knowledge sharing and development of protocols
could help broaden the use of CMD as a metric for risk assessment of con-
taminated sites.



In conclusion, this PhD thesis has identified the governing transport and fate
processes for legacy spills of chlorinated ethenes in clay till. The work intro-
duced the possibility of using the MiHPT to achieve estimates of the vertical
hydraulic gradient in the clay till, and presented the new ProfileFlux method
useful for a cost-effective determination of CMD. This can improve the risk
assessment of contaminated sites with chlorinated ethene sources located in
clay till settings. Prioritizing clean-ups, and thereby using the resources and
money properly, will ultimately support the protection of the groundwater.

Finally, for future research topics it is recommended to keep focus on the de-
termination of vertical transport in clay till, further testing of the ProfileFlux
method, and develop methods for uncertainty estimates regarding CMD esti-
mates. It was also suggested to develop a protocol for the use of CMD for
risk assessment purposes in management of contaminated sites.
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Dansk sammenfatning

Verden over udggr forurenede grunde en betydelig risiko for grundvandsres-
sourcerne. Der bliver fundet kemikalier i niveauer, der overstiger de gel-
dende grundvandskvalitetskriterier. Det drejer sig ofte om miljgfremmede
stoffer, der tidligere er brugt i store mangder fx chlorerede ethener, pestici-
der og perfluorerede stoffer (PFAS). For at beskytte natur og mennesker er
gode metoder til risikovurdering og eventuelt oprensning af forureningerne
ngdvendige. De gkonomiske midler er begraensede, og der er saledes brug for
at prioritere mellem de forurenede grunde, der udggr en risiko for en given
receptor. Hertil er forureningsflux en velegnet parameter at benytte, hvilket
der, gennem de senere ar, er kommet stgrre fokus pa. For at vurdere forure-
ningsfluxen pa forskellige stadier af risikovurdering og vidensniveau, er der
behov for en bred vifte af metoder.

Pa den nordlige halvkugle findes der mange lokaliteter med moraneler i un-
dergrunden. Forureningstransporten i den lavpermeable moraneler er kom-
pleks, men vigtig at forsta for at beskytte det underliggende grundvandsma-
gasin. Sandlinser og spraekker kan danne praferentielle transportveje for for-
ureningen. En sekunder forureningskilde kan dannes i moraenelerens matrix
via diffusion og senere tilbage-diffusion, hvilket vil forlenge varigheden af
forureningens pavirkning af grundvandsmagasinet. For den konceptuelle for-
staelse og risikovurdering af forureninger i moraneler, kraever det malrettede
og effektive metoder, samt veltilrettelagte undersggelser.

Formalet med denne ph.d. afhandling er at forbedre risikovurderingen af for-
ureningskilder i moraeneler med chlorerede ethener, der pavirker grundvands-
magasiner. Der har veret fokus pa tre hovedemner. Farste hovedemne var at
afsgge relevante transportprocesser af chlorerede ethener i moraeneler. Andet
hovedemne var at vurdere undersggelsesmetoder til bestemmelse af de hydro-
geologiske og forureningsmaessige forhold ved forureningskilder i morane-
ler. Sidste hovedemne var at evaluere eksisterende metoder til kvantificering
af forureningsflux, samt forslag til inkorporering af disse metoder i den dan-
ske tilgang til risikovurdering af forurenede grunde. En forurening med chlo-
rerede ethener i moraneler blev benyttet som feltlokalitet for at foretage ud-
vikling og afprgvning af nye metoder.
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Der er foretaget en omfattende undersggelse af chlorerede etheners forure-
ningstransport og skeebne i moraneler og det underliggende grundvandsma-
gasin. Undersggelsen viste, at betydningen af de forskellige processer er af-
heengig af forureningens alder. Diffusion (forsterket af sorption) og tilbage-
diffusion i moraneler spiller en vigtig rolle for fordelingen og afgivelsen af
forureningen. Mange forureninger med chlorerede ethener er flere artier
gamle. Forureningen er saledes blevet nogenlunde jevnt fordelt i moranele-
ren via diffusion. Ved vurdering af den lagrede masse af chlorerede ethener i
moraneleren er der en betydelig usikkerhed forbundet i sorptionskoefficien-
ten, som beskriver fordelingen mellem porevand og lermatrice. | grundvands-
magasinet observeres ofte stejle koncentrationsgradienter bade horisontalt og
vertikalt, hvilket indikerer, at dispersiviteterne er sma, og at der sker en mini-
mal fortynding.

Den vertikale hydrauliske gradient, sorptionskoefficienter for chlorerede
ethener til moraneler og brug af dybdediskrete vandpraver er blevet under-
sggt gennem omfattende felt- og laboratorieundersggelser. Videre blev foru-
reningstransporten pa testlokaliteten simuleret ved anvendelse af en numerisk
model for at bestemme stgrrelsen og de styrende parametre for forurenings-
fluxen samt effekten af spraekker og sorption i moraneler. Undersggelserne
viste, at man via den vertikale hydrauliske gradient kan fa viden om tilstede-
varelsen af betydende spraekker og forbedre estimatet af infiltrationen. Den
vertikale hydraulisk gradient kan vurderes ved brugen af MiHPT (Membrane
Interface Probe Hydraulic Profiling Tool) ved mindre justeringer af feltproce-
duren. Dybdediskrete koncentrationsprofiler afspejler stramningsforholdene,
og giver veerdifuld information angaende forureningskilden. Sorption har en
stor indflydelse pa gennembruds- og nedsivningstiden samt fordelingen af
forureningsmassen. Modellen viste, at der ved brug af stor spraekketykkelse
sker en betydelig forureningstransport gennem spraekkerne, hvor i mod der
ved en lille sprekketykkelse primert sker transport gennem advektive og dif-
fusive processer.

ProfileFlux metoden blev udviklet til at estimere forureningsflux af chlore-
rede ethener fra moraenelerslokaliteter ved indledende forureningsundersggel-
ser. Metoden bidrager til en effektiv risikovurdering, hvor der fokuseres pa at
benytte forureningsflux til at prioritere forurenede grunde i et indvindingsop-
land. Forskellige metoder til vurdering af forureningsflux er blevet forslaet
benyttet til risikovurdering pa forskellige vidensniveauer. Det er for mange
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aktgrer dog stadig en ”ny” tankegang at anvende forureningsflux til risiko-
vurdering af forurenede grunde, selvom forureningsflux har varet brugt
forskningsmaessigt i mange ar. Vidensdeling om erfaringer og opsetning af
protokoller kan veare vigtige redskaber til at udbrede brugen af forurenings-
flux ved undersggelser og handtering af forurenede grunde.

Samlet set har denne ph.d. afhandling identificeret betydende processer for
forureningstransport og skeebne af gamle forureninger i moragneler, introdu-
ceret brugen af MiHPT til vurdering af den vertikale hydrauliske gradient i
moraneler og opsat ProfileFlux metoden til effektivt at bestemme forure-
ningsflux. Dette kan vare med til at forbedre risikovurderingerne af forure-
ningskilder i moraneler. En saglig og velovervejet prioritering af oprensnin-
ger af forurenede grunde vil ultimativt lede til bedre beskyttelse af grund-
vandressourcen.

Pa baggrund af det udfarte arbejde, er der opsat forslag til yderligere under-
sggelser og forskningsemner. Disse inkluderer gget fokus pa bestemmelse af
den vertikale transport, afpravning af ProfileFlux metoden og vurdering af
usikkerheden forbundet til estimaterne af forureningsflux. Desuden foreslas
det at udvikle en protokol for brugen af forureningsflux til risikovurdering af
forurenede grunde. En sadan protokol skal indeholde en detaljeret beskrivelse
af, hvordan undersggelser af forureningsflux skal foretages, og hvordan resul-
taterne kan benyttes til handtering af forurenede grundes pavirkning af grund-
vandsressourcen.



Table of contents

o 5] -1 TP UT TP PPRRPPP [
ACKNOWIEAGEMENTS .. ii
SUMIMATY 1ottt e e e e e e e e e e e e e s s s e bbb a e e e e e e e e s aansraeees iv
Dansk sammenfatniNg .......cc.vvvviiiiiiiiii e Vil
Table Of CONTENTS ...oooiiiiiiie e X
ADDIEVIATIONS. ...iiiiiiiieii e Xi
R 101 1 goTo [N ol 4 o] o 1R RO RTTTPPPPR 1
1.1Background and MoOtiVation .............cooiiiiiiiiieee e 1
1.2 Aim and research ODJECTIVES ........cooiiiiiiiiiiie e 3
1.3TNESIS OULTING ..eeviiiiiieee ettt e e e e e e e e e e e e e e nnn 3
2 Risk assessment of contaminated SiteS.......ccccccvveeeriiiiiiiiiiiiicee e, 4
2.1Risk assessment appProaCheS..........cooiuiiiiiiiiiiiee e 4
2.2Contaminant Mass DISCNAIGE ........cooveiiiiiiiiiiiiiieee e 6
2.3Scale and framework for risk assessSment..........ccccvveviiiiiieeiiiiiee e 7
3 Transport and fate of chlorinated ethenes in clay till settings ............. 9
3.1Spill of chlorinated ethenes in clay till..........cccccooiii e 9
3.2Mass estimate of the contaminant ...........ccoovevieiiiieie e 11
K T0C 1o 1 o o] 1 [ OOPEEPRR 11
3.4Degradation of chlorinated ethenes..........ccccvviiiiiii e 12
3.5Transport of chlorinated ethenes in the underlying aquifer ...............ccc.o..... 13
4 The contaminated StUAY SITe .......cuvviiiiiieiiiiiiiiie e 15
5 Investigation approaches and strategies in clay till settings............... 18
5.1Geological characterization of clay till .............ccccooeiiiiiiiii 18
5.2Hydrological investigations of clay till ...............cccccooiiiiiiii 20
5.3SEEPAYGE VEIOCITY ...ttt 25
5.4Subsurface transport of chlorinated ethenes............ooccvievvveeicciiiieeeee, 26
6 Methods, approaches and application of CMD ..........cc.ccoieeiiiiinnenn, 32
6.1Methods for estimating the CMD in aqUITers .........cccccoviiiiieiiiiieniieeee 32
6.2 Application of CMD for risk assesSmeNnt ..........c.ccoveeiiiiiiiiiiiiiiee e 38
6.3Moving onwards and UPWArAS ...........ccooiiiuiiiiiieeee e e 41
7 CONCIUSIONS......iiiiiiiiii e e e e e e e 43
8 Recommendations for future WOrk ..........ccccvvvvvviiiviiiiiiiiiiiiiiieieieieeeen 45
O RETBIENCES. ...t 47
L0 PaAPES ittt 57



Abbreviations

Cis-DCE
CMD
CMF
DMS

DNAPL
EC
EPM
ERT
GPR
GSA
GWP
HPT
LUC
MCL
MiHPT
PCE
PFAS
PID
POC
TCE
VC

Cis-1,2-Dichloroethylene
Contaminant Mass Discharge
Contaminant Mass Flux
N,N-dimethylsulfamide

Dense Non-Aqueous Phase Liquid
Electrical Conductivity
Equivalent Porous Media
Electrical Resistivity Tomography
Ground-Penetrating Radar

Grain Size Analysis

Groundwater Profiler

Hydrauli Profiling Tool

Large Undisturbed Column
Maximum Concentration Level
Membrane Interface Probe Hydraulic Profiling Tool
Tetrachloroethylene

Per- and Polyfluorinated Substances
Photoionization Detector

Point of Compliance
Trichloroethylene

Vinyl Chloride

Xi



1 Introduction

1.1 Background and motivation

Worldwide groundwater is an important water resource, especially for drinking
water. In Denmark, it is the primary drinking water resource. Therefore, it is
of high priority to protect the groundwater from xenobiotic organic contami-
nants such as chlorinated ethenes. Pérez and Eugenio (2018) estimated that
around 2.8 million sites in the European Union are potentially contaminated.
In 2022, nearly 40,000 Danish sites were registered as either contaminated or
suspected contaminated (Olsen et al. 2023).

In the year 2000, the European Union agreed upon the Water Framework Di-
rective — a directive set up to protect and manage waters, and to streamline the
legislation in the member countries (European Commission 2022). Risk assess-
ment of contaminated sites is essential in order to protect different receptors
such as groundwater. The financial resources for investigation and remediation
are limited. Hence, prioritization of the many contaminated sites are crucial for
using the funds wisely and ensure better protection of groundwater resources
(Overheu et al. 2014).

Several contaminated sites around the world, e.g. in North America and Eu-
rope, are located in low-permeability fractured settings, such as clay till
(Chambon et al. 2011). Geological and hydrogeological conditions are crucial
for the transport and fate of the contaminants (Thomsen et al. 2012). In clay
till, fractures, fissures, macro pores, and lenses create preferential travel paths,
with a higher hydraulic conductivity, compared to the matrix (e.g. Kessler et
al. 2012; Ding et al. 2022). The matrix can in addition act as a secondary
source, as the contaminants will be stored in and diffuse back from the matrix
(Parker et al. 2008). As back-diffusion is a slow process, a secondary source
will pose a threat to the underlying aquifer for several decades. Hence, the
geological setting at the contaminated site is important as the distribution of
the contaminants is strongly influenced by the hydraulic properties of the sub-
surface.

Sites contaminated with chlorinated ethenes are mostly considered as legacy
sites, where the contaminant spills predominantly happened between the 1940s
and 1980s (McGuire et al. 2004; Sale et al. 2008). Several decades after the
spill, most of the chlorinated ethenes would not be present as a separate phase
dense non-aqueous phase liquid (DNAPL) due to dissolution (Chapman and



Parker 2005). The chlorinated ethenes will be distributed by diffusive pro-
cesses and stored in the low permeable matrix (Parker et al. 2008; Sale et al.
2008; ITRC 2010).

Contaminant mass discharge (CMD) has been introduced as a useful metric for
risk assessment in sand and gravel aquifers. Determination of CMD in aquifers
relies on hydraulic properties and contaminant concentrations from multiple
screens or sampling points placed in a control plane downgradient the site
(Troldborg et al. 2010; Verreydt et al. 2012) or devices for measuring contam-
inant flux (CMF), such as the Passive Flux Meter (Annable et al. 2005). Deter-
mining the CMD from a source in clay till relies typically on the infiltration
rate, contaminant distribution and source area. These methods require histori-
cal review, elaborate field work, laboratory analyses and interpretation, which
are time consuming and expensive. Thus, development of a method for deter-
mining the CMD from the source in clay till to the underlying aquifer, as a part
of the initial site characterisation process, would provide a more useful risk
assessment in an early stage of a contaminated site investigation. If the site is
found to be of low risk for the groundwater aquifer due to a low CMD, the need
for further investigations would be eliminated or substantially reduced, leading
to cost savings.

Today, the use of the CMD approach in clay till is limited by lack of useful
and time efficient field methods and approaches. Thus, development of ap-
proaches to determine important field site parameters valuable for estimating
the CMD is essential. New methods and rethinking of concepts are needed in
order to perform more reliable and time efficient risk assessments for contam-
inant sources located in clay till settings.



1.2 Aim and research objectives

The overall objective of this PhD thesis is to improve risk assessment of chlo-
rinated ethene sources located in clay till settings by:

e Explore the governing transport and fate processes of chlorinated ethene
sources in clay till/aquifer systems for risk assessment of contaminated
sites potentially posing a risk to groundwater resources (I, 1, 1V)

e Assess field investigation approaches for examining the contamination
and hydrogeology of clay till sites (1, 111)

e Evaluate methods for estimating and quantifying the CMD of chlorin-
ated ethene sources in clay till and underlying aquifers and suggest how
to incorporate these estimates into current risk assessment schemes for
protection of groundwater resources (11, 1V)

1.3 Thesis outline

The focus of this PhD thesis is on chlorinated ethenes even though the title
states chlorinated solvents. This choice was taken as chlorinated ethenes were
the main contaminants at the field site used for the PhD project. The thesis is
divided into eight chapters. Chapter 2 describes the current risk assessment
framework, defines contaminant mass discharge and introduces the Danish
guidelines for risk assessment. An overview of relevant transport and fate pro-
cesses, in both clay till and the underlying aquifer, focusing on chlorinated
ethenes are given in chapter 3. Chapter 4 provides a brief introduction to the
field site used for the research carried out during this PhD project, which is in
focus in the following chapters. In chapter 5 a presentation of different field
and investigative approaches are presented. An overview of different methods
for estimating the contaminant mass discharge, suggestions of applicable meth-
ods for different stages of risk assessment, and discussions on how to move
forward with contaminant mass discharge as a meaningful metric for risk as-
sessment are introduced in chapter 6. Lastly, conclusions are drawn in chapter
7, and ideas for further work on this subject is suggested in chapter 8.



2 Risk assessment of contaminated sites

This chapter will explore the current state of risk assessment strategies in gen-
eral and a definition of contaminant mass discharge (CMD) will be given. Fur-
thermore, a presentation of the current Danish risk assessment framework is
presented along with the scope of local and catchment scale risk assessment.

2.1 Risk assessment approaches

When performing a risk assessment of a contaminated site it is important to
identify the relevant receptors, to which the contamination may pose a risk.
Relevant receptors include; groundwater, surface water, nature conservation
areas, and ultimately human health. The focus of this work being on ground-
water. The risk that a contaminated site poses to a certain receptor is a combi-
nation of the risk for the compound to reach the receptor(s) and a hazardous
assessment of the specific compound (Critto and Suter 11 2009).

Commonly, a source-pathway-receptor concept is used to evaluate if the con-
taminant source has a pathway to the receptor, hence if the contamination is
likely to pose a risk (McKnight et al. 2010; Verreydt et al. 2012; Hussain et al.
2017; Mahammedi et al. 2020). This requires characterization of all three com-
ponents to investigate the possible pathway from the source to e.g. the ground-
water.

Risk assessment of contaminated sites typically relies on concentration-based
analysis, where the evaluation outcome is often a forecast or measurement of
contaminant levels at a specific location referred to as Point of Compliance
(POC) (ITRC 2010; Locatelli et al. 2019). The POC must meet established
threshold concentrations in order to secure the receptor (e.g. water quality).
These are referred to as maximum concentration level (MCL) and depending
on the compound the MCL can be set on a national or international level. Dif-
ferent locations of the POC may be used. In Figure 1, different locations of the
POC are shown. PO, P1A, and P1B are used in the source zone, respectively
right at the source, at the groundwater table immediately below the source, and
in the aquifer below the source. P2 is a point located in the contaminant plume
in a given distance from the source zone. In Denmark, this distance is 100 m
from the downgradient edge of the source zone area (Rosenberg et al. 2016).
Investigating the concentration level at a POC when performing a risk assess-
ment at a contaminated site is a relatively inexpensive approach. However, a
concentration-based risk assessment has its shortcomings such as:



e The maximum concentration found at a POC may be affecting only a
small volume of the aquifer and/or be located in an area with low flow
conditions.

o |f the placement of POC is outside the mass center of the contamination,
there is a possibility for underestimation of the risk, as the potential
hotspot is not identified.

To meet these challenges, Pankow and Cherry (1996) described a flux-based
concept for risk assessment of contaminated sites. Since then, several research-
ers have suggested the use of CMD for risk assessment and prioritization of
contaminated sites (e.g. Einarson and Mackay 2001; Troldborg et al. 2008;
Newell et al. 2011; Einarson 2017; Regnde et al. 2017). When evaluating the
CMD at a contaminated site, the contaminants located in high-permeability
zones have a larger impact on the risk assessment than the contaminants located
in the low-permeability zones. This allows for a spatially averaged, flow-
weighted concentration focusing on where the mass is distributed and trans-
ported (Einarson 2017). Despite the large interest for CMD in the community,
many still adhere to the concentration-based risk assessment, due to reasons
such as lack of expertise by practitioners or lack of agreement on how CMD
relates to a MCL (Horst et al. 2021), see chapter 6.3.

Unsaturated zone

Aquifer

Figure 1. Different locations of Point of Compliance (POC) at a contaminated site. PO is
right below the source, P1A is at the top of the water table under the source zone, P1B is in
the aquifer below the source zone, and P2 is in the aquifer at a certain/site specific distance
downgradient from the source zone.



2.2 Contaminant Mass Discharge

Contaminant mass flux (CMF) and contaminant mass discharge (CMD) are
both metrics which usage has increased through the years. CMF is a vector
quantity that describes the contaminant mass moving per area per time and has
the units [mass/time/area]. Hence, CMF gives a point specific vector quantity
that is limited to a defined area (Stauffer 2006; ITRC 2010). CMD is defined
as the mass of a contaminant per unit time [mass/time] passing through an area
perpendicular to the flow direction (Basu et al. 2006; ITRC 2010; Rosenberg
et al., I1). Perceived as the CMF integrated over a given contaminated area,
often covering the entire area of a contaminant plume, CMD is given as:

CMD=jq-c-A (1)
A

Where q is the water flux [volume/area/time], c is the concentration [mass/vol-
ume] and A is the area of interest [area].

Depending on the resource of interest, g can be e.g. the groundwater flux, in-
filtration or in-stream flux in order to investigate the CMD in an aquifer, from
a source zone or in a stream, respectively.

When estimating the CMD in an aquifer, the most common method utilizes a
network of multi-level screens placed in a transect downgradient of the source
zone (ITRC 2010). From hereon, this method is referred to, as the transect
method. A schematic drawing of the transect method is shown in Figure 2. The
transect is divided into sub-areas often found through the installed network of
multi-level screens. The CMD in the aquifer is found using:

l (2)
CMD :Zqi'ci'Ai
i=1

Where A; is the area of the it sub-area, g is the water flux in the i*" sub-area,
ci is the concentration in the it" sub-area and N is the number of sub-areas in
the CMD transect.

Other methods on how to investigate the CMD in aquifers are described in
chapter 6.
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Figure 2. CMD found using the transect method in the aquifer. Each monitoring screen co-
vers a sub-area (square around the screen) of the total contaminated transect area. Modified
from Troldborg et al. (2010).

2.3 Scale and framework for risk assessment

Per tradition, risk assessments of contaminated sites are frequently carried out
at local scale, focusing on one site at a time only. However, having the focus
on only the local scale does not allow for a comprehensive prioritization of the
contaminated sites, as the prioritization should be at a catchment scale focusing
on the relevant receptor (e.g. water supply well) (Einarson and Mackay 2001).

To meet the challenges of risk assessments only focusing on the local scale
several screening tools have been developed over the years (e.g. Arey et al.
2005; Frind et al. 2006; Li et al. 2021). A CMD-based screening tool called
CatchRisk combines the risk posed to abstracted groundwater from each site
in a catchment area (Troldborg et al. 2008). A local scale leaching model esti-
mates the CMD from an identified site in the catchment and a transport model
covering the catchment area estimates the impact on the supply well (Figure
3). Additionally, it can serve as a framework for investigating the source of
contamination in the catchment and identifying unknown sources of contami-
nants.
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Figure 3. Conceptual set up of the CMD-based CatchRisk model. It comprises of two
models: a local scale leaching model used for the individual contaminated sites, and a
catchment scale transport model. Modified from Troldborg et al. (2008).

As previously stated, prioritization of contaminated sites are necessary to en-
sure appropriate protection of the environment. In Denmark, it is primarily the
five administrative regions that handle the risk assessment and clean-up of con-
taminated sites. In order to help the regions prioritizing the contaminated sites
the Danish EPA has developed a guiding hand book (Overheu et al. 2012;
Overheu et al. 2014). It allows for evaluation and prioritization within the ad-
ministrative area (see Figure 4) as well as the catchment areas using multiple
approaches and principles, including CMD. The handbook is meant as a guide
and the regions are free to choose how to conduct the prioritizations. A de-
scription of how risk assessment in the Capital Region of Denmark is carried
out, can be found in chapter 6.2.
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Figure 4. An overview of the administrative workflow for the risk assessment framework
used in Denmark. The numbers in each phase indicates the number of sites out of 100 po-
tentially contaminated sites. Oper. means operation. Modified from Overheu et al. (2014).
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3 Transport and fate of chlorinated
ethenes in clay till settings

Chlorinated ethenes have been used widely throughout the world within indus-
tries such as drycleaners and the metal industry. The use of chlorinated ethenes
started in the early 1900s (Doherty 2000) and were widely applied in the period
between 1940 and 1980 (McGuire 2004; Sale 2008). As a result of this inten-
sive usage they are now a contaminant group found frequently in groundwater
(Pankow and Cherry 1996; Murray et al. 2019; Ottosen et al. 2021) especially
at sites where an aquitard is on top of the aquifer (Chapman 2005; Parker 2008;
Damgaard et al. 2013a; Damgaard et al. 2013b). In this chapter, relevant
transport processes within the saturated clay till as well as the underlying ag-
uifer is described.

3.1 Spill of chlorinated ethenes in clay till

The hydrogeology at a contaminated site has a significant impact on the
transport of the Dense Non-Aqueous Phase Liquid (DNAPL). Sale et al. (2008)
suggested using the 14-compartment model to characterize the distribution of
chlorinated solvents into vapour, separate phase DNAPL, aqueous, and sorbed
phases dependent on time from spill. The 14-compartment model is divided
into source zone and plume, and set up for five different geological types. Fig-
ure 5 depicts the 14-compartment model for clay till-like geological settings.
This guides the conceptual understanding of the distribution of DNAPL.

Early Middle Late

Source zone Plume Source zone Plume Source zone, Plume
Zone/Phase| Low High | High Low | Low High | High Low | Low High | High Low

perm perm | perm perm|perm perm|perm perm|perm perm|perm perm
Vapor 0 2 1 0 2 2 2 2 3 2 2 3
DNAPL o N 2 | 3 11
Agueous 0 2 1 0 2 3 3 2 3 2 2 3
Sorbed 0 2 1 0 2 3 3 2 3 2 2 3
0 Notimpacted 1 <1-10pg/L 2 <10-100pg/L |3 <100-1000 pg/L . >1000 pg/L

Figure 5. Relevant phases to take into account when investigating a contaminant sources
in clay till-like settings. This is also known as the 14-compartment model. The importance
of the phases varies depending on the time since the spill. The figure is made with inspira-
tion from ESTCP (2011) and (Tsitonaki et al. 2013).



At an early stage, chlorinated ethenes will move downward into the subsurface,
as a Dense Non-Aqueous Phase Liquid, DNAPL. The movement in a low per-
meable subsurface is highly dependent on the presence of high-permeability
features such as fractures, sand lenses, and sand stringers, see Figure 6a
(Kessler 2012; Rosenberg et al. 1). The separate phase DNAPL will move
downward through the vertical fractures or pool in the horizontal features. Due
to a high concentration gradient between the high and low permeable features,
contaminants will move into the clay matrix by diffusion (Parker et al. 2004;
Cherry et al. 2006) enhanced by sorption (Filippini et al. 2020). For the middle
time stage, the mass of the DNAPL contamination is distributed more evenly
between the low and high permeable features and only small amounts of sepa-
rate phase DNAPL is present (Figure 6b). When the separate phase DNAPL is
no longer present (late phase), the concentration gradient between the low and
high permeable features will shift, and the diffusion process will occur from
the matrix to the high permeable features. As diffusion occurs at a low rate, the
so-called back-diffusion and desorption will cause long-term secondary source
zones within the clay till, Figure 6¢ (Parker 2008; Adamson et al. 2015;
Rosenberg et al. I1).

a) _ b) c)

Top fill

Sand

Spill of chlorinated ethenes After removal of source After decades
s 5a v
. Mobile DNAPL !_/‘,/g Residual DNAPL [ | Dissolved phase Clay till Sand  ~— Water table

Figure 6. Transport of chlorinated ethenes through clay till and into the underlying aqui-
fer. The three pictures display different periods showcasing the relevant contaminant
transport pathways from spill until a stable plume has been formed. Modified from
Damgaard (2012).

Taking into account that spills with chlorinated ethenes predominantly hap-
pened several decades ago and 90 % of 191 investigated chlorinated solvent
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sites showed stable plumes (McGuire et al. 2004) most sites will be at a middle
to late stage (ESTCP 2011). The solute transport in clay till is primarily vertical
both through vertical fractures, the clay till matrix (driven by the vertical hy-
draulic gradient), and diffusion. For aquitards with relatively high porosity the
contaminant transport can be simulated using the advection-dispersion equa-
tion in an equivalent porous media (EPM) model (Cherry et al. 2006).

3.2 Mass estimate of the contaminant

Estimating the mass of chlorinated ethenes in the source zone adds crucial con-
ceptual understanding and provides an estimate of the duration of the contam-
ination. The total mass can be found as:

MTotal = Mvapor + MDNAPL + Maqueous + Msorbed (3)

As the focus is on old spills of chlorinated ethenes (Figure 6c¢) it is assumed
that no separate phase DNAPL is presence and the mass in the saturated clay
till is the dissolved (Magueous) and sorbed mass (Msorbed). However, separate
phase DNAPL has a large effect on the mass estimate and the presence hereof
should be assessed during site investigations (Jgrgensen et al. 2010).

To estimate the contaminant mass the contaminated area is divided into sub-
volumes that are assumed to have an evenly distributed concentration. In order
to decrease the uncertainty of the mass estimate, the amount of sub-volumes
should increase with increasing heterogeneity. For each sub-volume equilib-
rium between soil and water is assumed. Therefore, having e.g. a water sample
(Cw) in one sub-volume, the sorbed concentration (Cs) can be found by using
the sorption coefficient (Kq):

Cs = K4 Cy (4)

Hence, Kq is linearly correlated to the concentrations of the two medias mean-
ing that an underestimation of Kq will lead to an underestimation of the sorbed
concentration and an overestimation of the aqueous concentration.

3.3 Sorption

Sorption of chlorinated ethenes will affect the mass transfer of contaminants
from the matrix to the high permeable features (Chambon et al. 2010; Lu et al.
2011) and, therefore, extend the duration of how long the contaminants will act
as a secondary source zone in the clay till. Furthermore, the sorption contrib-
utes to retardation of the contaminant transport. Lu et al. (2011) conducted
sorption experiments on clay tills with seven different chlorinated solvents.

11



The results showed that the chlorinated ethenes had a higher sorption coeffi-
cient, Kq, than what was found using typical regressions between fraction of
organic carbon, foc, as reported for instance by Abdul et al. (1987). Piwoni and
Banerjee (1989) showed that if foc is low (<0.1 %), it has a negligible impact
on the sorption and the octanol-water partitioning coefficient, log(Kow), can be
used to estimate the Kq value. Lu et al. (2011) also compared the Kq values
using the correlation by Piwoni and Banerjee (1989) and found that they were
under-estimated. This indicates that not only foc or log(Kow) are affecting the
sorption of chlorinated ethenes. Clay content may have an influence on the
sorption, hence storage and transport, of chlorinated ethenes.

3.4 Degradation of chlorinated ethenes

Degradation of chlorinated ethenes is an important process when assessing the
risk that a contaminated site poses to a relevant receptor. It can take place
through abiotic and biotic pathways under aerobic and anaerobic conditions.
The most typical degradation is reductive dechlorination that is a biotic process
occurring under anaerobic conditions (Dolinova et al. 2017). The chlorine is
substituted with a hydrogen, one atom at a time until it is degraded to ethene
or ethane (see Figure 7). For reductive dechlorination to occur, the redox con-
ditions, availability of electron donor and presence of specific bacteria are im-
portant (Chambon et al. 2013; Ottosen et al. 2021).

trans-1,2-DCE
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Figure 7. Abiotic and biotic degradation of chlorinated ethenes under anaero-
bic conditions. Modified from Ottosen (2020).
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3.5 Transport of chlorinated ethenes iIn the
underlying aquifer
When the dissolved chlorinated ethenes reaches the porous aquifer the domi-
nant processes are advection and dispersion. It will migrate primarily in the
ground water flow direction as a result of advective transport (Domenico and
Schwartz 1997). This is governed by Darcy’s law and the velocity of the
groundwater flow is found using equation (5).
K oOh (5)

Y]
Where K is the hydraulic conductivity of the aquifer [length/time], n is the
porosity of the aquifer [volume/volume] and Z—}Z is the hydraulic gradient in the

aquifer [length/length]. When assessing the groundwater velocity, the most un-
certain parameter is the hydraulic conductivity, as this can vary several orders
of magnitude within a short distance. The porosity has less uncertainty and
only vary around a factor of two when the aquifer material is known. The hy-
draulic gradient is easy to determine, however, caution must be taken regarding
seasonal variations.

3.5.1 Dispersion

Dispersion refers to the process of mixing that occurs due to variations of ve-
locities in the aquifer which causes spreading of the contaminants in all direc-
tions. Understanding and predicting the extent and rate of dispersion is im-
portant in evaluating the transport and fate of contaminants in aquifers. The
central parameter for describing dispersion in the aquifer is dispersivity. The
dispersivity vary in quantity between the longitudinal, transversal and vertical
direction, with the longitudinal being significant larger than the two latter
(Gelhar et al. 1992). Studies have shown that the longitudinal dispersivity is
scale dependent (Gelhar et al. 1992; Schulze-Makuch 2005; Chakraborty and
Das 2018) reporting a longitudinal dispersivity in the meter range for studies
with a scale of 100 m. Studies of transversal and vertical dispersivities are few.
The majority of published studies shows the use of values in the millimetre to
centimetre range (e.g. Garabedian et al. 1991; Jensen et al. 1993; Rotaru et al.
2014; Rosenberg et al. 11; Zech et al. 2023). The small values of the transversal
and vertical dispersivities are important to consider when designing observa-
tion networks and remediation schemes (Gelhar et al. 1992). Transversal and
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vertical spreading will be limited by the dispersivities, resulting in steep con-
centrations gradients from the centre to the fringes of the plume (see Figure 8).
Acquiring depth-discrete concentration measurements using short screens (cm
scale) with small increments demonstrate the limited vertical spreading ob-
served in the field (Tuxen et al. 2006; Anneser et al. 2008; Zech et al. 2019;
Rosenberg et al. I1).
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Figure 8. Transect of plume in Skuldelev, Denmark, showing a steep gradient from the
centre to the fringes of the plume (Troldborg et al. 2012).
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4 The contaminated study site

A contaminated site in Vassingergd, Denmark, was used for the research and
field investigations carried out in this study. In 1962 cutting and laminating of
Styrofoam began, see timeline in Figure 9 (Mosthaf et al. 1V). Between 1970
and 1972 activities that indicate storage and usage of chlorinated ethenes out-
side the building on the north-eastern end of the site was initiated (see Figure
10a for aerial photo). Furthermore, in 1972 an oil tank was buried at the site.
In 1988, the oil tank was removed and in 1996 the outside storage and activities
with use of chlorinated ethenes ended (Rosenberg et al. I1). The site is located
on top of an aquifer within a drinking water catchment area which in Denmark
makes the site of high interest to risk asses and potentially remediate. There-
fore, in 2015, investigations began aimed at defining the risk from the contam-
ination at the site. Extended surveys and field investigations (see Table 1), in-
cluding the work carried out as part of this PhD, started in 2017.
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1962 1970/72 1988 1996 2015 2023
Work began Activities involving TCE ~ Oil and TCE were Risk assessment initiated
and oil were registered removed

Figure 9. Timeline of the contaminant site in VVassingergd, and activities associated with
the spill at the site. Modified from Mosthaf et al. (1V).

The geology at the site (shown in Figure 10c) is comprised of 10 — 12 m thick
clay till, enclosed with several sand/silt lenses and layers. Investigations of the
geology, foc, and Kq suggest that the clay till is divided in two by a sand/silt
layer: upper and lower. From the clay till, the geology transitions into a sandy
aquifer within a transition zone of 1 — 2 m in thickness which is confirmed by
the grain size analysis and Membrane Interface Probe Hydraulic Profiling Tool
logs (MiHPT). The sandy aquifer has a thickness of more than 35 m and is
underlain by a limestone aquifer (Mosthaf et al. 1V).

The clay till is partly saturated with the groundwater table at approximately
35.5 m asl which is the same depth as the silt layer in the source zone area.
Between the clay till and the aquifer there is a downward vertical hydraulic
gradient between 0.33 and 0.58, whereas no vertical hydraulic gradient has
been found within the aquifer. The groundwater flow direction at the site is
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south-southwest (Rosenberg et al. ). The hydraulic conductivity at the site was
investigated using both slug tests and grain size analysis. In the top of the ag-
uifer (approximately the top 4-5 m), the hydraulic conductivity was found to
be nearly 3 times higher than the lower part of the investigated aquifer.
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Figure 10. Overview of the field site in Vassingergd, Denmark. a) shows older aerial pho-
tos of the field site. b) some sampling points are shown at field scale and within the source
zone. c) depicts the geology in transect A-A’ and the contaminant plume. Modified from
NIRAS (2019), Rosenberg et al. (I1), Jensen et al. (111), and Mosthaf et al. (1V).

Contaminant investigations have been carried out throughout the site (see Fig-
ure 10b). Different contaminant compounds were found at the site; chlorinated
ethenes, chlorinated ethanes and oil compounds. All of the compounds were
found to exceed the Danish groundwater quality criteria, however, the primary
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contamination at the site was established to be chlorinated ethenes (mostly tri-
chloroethylene, TCE) (Rosenberg et al. 11). Discretized Photoionization De-
tector measurements (PID) and soil samples showed, that the contamination in
the source is in the lower clay till. Furthermore, water samples taken with 25
cm intervals in the source zone area showed a steep concentration gradient
through the transition layer.

Investigation of the degradation products cis-1,2-dichloroethylene and vinyl
chloride (cis-DCE and VC) was conducted showing sporadic points with con-
centrations of especially cis-DCE, and a change in the isotope ratio (NIRAS
2019). However, the degradation was not evident throughout the site and have
been concluded to be of minimal importance for the current study.

A transect of multilevel wells was placed downgradient of the source zone in
order to estimate the CMD at the site and perform the risk assessment. Other
studies have been carried out with a starting point in this transect:

e One study examined the uncertainty of the CMD estimate by using a
geostatistical approach (Bgllingtoft 2020).

e Another study used a transect at the site, downgradient from the area of
interest for this study, for a pilot scale study of remediation of the TCE
plume by injection of activated carbon and bioamendments for enhanced
reductive dechlorination (Ottosen et al. 2021).

Table 1: Investigations performed at the contaminated site, including activities used as
part of the risk assessment and the research described in this thesis. Different actors have
carried out the investigations, including consultancy companies, students, technicians, and
researchers.

Investigation Activity
History of the site Interviews with owner, viewing of old aerial photos
Geology Bore logs, geological determination of soil samples, grain size analy-

sis, MiHPT logs, GPR

Hydrology Measurement of water table, monitoring water table with divers, slug
test, grain size analysis, MiHPT logs

Contaminant distribu-  Vapor air samples, soil samples, water samples, MiHPT logs, sorp-
tion tion experiments, fraction of organic carbon, geostatistical analysis of
the source area

Other Geostatistical analysis of the estimated mass in the source zone, in-
stallation of iIFLUX
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5 Investigation approaches and strategies
In clay till settings

The conceptual understanding of the hydrogeology and the contaminant
spreading at a contaminated site is key for a well-executed risk assessment. A
conceptual model for a contaminated site should be informed with the geolog-
ical settings, hydrogeological understanding and contaminant distribution. For
a contaminant source in clay till settings, especially the conceptual understand-
ing of the clay till is important. In addition to field site investigations, contam-
inant transport models can be useful to interpret the contaminant spreading at
the site. This chapter will investigate these aspects for contaminant sources in
clay till settings.

5.1 Geological characterization of clay till

Through investigations of the clay till, it is possible to identify important geo-
logical features such as fractures, sand lenses and stringers, and thickness of
the till. For investigation and characterization of the geological layers drilling
of boreholes or taking a core sample will provide information on the geology
and give an indication of the vertical heterogeneity at the point of sampling.
The lithology of the soil sample could be investigated in the field or described
in detail by a geologist (Hgyer et al. 2019). Conducting grain size analysis
(GSA) on soil samples will add information to the geological composition of
the sample (Switzer and Pile 2015), and should be viewed as a supplementary
information to the geological description based on borelog samples. Additional
information of the vertical heterogeneity of the subsurface can be obtained
through direct push technologies such as the Hydraulic Profiling Tool (HPT),
see Figure 11 and Figure 12 for examples of such logs (McCall and Christy
2020). This site specific information together with the understanding of the
regional geology will help build a good geological model.

Some studies (Christiansen et al. 2012; Kessler et al. 2012; Aamand et al. 2022)
have used excavations for examining the heterogeneity and in particular sand
lenses and fractures of a clay till. However, this is not a common practice for
contaminated site investigations as excavations are expensive and primarily
done for remediation means (Kessler 2012). Another method is to perform
tracer tests on large undisturbed columns (LUC), which allow for a study of
the important transport pathways in a clay till column such as fractures and
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micro pores (Jgrgensen et al. 2002; 2019; Mosthaf et al. 2021). As with exca-
vations, this is also not a common practice when investigating a contaminated
site.

Using the point specific information to build the conceptual understanding of
the geology at the site can have its downfalls with e.g. misinterpretation/miss-
ing identification of the sand bodies and other high permeability features
(Jensen et al. I11). Various geophysical methods exist and have been found
useful for investigation of the subsurface geology and used e.g. to create highly
detailed large scale geological models (Maurya et al. 2018; Hyojin et al. 2019).
An overview of geophysical methods is reported in e.g. Thompson et al.
(2023). Surface methods have the limitation that the vertical resolution de-
creases with depth and identification of small-scale heterogeneities are prob-
lematic.

Conversely, crosshole methods provides a constant resolution with the depth
of a borehole (Jensen et al. 111). Amongst commonly used crosshole methods
are the ground-penetrating radar (GPR) which has previously been used to
gather information on the geology in so-called low-loss environments, such as
unconsolidated sands and gravels, see review in Svendsen et al. (2023). GPR
has been tested in high-loss environments like clay till, and proven valuable to
investigate the geology between boreholes (Looms et al. 2018; Svendsen et al.
2023; Jensen et al. I11). Jensen et al. (I111) made a field-scale test of the GPR
and compared it with a comprehensive data set including borehole logs, grain
size analysis and HPT data, see Figure 11. The study showed, that the GPR
method can be used to interpret the geology between the boreholes down to a
vertical stretch of decimetres, and therefore identifying high-permeability lay-
ers in the clay till. Furthermore, the plausibility of the high-permeability layers
can be assessed, indicating influential horizontal transport pathways. Cur-
rently, the GPR can be used with a distance between boreholes of 4-8 meters,
and are therefore useful when investigating the geology at a smaller scale than
a standard site scale. Other commonly used crosshole methods are electrical
resistivity tomography (ERT) and seismic tomography, see e.g. Slater et al.
(2000), Wang and Rao (2006), and Lévy et al. (2022).
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Figure 11. Investigation of the composition of a clay till in Vassingergd. Initial investiga-
tions of the clay till was done with borehole logs (a), grain size analysis with 0.5 m vertical
spacing (b), and HPT logs placed close to the boreholes, maximum of 4 m away (c). (d)
shows the conceptual understanding of the geology between the two boreholes prior to the
GPR investigation. The improved conceptual understanding of the geology between the
boreholes provided by the GPR is shown in (e). Modified from Jensen et al. (I111).

5.2 Hydrological investigations of clay till

Hydrological conditions and parameters relevant for field site investigations
are many, and the relevance of these depends on the wanted knowledge and/or
output of the investigations. In this subchapter, only hydrological parameters
and investigations relevant for the determination of CMD are presented, i.e.
infiltration, hydraulic conductivity, hydraulic gradient, and the seepage veloc-

ity.

5.2.1 Infiltration through clay till

Examining equation (1), the relevant water flux, g, for the determination of
vertical CMD from a clay till is the infiltration, | [length/time]. The infiltration
is often determined through the use of regional/national data and/or regional

groundwater models (Rosenberg et al. I). However, it is in particular crucial to
assess the site specific infrastructure that can have an impact on the infiltration

20



through the clay till. Infrastructure such as paved areas and buildings can re-
duce the infiltration through the clay till and have a significant impact on the
conceptual understanding and the estimated risk at the site, see Frederiksen et
al. (2023).

5.2.2 Vertical hydraulic gradient in clay till
Aternatively, the infiltration can be determined using the following equation:

1=K, i, (6)

Where K, [length/time] is the vertical hydraulic conductivity and iy
[length/length] is the vertical hydraulic gradient in the clay till. Determination
of the vertical hydraulic gradient is given as:

_bn ™
Y Ad

Where 4h [m] is the difference in the measured hydraulic heads and 4d [m] is
the thickness of the clay till. Studies of the vertical hydraulic gradient in aqui-
tards have used measurements of the hydraulic head from depth-discrete wells,
along with the depth of the low-permeability media (Meyer et al. 2008; Meyer
2014; Filippini 2020).

A study of the vertical hydraulic gradient in clay till was carried out using the
Membrane Interface Probe Hydraulic Profiling Tool (MiHPT) (Rosenberg et
al. 1). The MIHPT is a direct-push method that can add information on the
subsurface regarding both the contaminant level and the permeability (McCall
et al. 2014). When descending into the subsurface, the needed pressure for in-
jecting a certain flow of water is measured in order to evaluate the permeabil-
ity. When reaching the saturated part of the subsurface, dissipation tests are
performed in order to correct the measured pressure for the pressure caused by
the water column. Subtracting the atmospheric pressure from the stabilized
pressure found through the dissipation test yields an estimate of the hydraulic
head at the depth of the dissipation test (McCall and Christy 2020). Aiming at
dissipation tests in the high permeable layers in the clay till and aquifer will
allow for good estimates of the hydraulic head and subsequently vertical hy-
draulic gradient.

The thickness of the clay till was estimated through a combination of two logs:
the corrected pressure log (Corr. Press. in Figure 12) and the electrical conduc-
tivity (EC in Figure 12). A high pressure is an indication of low-permeability
and an increase in EC can indicate an increase in clay content and/or increase
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in the ionic strength of the porewater (McCall 2010; Maurya et al. 2018;
McCall and Christy 2020). The vertical hydraulic gradients found using the
MiHPT compared well with those found using a multilevel well (example in
Figure 12), showing that the MiHPT can be a useful tool for examining the
vertical hydraulic gradient. It should be noted, however, that the MiHPT is
applicable in unconsolidated formations and has a limitation in how deep it can
be pushed (around 20-25 m). For consolidated formations and/or deeper inves-
tigations other methods such as depth-discrete multilevel samplers should be
used to measure the water table (see 5.4.3 for suggestions on such samplers).

W02
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Figure 12. Comparison of two methods for determining the vertical hydraulic gradient in
clay till: H19 refers to MiHPT and W02 refers to a multilevel well. The graph to the left
shows the electrical conductivity through the subsurface, and helps indicating zone of
higher clay content. The Corr. Press. plot shows the corrected pressure of the MiHPT,
where higher pressure indicates lower permeability. In the plot showing the head found
from both methods, the estimated hydraulic head from the dissipation tests are also shown.
To the right is the borehole log for the multilevel well.

Finally, the vertical hydraulic gradient is also useful for investigating the likely
presence of fractures in an aquitard and if the aquitard is disconnected. If the
vertical hydraulic gradient is high, it indicates a fairly connected aquitard and
vice versa (Cherry et al. 2006; Meyer et al. 2008). However, when the vertical
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hydraulic gradient is larger than one, attention should be drawn to further in-
vestigations of the aquitard. Hart et al. (2008) has in a technical commentary
demonstrated how a natural vertical hydraulic gradient larger than one is not
technically correct despite it being reported in several studies. A gradient
higher than one indicates a change in the hydraulic conductivity over the sam-
ple depth which is likely to occur in aquitards like clay till (due to e.g. sand
lenses). Therefore, it is important to increase discretization when characteriz-
ing the changes in the permeability of the clay till. The investigations per-
formed in Rosenberg et al. (1) are valuable for this. Using the MiHPT to inves-
tigate the permeability and adding dissipation tests where possible, when
reaching high permeable layers, allows for evaluation of the vertical hydraulic
gradient in discrete intervals.

5.2.3 Hydraulic conductivity in clay till

To estimate the infiltration, the vertical hydraulic conductivity of the clay till
Is also needed, see equation (6). This is a more challenging parameter to inves-
tigate and determine the site specific quantity of, as it is often very time- and
resource-consuming (Keller et al. 1989). Quantifying the hydraulic conductiv-
ity in clay till can be done at three different scales: lab, in-situ, and regional
scale (Ferris et al. 2020). Studies have shown that the hydraulic conductivity
determined at lab scale are lower than hydraulic conductivity determined in-
situ or at regional scale. This indicates that the hydraulic conductivity deter-
mined in the lab, mainly describes the hydraulic conductivity in the matrix
neglecting important transport pathways in the clay till (Van der Kamp 2001,
Neuzil 2019). For determination of hydraulic conductivity in the lab, methods
like oedometer consolidation test and the triaxial apparatus can be used. At a
regional scale it is typically modelling of seasonal water level fluctuations that
is used (Ferris et al. 2020). See Van der Kamp (2001) for suggestions of pri-
marily in-situ methods for determination of hydraulic conductivity in aqui-
tards.

Ferris et al. (2020) have compiled studies of hydraulic conductivity of the clay
till in the Interior Plains region of Saskatchewan, Canada. The compilation
comprises of 15 study sites spanning over an area of approximately 160.000
m?2. In total, 393 estimates of hydraulic conductivity found at three different
scales: lab, in-situ, and regional (from model simulations), are compared in the
study, see Figure 13. The geometric mean of the hydraulic conductivities found
at lab scale was around two orders of magnitude lower than the geometric mean
at both in-situ and regional scale. Additionally, the study also found, that there
is a distinct difference in the hydraulic conductivity with depth, a greater depth
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results in a lower hydraulic conductivity. This implies that the effect of the
fracture network decreases with increasing depth in the clay till. Ferris et al.
(2020) found that many of the shallow tills were often oxidized. However, the
description of the samples were not consistent enough to draw any conclusions
on that matter.
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Figure 13. Collection of hydraulic conductivity based on a total of 393 estimates. To the
left, results are divided into scale: lab, in-situ (field), and model (regional). To the right,
the results are plotted with depth. Modified from Ferris et al. (2020)

When investigating the hydraulic conductivity it is important to keep in mind,
the scale at which it is determined and if it is the vertical, horizontal or bulk
hydraulic conductivity. In the literature there is not a strict use of the direction
of the hydraulic conductivity, and one must be aware of e.g. which test method
Is used (as an example LUC will give a vertical hydraulic conductivity). When
a horizontal or total hydraulic gradient is given, the anisotropy factor can be
used to estimate the vertical hydraulic conductivity. See Chapuis and Gill
(1989) for relevant anisotropy values.

5.2.4 Coherency of key parameters

Even though the vertical hydraulic conductivity is a difficult parameter to
quantify at a standard contaminated site investigation, knowing the interval and
correlation with depth is important. Furthermore, the vertical hydraulic gradi-
ent is a central parameter to investigate as it can give valuable information on
the clay formation. It provides helpful insight to whether or not, the estimated
infiltration is plausible (Rosenberg et al. 1l). For a plausibility check of the
infiltration rate, Figure 14 can be used. It depicts the relationship between in-
filtration, vertical hydraulic gradient and vertical hydraulic conductivity for

24



clay till. The figure shows, that a low vertical hydraulic gradient and an as-
sumed high infiltration rate requires the vertical hydraulic conductivity to be
in the high range and vice versa.
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Figure 14. Relationship between infiltration, vertical hydraulic gradient and vertical hy-
draulic conductivity for clay till. The different shades of blue represent the bulk vertical

hydraulic conductivity. The findings of vertical hydraulic gradient and estimated infiltra-
tion rates at the Vassingerged field site is marked with the black lines.

5.3 Seepage velocity

For the investigation of the horizontal CMD in the aquifer, the relevant water
flux, q, is the Darcy’s velocity found as:

q=Kp-ip (8)

Where Kn [length/time] is the hydraulic conductivity in the aquifer and in
[length/length] is the hydraulic gradient.

The hydraulic gradient in the aquifer is typically found by measuring the water
table in the aquifer at various points (at least three). When examining at a small
scale, narrow area, or investigating an aquifer with a small hydraulic gradient,
small measurement errors may result in wrong conclusions on the flow field
(Silliman and Mantz 2000; Labaky et al. 2009). Drawing up the isopotential
lines of the water table will help investigating the groundwater flow direction
and the hydraulic gradient. Alternatively, the flow direction and hydraulic gra-
dient can be found using the HydrogeoEstimatorXL (free download from:
https://kuscholarworks.ku.edu/handle/1808/22049) (Devlin and Schillig
2017).
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The hydraulic conductivity in the field can be found using a variety of different
field methods such as slug tests (e.g. Hinsby et al. 1992; Mosthaf et al. 1V)
(e.g. Hinsby et al. 1992 ), pumping test (e.g. Rovey and Cherkauer 1995), grain
size analysis (e.g. Devlin 2015; Mosthaf et al. 1V), and permeameter tests
(Freeze and Cherry 1979). As for the hydraulic conductivity in the aquitard,
which has been found to be scale dependent, so is the hydraulic conductivity
in the aquifer. Rovey and Cherkauer (1995) found, that the hydraulic conduc-
tivity increases with increasing test radius until approximately 220 m. For test
radius larger than 220 m, the hydraulic conductivity was not found to increase
further. This is most likely due to the effect of the heterogeneities in the aquifer
having a larger effect on smaller scale.

5.4 Subsurface transport of chlorinated ethenes

In accordance with equation (2), estimation of CMD requires the concentration
of the contaminant and the relevant total area or sub-area. For such investiga-
tions soil and water samples from the clay till and groundwater samples can be
utilized. See e.g. Fjordbgge et al. (2017) for sampling in clay till, Verreydt et
al. (2011) for review on passive samplers, and Troldborg et al. (2010) on ap-
plication of sub-areas in the aquifer.

The transport of chlorinated ethenes through clay till is highly dependent on
the heterogeneity and the sorption. This chapter will focus on the vertical
transport through fractures and the matrix. Furthermore, a description of how
vertical concentration profiles in the transition and aquifer zones can add val-
uable information to the conceptual model at a contaminated site is provided.

5.4.1 Transport in matrix, sand inclusions, and fractures

Simulating the transport through clay till can be done through the use of an
equivalent porous media (EPM) model where fractures are not directly ac-
counted for. This is a simplified way to simulate the contaminant transport in
the clay till where it is assumed that high-permeability features are absent or
have a minor effect on the vertical contaminant transport. This was tested by
Mosthaf et al. (IVV) who simulated the contamination at the Vassingergd test
site. The simulations were carried out using a 3D model divided into four in-
terconnected layers (clay till, transition layer, upper aquifer, and lower aqui-
fer), history at the site, and the comprehensive field data. Due to the age of the
spill it was assumed that the TCE had spread evenly throughout the source zone
area and depth of the saturated clay till due to diffusion and sorption. The tran-
sient transport in the clay till was simulated using the advection-dispersion
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equation (including mechanical dispersion and diffusion). Vertical concentra-
tion profiles downgradient from the source zone were compared with simulated
concentration profiles that showed a good fit. In preliminary studies, Mosthaf
et al. (IV) investigated the influence of isolated horizontal sand lenses in the
clay till, that showed to have only minor impact on the vertical contaminant
trasnport in the clay till. The study found that the flow-field contrast between
the aquitard and aquifer was more influential than the small-scale heterogene-
ities within the aquitard.

Fractures in clay till can contribute to fast transport of contaminants as well as
distribution of the contaminants to the matrix due to diffusion and sorption
processes (Mosthaf et al. 2021). The fracture spacing and aperture can have a
strong influence on the contaminant transport through clay till as well as the
continuity of the fractures.

A comprehensive study of LUC experiments and excavations at several pri-
marily Danish field sites has shown that the fracture spacing increases with
depth. Close to the surface the fracture spacing is in the tens of centimetre
scale. However, from the depth of around 3 m reported fracture spacing is
around 1-3 m for the majority of the sites. The same study investigated the
fracture aperture with depth (to a maximum depth of 6 m below ground surface)
and found that the fracture aperture is predominantly between 5-25 pum when
reaching a depth of around 4 m below ground surface (Aamand et al. 2022).

Mosthaf et al. (2021) simulated the transport of pesticides in two different, but
visually similar, LUCs; one taken close to the surface with large fracture aper-
ture (110 um); and one from around 5 m below ground level with a small frac-
ture aperture (10-18.5 pum). The study showed that the fracture aperture had a
great impact on the dominating transport processes. In the column with the
large fracture aperture, the transport occurred primarily in the fractures with
some matrix diffusion on a long time scale. In the column with the small frac-
ture aperture, the advective transport in the matrix and diffusion had a distinct
influence.

A simulation of how different source zone realizations affects the downgradi-
ent concentration profiles (see chapter 5.4.3 on these) and CMD were set up
based on the Vassingergd field site. The source zone realizations were pro-
duced through a 2D discrete fracture-matrix model and implemented as an in-
put function to the aquifer simulated with a 3D model (Mosthaf et al. 1V).
Fracture apertures in the range between 5 and 25 pum were investigated. Figure
15c shows that a fracture aperture of 8 um results in a nearly homogeneous
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distribution of the TCE in the lower part of the clay till after 50 years. Further-
more, an increase in fracture aperture results in TCE contamination at a larger
depth interval due to matrix diffusion. As seen from Figure 15d, an increase in
fracture aperture leads to a faster breakthrough at the bottom of the clay till to
the top of the aquifer and a longer tailing period. The fast breakthrough is due
to fracture transport and the tailing is caused by the matrix back-diffusion

(Parker et al. 2008; Chambon et al. 2011).
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Figure 15. Investigation of the effect of sorption ((a) and (b)) and fracture aperture ((c)
and (d)) at the field site in Vassingergd. (a) and (c) show the source zone after 50 years
from the spill with respect to sorption and fracture aperture, respectively. (b) and (d) show
the breakthrough curves from the source zone into the underlying aquifer with different
sorption coefficients and fracture aperture respectively.

5.4.2 Sorption of chlorinated ethenes in clay till

Sorption can have a large effect on the diffusion time between the clay till
matrix and fractures/high-permeability zones, the estimate of stored mass, con-
taminant advective transport, and the clean-up timeframe as described in 3.3.
Therefore, investigation of the effect and size of Kq value is of high importance.

By simulating the transport through the clay till at Vassingergd field site,
Mosthaf et al. (IV) showed that the Kq value of TCE had a significant impact
on the contaminant distribution in the clay till and the leaching to the underly-
ing aquifer. A lower Kq value resulted in a faster transport through the clay till,
and a greater vertical distribution of the contaminant, see Figure 15a. With a
Kq value of 0 L/kg (no sorption) TCE would no longer prevail as a secondary
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source zone this long after the spill (2021) which is contradicting field obser-
vations from the field site. With a higher Kq value, the time span during which
the contaminant is leaching to the aquifer is likewise increased.

Through laboratory experiments Mosthaf et al. (1) found an average Kq value
of TCE in the lower clay till at the VVassingergd field site to be 0.8 L/kg (rang-
ing from 0.55 to 1.1 L/kg) with a varying clay content between 5 and 10.8 %.
As shown in Table 2, this Kq value compares well with the one found by Lu et
al. (2011). However, the clay content is remarkably lower at the field site in
Vassingergd and the foc remarkably higher. The differences in foc and clay con-
tent between the two studies and how this affects the Kq value should be inves-
tigated further in order to establish reasonable guidelines for the estimation of
Ka values in clay till. Examining the Kq value found using Abdul’s formula is
between 12 and 52 times lower than the lab tests from both studies. This indi-
cates that the clay content (large surface area) has an influence on the sorption,
as previously stated by Lu et al. (2011). Therefore, a relatively high Kq value
is needed when evaluating the time span of contamination, stored mass in the
source zone, contaminant transport, and developing schemes for remedial ac-
tion.

Table 2. Comparison between average Kq values for TCE in clay till and the site specific
parameters foc and clay content as well as the resulting Kqc. Furthermore, a calculation of
the Kg value through the use of Abdul’s formula from the measured foc levels in the two
studies. First number is the average and the interval of the samples are given as [min —
max].

Source of Kd,tce foc Log Koc Clay
information  Method [L/kg] [%] [L/kg] [%]
Lab test 0.8
Mosthaf et [0.55 - 1.1] 0.18 2.64 S
al. (IV) Abdul’s 0.064 [0.11 - 0.21] [2.48-2.88] > :
formula [0.050 — 0.074]
Lab test 0.83
0.62 — 0.96
Lu et al. [ ] 0.05 3.18 93.0 - 27.0
(2011) Abdul's 0.016 [0.03 —0.08] [2.95 — 3.48]

formula [0.007 — 0.028]

The metabolites of TCE (cis-DCE and VC) have smaller Kq values in clay till
than TCE (Lu et al. 2011). Therefore, when evaluating e.g. the stored mass
estimate in the source zone where degradation is taking place, the different Ky
values of the chlorinated ethenes should be accounted for.
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5.4.3 Use of high-resolution, depth-discrete concentration profiles

Obtaining high-resolution, depth-discrete concentration profiles has been
shown to be of great value at different sites (Rivett et al. 1994; Chapman and
Parker 2005; Bjerg et al. 2011; Broholm et al. 2016; Rgnde et al. 2017;
Steelman et al. 2020). The high-resolution, depth-discrete samples provide val-
uable information on the heterogeneity, transport properties at the site, and
identification of degradation at the plume fringes (Tuxen et al. 2006; Anneser
et al. 2008). Identifying such relevant processes at the local scale is not easily
obtainable when e.g. taking water samples using the traditional long screened
wells, as the sample is mixed across the screen length. Hence, the water sample
is potentially abstracted from several different flow zones and the maximum
concentration may be underestimated (Reilly et al. 1989; Church and Granato
1996).

At clay sites, high-resolution, depth-discrete concentration profiles have
shown the importance of back-diffusion of TCE by sampling the clay interbed-
ded in a sandy aquifer for TCE (Chapman and Parker 2005). Adamson et al.
(2015) used high-resolution, depth-discrete samples to investigate the source
zone history of chlorinated ethenes and ethanes that were suspected to have
been spilled several decades ago. Both studies show steep concentration gradi-
ents at the transition between clay and the over-/underlying transmissive zone.

Recognizing that the vertical concentration profiles are a footprint of the site-
specific parameters is important. Such parameters include the flow, contami-
nant strength and the CMD from the source zone (McNab et al. 2000;
Rosenberg et al. 11). Relevant field methods for taking high-resolution, depth-
discrete water samples can be seen in the review by Broholm et al. (2016) com-
plemented with a description of the Groundwater Profiler (GWP) in Dutta et
al. (2021).

Rosenberg et al. (1) investigated the impact of the field site specific parame-
ters on the vertical concentration profiles in a sandy aquifer overlain by a clay
till. Three main characteristics of the vertical concentration profiles were se-
lected; thickness of plume, maximum concentration, and depth of the maxi-
mum concentration. The effect of 12 parameters where tested by performing a
sensitivity analysis on a simulated 2D plume. Figure 16 shows the results of
the sensitivity analysis, with the level of influence (u*) and the uncertainty of
the influence (o).
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Figure 16. Sensitivity analysis of the parameters affecting the estimated CMD, thickness
of the plume, maximum concentration, and depth of the maximum concentration. If the tri-
angle is connected to a label, it means that it has a strong influence on the result (u*)
and/or the influence is bound with a high uncertainty (o). The outer dashed grey lines indi-
cate the third quartile and the inner dashed grey lines indicate the first quartile. Modified
from Rosenberg et al. (11).

For all three characteristics of the vertical concentration profiles it is primarily
parameters that are determinable through field site investigations that are of
high importance. However, some of the influential parameters are difficult to
determine. The infiltration at the site can be approximated by investigating the
depth to the maximum concentration when knowing the horizontal flow condi-
tions at the site, which are easier to determine (Rosenberg et al. 11). The verti-
cal dispersivity in the aquifer should be kept in the mm-cm scale, as described
in chapter 3.5. The sorption coefficient only affects the arrival of the plume but
not the shape.

For investigations in heterogeneous aquifers with e.g. low conductivity layers,
the vertical concentration profiles may be affected by the heterogeneity to a
degree, where it is difficult to localize the characteristics of the vertical con-
centration profiles. Nonetheless, the high-resolution, depth-discrete concentra-
tion profiles still add valuable information on the contaminant distribution and
the flow conditions at the site.

High-resolution, depth-discrete concentration profiles can provide valuable in-
formation on the site-specific parameters. This can help identify the relevant
parameters at the site and improve the conceptual understanding of the con-
taminant distribution at the site.
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6 Methods, approaches and application of
CMD

Investigating the CMD from a contaminated site can be motivated by different
reasons such as improving the conceptual models (ITRC 2010), risk assessment
for a downgradient receptor (Einarson and Mackay 2001; Newell et al. 2011;
Rende et al. 2017), and assessment of remediation in the source zone or plume
(Kao and Wang 2001; Fjordbgge 2017). When assessing the risk to a down-
gradient receptor, the focus can be on different types of water bodies. The focus
of this chapter is on estimation of CMD to/in aquifers. For detailed description
of estimations of CMD to/in streams, see (Milosevic et al. 2012; Rgnde et al.
2017; Sonne et al. 2017).

6.1 Methods for estimating the CMD in aquifers

As stated in chapter 2.2, CMD in an aquifer can be estimated through the use
of many different field methods, see list in Table 4. Each of the methods have
different advantages and disadvantages as shown in the table. The ProfileFlux
method will be described in the next chapter. For an in-depth description of the
other methods, please consult the suggested references. The application of
some of the methods for risk assessment are described in chapter 6.2.

At the Vassingergd field site, different methods have been used to estimate the
CMD. All methods found estimates of CMD within comparable ranges. The
transect method has been used in the traditional way using sub-areas for each
monitoring screen. Additionally, a geostatistical model has been applied to the
transect method to get a 95 % confidence interval of the CMD estimate. Read
more on the geostatistical analysis in Bgllingtoft (2020). The results shown in
Table 3 suggests, that all of the applied methods are valid to inform the risk
assessment with a CMD estimate.

Table 3. Estimate of the CMD at the field site in Vassingeragd, Denmark, using different
methods.

Method CMD [g/year] References
Transect 143 NIRAS (2019)
Transect with an confidence interval 81 — 297 Bgallingtoft (2020)
Solute transport model 117 — 148 Mosthaf et al. (1V)
ProfileFlux method 117 - 170 Rosenberg et al. (I1)
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Table 4. Description of different methods to estimate CMD in an aquifer along with some relevant references describing the methods in detail
and/or applying the method.

Method Description Advantages Disadvantages Examples of
references

A transect of wells, preferably multilevel-wells, are o Useful to follow contam- e Requires many sampling Einarson and

placed perpendicular to the groundwater flow direc- inant evolution or reme- points to reduce uncertainty Mackay (2001);
Transect tion. Concentration measurements are collected dial action o Expensive Basu et al.
method along with estimations of Darcy velocity from each (2006)

well, resulting in an estimate of CMF. The sub-ar-

eas/CMFs represented by each well screen are

summed up to find the CMD for the transect area.

A permeable device containing sorption material and e Time-averaged concen- e Flow-field in borehole cast-  Annable et al.

tracer is submerged into a well. As the groundwater tration and flow param- ing is difficult to estimate (2005); Basu et
zasswe rovgs éhrOl(Jjgh the o_Iewcle thedco_lpgarglna}nts_ar_e belllngd eters « Risk of degradation the 3I. (20%6); |

ux meters  sorbed and tracer is released. The device is installe « Readily installed in contaminant while sorbed to erreydt et al.
(PFM) for a period of time resulting in a time-averaged wa- s (2015)
- groundwater monitoring the PFM.

ter flux and CMF. If placed in a transect the CMD can wells

be estimated.

To perform an integral pump test, a well is placed so o Fewer wells e Large amount of contami- Bockelmann et

EI[}? contaminant pIumde is capturetljI bé/ the purgp test.  ,No interpretation of nated water to manage gl.ll(ZOdO%)); et

| e(;/vatﬁ]r L.s EXtE‘Cted ata control f[a_ rlate Ia?' a?r?' contaminant concentra- e Risk of changing plume tealm 2-Ofletler
Integral C):l:/leD ivs\”bacllinc?élcjliﬁedon il ElFEL UL SRl Ao W tions between sampling chemistry etal. (2011)
pump test ' points e Little information on the

e Continuous sampling spatial distribution of the
plume

Using the isocontour lines produced for the source ¢ Useful when e.g. infra- e Higher uncertainty than us-  ITRC (2010)

zone or plume. For each isocontour line, the CMD is structure is challenging ing multilevel screens
Isocontours found assuming the isocontour line as the average e Isocontours for source

concentration in that specific area. The CMD esti-
mates from the isocontour lines are summed up re-
sulting in a total CMD.

zone to estimate verti-
cal CMD from source
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Solute
transport
models

ProfileFlux
method

Applying the field specific knowledge of flow and
contaminant data into a solute transport model. Dif-
ferent models exist and the detailing of the input and
output vary as well as whether itis a 1D, 2D or 3D
model.

Using high-resolution, depth-discrete concentration
profiles downgradient of a contaminant source com-
bined with a 2D solute transport model. When the
simulated vertical concentration profile matches the
measured, the CMD at the site can be estimated.

¢ Possible to investigate
the CMD at different
distances

o Effective first estimate

¢ Informing the concep-
tual model

e Cost-effective

e Variation in the need of
data

e Many assumes heterogene-
ous system

e Uncertainty in locating the
centre line of the plume

e Assumptions that might not
be valid for all sites

Locatelli et al.
(2019); Mosthaf
etal. (1V)

Rosenberg et al.

(1n
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6.1.1 ProfileFlux method

The ProfileFlux method is a new method for estimating the CMD in an aquifer,
with a source zone located in an overlying clay till. It utilizes the shape and
concentrations of the vertical concentration profiles in the aquifer along with
field site measured flow conditions (Rosenberg et al. I1). The concept is de-
picted in Figure 17 with the following steps:

a) Investigations of the flow conditions at the site and approximate source
zone delineation.

b) Measuring the vertical concentration profiles in the assumed centerline
of the plume as well as across the plume.

c) Adding the site specific parameters to a solute transport model to gen-
erate simulated concentration profiles. The simulated vertical concen-
tration profiles are fitted to the measured vertical concentration profiles
within an acceptable range. This will result in a CMD estimate along
with a breakthrough curve with indication of the duration of the contam-
ination (see Figure 18).

@ ® ©
- st 2 .
- o=

Figure 17. Hllustration of the three steps of the ProfileFlux method used to estimate the
CMD at a clay till site. a) Investigations of the flow field at the site and approximate delin-
eation of the source zone. b) Measurements of the vertical concentration profiles down-
gradient from the source. c) Simulating the contaminant transport at the site and comparing
the simulated and measured vertical concentration profiles to get an estimate of the CMD
from the source.

The ProfileFlux method relies on assumptions on the flow conditions and con-
taminant distribution:

e Taking into account only the saturated portion of the clay till and aqui-
fer.
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e Primarily vertical flow in the clay till and horizontal flow in the aquifer.
The occurrence of sand lenses can have an influence and ad horizontal
transport pathways (Kessler 2012) and can shift the source zone.

e Clay till can be moderately heterogeneous, but not with too many larger
fractures or dominating horizontal transport pathways. If the saturated
zone of the clay till is overlain by more than 4 meters of clay till, the
occurrence of larger fractures are less likely as described in chapter
5.4.1, and this assumption is justifiable.

e Applicable for legacy contaminations, hence last phase in Figure 6,
where the contaminant source zone is primarily dominated by back dif-
fusion and advective transport through the matrix. The plume in the ag-
uifer is at steady state. As chlorinated ethenes have predominately been
spilled several decades ago (see chapter 3) it is applicable for many sites.

Performing MiHPT logs at the site are useful to investigate the relevant vertical
investigation area to obtain the measured vertical concentration profiles. This
Is possible for VOCs like chlorinated ethenes (McCall et al. 2014). However,
for compounds such as pesticides prior investigation with the MiHPT will not
add any value regarding the vertical contaminant distribution.

When comparing the simulated and measured vertical concentration profiles,
it allows for the user to evaluate the knowledge level at the site. Therefore, the
ProfileFlux method can also be used to evaluate if further investigations are
needed and can help informing the conceptual model for the contaminated site.

Applying the ProfileFlux method at a contaminated site will allow for an initial
estimate of the CMD in a less expensive way than the traditional transect
method. However, if the initial CMD estimate is high or bound with too much
uncertainty, it is advised to make a new CMD estimate using the traditional
transect method.

The ProfileFlux method is still new and application at other sites than the field
site is needed. The testing should include other contaminants than chlorinated
ethenes, e.g. pesticides or Per- and Polyfluorinated Substances (PFAS). Fur-
thermore, the method is also applicable at sites with other geological settings
than clay till. The geological setting should however, constitute of a contami-
nant source located in an aquitard with primarily vertical transport overlying
an aquifer with primarily horizontal transport.

The ProfileFlux method has been further developed for a pesticide plume ap-
plication in similar geological settings as Vassingergd field site by Frederiksen
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et al. (2023). Through the use of a solute transport model simulating the frac-
ture-matrix interplay and several vertical concentration profiles (in total 249
groundwater samples) the understanding of fate and transport of N,N-dime-
thylsulfamide (DMS) was improved. The contaminated site consisted of sev-
eral sources and the comparison between measured and simulated concentra-
tion profiles helped to identify the source location and strength of a point
source and two diffuse sources.
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Figure 18. Comparison between simulated and measured vertical concentration profiles
(top) along with a breakthrough curve of the CMD at the Vassingergd field site (bottom).
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6.2 Application of CMD for risk assessment

The methods mentioned in chapter 6.1 are useful for different steps of a risk
assessment of contaminated sites. The application of the CMD as a metric for
risk assessment and implementation of the different CMD methods in the Dan-
ish administrative risk assessment framework (Figure 4) are identified in this
chapter.

6.2.1 CMD as a risk assessment metric

The idea to use CMD for risk assessment of contaminated sites is still at an
early stage, though it has been suggested as an effective metric for more than
20 years (Horst et al. 2021). Especially when it comes to prioritizing clean-up
of different contaminated sites affecting the same receptor, the CMD approach
iIs more valuable than a single concentration (Einarson and Mackay 2001;
Troldborg et al. 2008).

Different approaches to use the abstraction rate (or flow rates of other recep-
tors) to estimate a resulting concentration from the estimated CMD has previ-
ously been suggested in the literature (Einarson and Mackay 2001; Verreydt et
al. 2012; Einarson 2017; Horst et al. 2021). This allows for a comparison with
e.g. drinking water standards and therefore has a strong similarity to the “tra-
ditional” mind set of using a measured concentration at a given POC. Hence,
this will increase the ease of implementation of CMD as a metric for risk as-
sessment (Horst et al. 2021).

In Figure 19 the resulting concentrations of the abstracted groundwater is
shown as a function of the estimated CMD and abstraction rate of the supply
well or water work. It is made with the Danish quality criteria of chlorinated
ethenes in mind (1 pg/L for PCE, TCE, and cis-DCE and 0.2 ug/L for VC),
however, other concentration levels are also shown. The maximum abstraction
rate (3 mio m3/year) is chosen based on the maximum value for abstraction
rates in the Capital Region of Denmark. The grey line marks the extraction rate
of 200,000 m®/year that is set as a standard abstraction rate for a future water
work. The figure shows that for an abstraction rate of 200,000 m3/year a CMD
greater than 200 g/year will result in the quality criteria for PCE, TCE, and cis-
DCE to be exceeded. For VC the limit for CMD, using the same extraction rate,
is 40 g/year.
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Figure 19. The resulting concentration with different abstraction rates for CMD estimate
between 0 and 3 kg/year. The exemplification of the resulting concentration is based on the
Danish groundwater quality criteria for chlorinated ethenes (1 pg/L for PCE, TCE, and cis-
DCE and 0.2 pg/L for VC), as well as some higher standards applicable for other com-
pounds. The maximum abstraction rate is set to 3 mio m®/year as this the maximum value
of a water works in the Capital Region of Denmark. The grey line indicates the standard
abstraction rate of 200,000 m®/year used in the Capital Region of Denmark. Inspiration
from (Einarson and Mackay 2001).

6.2.2 CMD methods for the Danish risk assessment framework

The Capital Region of Denmark has started to apply CMD as a metric for risk
assessment of contaminated sites at a site specific local scale, a catchment
scale, and at different knowledge levels of the investigations. At the local scale,
the approach is, as described later, with the use of an abstraction rate to evalu-
ate the resulting concentration. At the catchment scale, the Capital Region of
Denmark investigates the contaminated sites within a catchment area in order
to prioritize the remedial actions, similar to the approach suggested by
Troldborg et al. (2008).

At an early stage of investigating a contaminated site (preliminary surveys), it
Is beneficial to get a fairly rough estimate of the CMD, and therefore an overall
idea of whether further field investigations are needed at the site. In Denmark,
the risk assessment model GrundRisk (Rosenberg et al. 2016; Locatelli et al.
2019) is soon to be implemented for the preliminary surveys of the risk assess-
ment framework, see Figure 20. The GrundRisk model estimates a groundwater
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concentration at a POC 100 m downgradient from the source, the CMD in the
aquifer, and the resulting concentration in the water abstracted with a given
rate.

At the stage of confirmed contaminated, the ProfileFlux method is beneficial,
as it allows for a cost-effective investigation that combines measurements and
interpretation of these using a solute transport model (Rosenberg et al. 11). The
estimated CMD from the ProfileFlux method will inform the risk assessment
and the learnings from comparing the measured and the simulated concentra-
tion profiles will guide the user in choosing potential additional field investi-
gations.

Lo_cal scale \Collection of land use information 100 sites/
Point source
N
\ 40-65 potential contaminations / |;_| l
N
B

20-50 preliminary _ -
\ surveys Grundrisk
10-30 confirmed ProfileFlux li _
contaminated =
7 [ > m

-10 extended - !
surveys ransect
Catchment scale 1-4
Receptor cleanups

N

1-2
Figure 20. Exemplification of how three CMD methods can be applied at different stages
of a risk assessment, from a Danish point of view. Moving towards extended surveys and
clean-ups requires prioritization of the contaminated sites, hence, the focus is shifting from

local scale to catchment scale. Modified from and inspired by Troldborg et al. (2008) and
Overheu et al. (2014).

The transect method (including the PFM) are beneficial to use at a more elab-
orate field site investigation needed for extended surveys. Furthermore, the
methods are useful for investigating the evolution of the contaminant plume
and/or the effect of a given remediation scheme in progress. The PFM can be
used in a transect instead of traditional concentration measurements and Darcy
velocity estimates. Moreover, PFMs can be installed in certain monitoring
wells to estimate the contaminant mass flux (CMF). The CMF can be compared
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with the CMFmax (maximum acceptable CMF) as suggested by (Verreydt et al.
2012).

In the Capital Region of Denmark, the estimate of CMD is used in combination
with a risk-CMD that is found as described in chapter 6.2.1 using the actual or
standard abstraction rate. If the risk-CMD is larger than the estimated CMD,
the risk associated with the contamination is acceptable. However, other fac-
tors are also included in the risk assessment at the stage of extended surveys
such as knowledge of CMD estimates from other contaminated sites in the area.
Furthermore, the risk assessment relies on a qualitative assessment of the
knowledge level at the site e.g. if the source zone is delineated or if the infil-
tration is well-established.

6.3 Moving onwards and upwards

As previously stated in chapter 2.1 the community has suggested moving to-
ward using CMD as a risk assessment metric for several years, however, it is
still not broadly implemented. Horst et al. (2021) identified three main reasons
for why CMD (denoted mass flux in the scientific paper) has not been imple-
mented as a metric for risk assessment:

1) “Despite the availability of guidance and technology, there is still a lack
of widespread technical adeptness by the practitioner community.”

2) “Another key limitation is the hesitancy of some responsible parties to
invest in the effort required to develop a robust mass flux assessment.”

3) “There is general lack of alignment on how mass flux fits with com-
pliance metrics particularly in the most common framework where nu-
meric water quality standards (e.g., maximum contaminant level
[MCLs]) are applied at specific compliance points.”

The lack of technical adeptness (point 1) is most likely due to the lack of align-
ment on how to use the resulting CMD (point 3). If there is no market for in-
vestigation or use of the estimated CMD, there is no motivation for the practi-
tioners to adapt the CMD metric in the work. Furthermore, a protocol describ-
ing the use of an appropriate CMD method depending on the level of
knowledge and risk assessment would guide the practitioners. The protocol
should include step-by-step instructions, data requirement, quality control
measures and uncertainties.

The scientific community has for several years developed new robust methods,
or improvements of exiting methods, to determine CMD and the associated
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uncertainties (point 2) and work is still in progress. Many good and valid meth-
ods exists but more focus on developing a protocol for the methods (as de-
scribed in the previous section) should be pushed for. This would require the
national, and maybe even international, government/authorities to invest re-
sources and address these issues.

Point 3 mentioned by Horst et al. (2021) is the most critical point to solve. As
stated previously, many researchers have suggested the use of CMD, and re-
ceptor flow rates to calculate a concentration at the receptor. This has now been
implemented in the Capital Region of Denmark in their most recent guideline
for risk assessment (Region Hovedstaden 2021). In order to extent the use of
CMD metric, the experiences from parties actually practising it should be
shared and discussed on national and international level. Hopefully, continued
interest and added learning will drive the risk assessments towards applying
the CMD as a metric.
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7 Conclusions

The aim of this thesis was to improve the risk assessment of chlorinated ethene
sources in clay till settings in order to protect the groundwater resources. The
conclusion on the specific objectives are summarized below:

Governing processes of chlorinated ethenes at clay till sites

Diffusion and back-diffusion plays an important role of distributing and
releasing the chlorinated ethenes in clay till. Many chlorinated ethene
contaminations are several decades old and these processes have re-
sulted in a more uniformly distributed mass of contamination in the clay
till.

Uncertainty of the estimate of stored contaminant mass in the clay till
source zone are related to the uncertainties regarding determination of
the sorption coefficient.

Realistic values for the dispersivities in the aquifer are important, when
simulating a contaminant plume in the aquifer. Often, steep concentra-
tion gradients in the transverse and vertical direction are observed indi-
cating low dispersivity values and very limited dilution at local scale.

Field approaches for clay till sites

A novel method to determine the vertical hydraulic gradient has been
presented. It is an advancement of the procedure while using the direct-
push MiHPT that is already widely used.

An important parameter to determine for a risk assessment of a contam-
inated field site is the vertical hydraulic gradient. It will give an indica-
tion of the presence of fractures and make the estimated infiltration rate
at the site more reliable.

A numerical 3D model using advective-dispersive transport was able to
simulate the observed vertical concentration profiles. To investigate the
influence of fractures and sorption in the clay till, a 2D sub-model was
set up.

Determination of the thickness of the clay till is important as fracture
spacing and aperture has been observed to decrease with depth. Few
fractures and small fracture aperture will result in contaminant moving
primarily by diffusive and advective transport in the clay till matrix.
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The sorption has a high influence on the leaching time, time frame of
the spill and mass estimate. Clay till has been shown to have a higher
sorption coefficient of chlorinated ethenes than what is estimated using
traditional methods correlated with foc and log(Kow).

High-resolution, depth-discrete concentration profiles can be used to
improve the conceptual model for clay till sites. The profiles can be per-
ceived as a footprint of the flow field and source zone information at the
site.

Methods and application of CMD informed risk assessment

Through comprehensive field investigation and modelling the Profile-
Flux method has been developed. It is a method for determining the
CMD at clay till sites.

For an initial estimate of CMD at clay till sites, the ProfileFlux method
that utilizes the information retrieved from high-resolution, depth-dis-
crete concentration profiles in the aquifer can be used. The method per-
mits for a time-efficient risk assessment based on the CMD estimate of
an old spill.

Using CMD as a metric in the risk assessment framework will allow for
a prioritization of clean-up of contaminated sites for the associated re-
ceptor(s) at a catchment scale. Applying and adapting the CMD methods
to different knowledge levels depending on the step in the risk assess-
ment framework will be a cost-effective approach.

Development of a comprehensive protocol describing the different CMD
methods, their applicability, data needs, and uncertainty will help guide
the practitioners and decision makers towards incorporating CMD as a
metric.

44



8 Recommendations for future work

Working with the topic of risk assessment of chlorinated ethene sources located
in clay till settings, with a focus on groundwater resources protection, have
allowed for the following ideas for future research topics and perspectives:

e Vertical transport in clay till

The vertical transport in clay till is highly depending of infiltration, vertical
hydraulic gradient and vertical hydraulic conductivity. Currently, the hydraulic
conductivity in clay till has been investigated at different scales and with var-
ying focus on the flow direction (horizontal, vertical). Future work regarding
development of new methods to investigate the in-situ vertical hydraulic con-
ductivity will be useful. This could involve investigations on performance of
long term slug tests in clay till. Combining investigations of vertical hydraulic
gradient and a readily accessible in-situ field investigation of the vertical hy-
draulic conductivity will improve the estimation of infiltration at clay till sites.

e Sorption of contaminants in clay till

Sorption of chlorinated ethenes to clay till has an impact on the duration of the
secondary source emanating from the clay till and the estimated stored mass,
hence, using a realistic estimate of Kq is crucial. An increased focus on the use
of suitable Kq values for chlorinated ethenes in clay till is recommended. Also,
investigation of the transport and storage of other sorbing compounds in clay
till should include an evaluation of whether the chosen Ky value is adequate.

e High-resolution, depth-discrete concentration profiles (ProfileFlux)

Performing investigations of the vertical concentration profiles at a contami-
nated site can add valuable information to the conceptual understanding and
risk assessment. Performing high-resolution, depth-discrete investigations
should be prioritized. This includes overcoming the habits of using long
screens for site investigations and moving towards using shorter sampling in-
tervals and lengths. The ProfileFlux method is new, and further testing should
be carried out at other field sites to investigate further advantages and limita-
tions. Such testing includes other compounds such as BTEX, PFAS, and pesti-
cides. Furthermore, the ProfileFlux method should be tested at other aquitard-
aquifer systems (inclusion of unsaturated zone).
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e Uncertainty related to CMD estimates

The CMD from the different methods has a related uncertainty that needs to be
taken into consideration. Sampling density has a big impact on the uncertainty
related to the estimate. Furthermore, the site specific parameters are deter-
mined with a degree of uncertainty. For each of the methods, the uncertainty
of the CMD estimate related to the uncertainty of the parameters should be
investigated. This requires further focus in particular for large and deep plumes
with sparse monitoring network. The use of supporting information from geo-
physical methods, in situ probes and detectors should also be considered in
future studies.

e Development of protocols for investigations of CMD

CMD has proven to be a useful metric for risk assessment of contaminated
sites. However, it is not fully integrated in the risk assessment process. A com-
parative study to determine the advantages and limitations of each method un-
der different site conditions and knowledge levels could be the foundation of a
comprehensive protocol. The protocol could be a guide for the practitioners to
follow when estimating CMD. It should provide step-by-step instructions, data
requirements, quality control measures and uncertainty. In addition, collabora-
tion with national and international regulatory agencies to develop guidelines
and policies are key for a concerted effort in fully using the untapped potential
of CMD for risk assessment of contaminated sites.
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Abstract

The vertical transport of contaminants from source areas is employed in many risk assessment models and screening tools in order to
estimate the contaminant mass discharge (CMD) into underlying aquifers. The key parameters for estimating CMD are the contaminant source
area and concentration, and the vertical water flux, the latter of which depends on the vertical hydraulic conductivity and the vertical hydraulic
gradient in the subsurface. This study focuses on advancing the use of the combined membrane interface probe hydraulic profiling tool (MiHPT)
to investigate the vertical hydraulic gradient across a clay till overlying a sandy aquifer at a contaminated site in Denmark. Only the HPT is
necessary for the estimate of vertical hydraulic gradient. The hydraulic head, clay till thickness, and resulting vertical hydraulic gradients found
using the MiHPT compared well with observations from nearby nested wells. The parameter with the largest discrepancy was the thickness of
the clay till. The advantage of the MiHPT is its relatively quick depth discrete access to information regarding subsurface permeability, vertical
hydraulic gradients and contaminant distribution across a site. In this case study, performance of additional dissipationtests during the HPT log

to acquire determination of the vertical hydraulic gradient increased the cost by 3% compared to standard HPT logs.

Introduction

Worldwide, groundwater resources are at great risk of
being contaminated, due to subsurface pollution from anthro-
pogenic sources such as chlorinated solvents from e.g. dry
cleaning and metal degreasing. Subsurface geology plays
an important role in determining the risk of groundwater
resource contamination. Aquitards have often been thought of
as protective layers for underlying aquifers, but this is highly
dependent on the hydrogeology and lithology of the aquitard
(Cherry et al. 2006; Butler 2010; Filippini et al. 2020).

Heterogeneous geology, such as clay till, can affect con-
taminant transport in different ways: As a highway with
contaminant transport traveling through vertical fractures,
and as a channel network due to connected or embedded
sand lenses (e.g., Chambon et al. 2010; Kessler et al. 2012;
Damgaard et al. 2013). Furthermore, the porous matrix can
act as a long-term, secondary source that leaches through
back diffusion from the clay till matrix to the fractures—
and thereby underlying aquifers (Chambon et al. 2011). This
makes risk assessments in these settings difficult. Efficient
and cost-effective approaches and methods to investigate
contaminated sites in clay till settings are needed, particu-
larly in early-stage screening investigations. A key challenge
in this regard is assessing vertical transport from the clay till
to the aquifer.

Article Impact Statement: Using a MiHPT it is possible to determine the vertical
hydraulic gradient from a clay till aquitard to the underlying groundwater aquifer.

© 2021, National Ground Water Association
doi: 10.1111/gwmr.12470
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A useful metric to characterize the risk from a con-
taminated site is contaminant mass discharge (CMD), used
mainly for sand and gravel aquifers and estimated at a ver-
tical control plane in the plume down-gradient the source
(e.g., Troldborg et al. 2010; Newell et al. 2011; Verreydt
et al. 2012). The method can also be applied quantifying
the vertical CMD from the source, with a focus on the con-
taminated area, concentration, and vertical water flux from
a secondary source in risk assessment models (Kamath
et al. 2006; Chambon et al. 2011; RISC5 2011; Locatelli
et al. 2019). Commonly, either net infiltration, often deter-
mined through large scale hydraulic models, or the prod-
uct of the vertical hydraulic gradient and vertical hydraulic
conductivity (Darcy’s law) (Overheu et al. 2014; Locatelli
et al. 2019) is used as the vertical water flux in early-stage
risk assessment. At later stage of the site investigation, esti-
mates of the vertical water flux should be made specifically
for the site. Using the vertical hydraulic gradient and verti-
cal hydraulic conductivity is particularly relevant for con-
tamination in areas that are paved or built up, where net
infiltration is difficult to define or does not exist.

Measuring the hydraulic head variation over depth to
determine vertical hydraulic gradients is a challenge using
traditional nested wells as this requires several short screens.
Recent studies have used depth discrete measurements of the
hydraulic head within an aquitard, along with geological and
hydraulic properties, to estimate the thickness and vertical
hydraulic gradient of a low permeable zone, as well as to
locate high permeable zones, for example, fractured areas,
within the aquitard (Meyer et al. 2008; Meyer 2014; Filip-
pini et al. 2020). Furthermore, the high resolution profiles of
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hydraulic head have contributed to better understanding of
the solute transport of contaminants through clayey aquitards
(e.g., Keller et al. 1989; Parker et al. 2004). In clay till, sev-
eral sand lenses are often embedded in the matrix, and the
vertical hydraulic gradient between the sand lenses and the
underlying aquifer can vary over a contaminated area. This
variation is caused by the differences in the thickness of the
clay till between the sand lenses and the aquifer. Determining
the vertical hydraulic gradient in such a geological setting
requires nested wells, well clusters or multilevel systems in
order to measure the hydraulic head in both the sand lenses
and the aquifer. The same notion applies, for example, when
investigating the vertical hydraulic gradient within an aquifer.
Furthermore, the measurements of hydraulic head within the
aquitard are valuable to assess preferential flow paths within
the aquitard. Consequently, in order to determine variations
in the vertical hydraulic gradient at a site, several nested
wells or other monitoring systems are required.

The membrane interface probe hydraulic profiling tool
(MiHPT) that has been applied in this study is a direct push
tool, and over the past years it has gained acceptance as a
means of field characterization in the risk assessment of con-
taminated sites (McCall et al. 2014; McCall and Christy 2020).
The MiHPT is a combination of a membrane interface probe
(MIP) and a hydraulic profiling tool (HPT). The MIP has four
detectors for different contaminant groups, such as aliphatic
hydrocarbon, and they indicate the contaminant level at depth
on a relative scale. The HPT describes the relative permeabil-
ity of the subsurface as the probe descends, by detecting the
necessary pressure needed to inject a certain flow of water.
Furthermore, the MiHPT detects electrical conductivity (EC)
at depth. The EC provides a measure of the soil EC which can
be used as support to distinguish between sandy and clayey
materials. In order to investigate the vertical hydraulic gradi-
ent only the HPT is necessary. However, as previously stated,
the MiHPT was used for this study and it will be referred to
as MiHPT throughout the paper.

The objectives of this paper are (1) to evaluate the use
of the MiHPT direct push method as a tool to determine
the vertical hydraulic gradient between sand lenses embed-
ded in clay till and the underlying aquifer; (2) to estimate
additional cost in reference to extra time required for data
gathering. This was carried out through fieldwork and a com-
parison of the following: Measured and estimated hydraulic
heads through MiHPT estimates and hydraulic head mea-
surements of traditional nested wells (individual well casings
within a single borehole); the thickness of the clay till esti-
mated from MiHPT logs and borehole logs; and the resulting
vertical hydraulic gradients obtained via the two previously
mentioned methods. Furthermore, the application of the new
method for determining vertical hydraulic gradients in other
geological settings, as well as its use for estimates of hydrau-
lic conductivity, CMD, and risk assessment, is discussed.

Equipment and Method
Contaminated Field Site

Field investigations were conducted at an industrial site
located in Vassingergd, Denmark. A map of the site, show-
ing well installations and infrastructure, is presented in
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Figure 1. Industrial activity at the site (cutting and laminat-
ing Styrofoam) started in 1962.

Site investigations have shown groundwater contamina-
tion with trichloroethene (TCE) (NIRAS 2019). An extensive
geological investigation of the site showed a sandy aquifer
overlain by a clay till with embedded sand lenses (Figure 2).
These sand lenses are fully or partly water-saturated. Sev-
eral monitoring wells were installed, some with screens in
the sand lenses and the aquifer, respectively. Geological and
hydrogeological characterization along with quantification
of contaminant mass distribution were completed in both
the source zone and plume areas from ground surface into
the underlying sandy aquifer. Apart from knowledge from
the nested wells, this was done through the use of more than
20 MiHPT logs. However, not all of the MiHPT logs were
operated with this study in mind. Therefore, seven MiHPT
logs and seven nested wells were examined for this study.

Determination of the Vertical Head and Hydraulic
Gradient

The vertical hydraulic gradient is defined in Equa-
tion (1):

M
YAd )

where i, (m H,O/m distance) is the vertical hydraulic gra-
dient, Ak (m HZO) is the change in the hydraulic head,
and Ad (m distance) is the vertical distance between the

* ¢ MIHPT A
® o Well

- Transect A
[ _1Building
3 Groundwater flow
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Figure 1. Illustration of the MiHPT logs and wells at the field
site located in Vassingergd, North Zealand, Denmark. The
sand lens units are described in detail in the section “Com-
parative analysis”. The colored points are the ones referred to
in this study. The MiHPT logs performed prior to this study,
did not include dissipationtests in the sand lenses. Therefore,
no information on the hydraulic head in the sand lenses can be
obtained from these MiHPT logs, however, they support the
geological model for the site. The placement of the source zone
is approximate.

NGWA.org

85U017 SUOWIWOD 8A1Tea.D (et (dde auy Aq peuseno s ssjole VO ‘8sn JO s3I 10} A%eiq18uljUO AB|IM UO (SUONIPUOD-pU-SWLB)AL0D A8 |1 ATeIq 1 Bul JUO//SANY) SUORIPUOD pUe SWIB 18U} 89S *[£202/90/ZT] Uo AriqiTaulluo A8]im ‘8bpaimouy oluyos | usiued Aq 02T WMB/TTTT OT/I0pAu0D A8 im Aiq putuoemBuy/sdny wo.j papeojumod ‘T ‘220 ‘2659Gr.T



Level
m. above sea level
o~ (52
A o2 Sueo T &
44 =T £ =3 = 2

HO1

w23

W6
>

H23

*
43 ;/

42| \— W

41

1

40

39

38

e

37

36

35

(o

34

33

32

i)

T

31

30| Lif

29 L

28

[ Sand and gravel = Boundary of the clay till Screen
27 7 silt W no. Nested well
26 [ Clay H no. MiHPT

z Corrected HPT pressure

Figure 2. Geological profile from A-A’ (see Figure 1) along the flow direction. It illustrates the clay till with embedded sand lenses
underlain by a sandy aquifer. The geological profile was created through information taken from the bore logs from nested wells,
corrected HPT pressure (described in the section “Determination of the vertical head and hydraulic gradient”), and soil samples.
Only the nested wells (W) and the corrected HPT pressure (H) are depicted in the figure. The field investigation focused on the

hydraulic head in the sand lenses and the underlying aquifer.

examined hydraulic heads. In clay till with embedded sand
lenses, distance (Ad) is assumed equal to the thickness of
the low permeable clay till, as this controls any changes
in the hydraulic head (Ah) between the sand units (Cherry
et al. 2006; Meyer 2014; Filippini et al. 2020). In this study,
the change in the hydraulic head (A#) is the head in the sand
lens subtracted from the head of the aquifer. Hence, a nega-
tive vertical hydraulic gradient value indicates a downward
hydraulic gradient.

The hydraulic heads were estimated from dissipation
tests carried out as a part of the MiHPT logs (e.g., the black
and blue triangles in Figure 3). A dissipation test is used to
measure the naturally occurring water pressure in a satu-
rated zone which is used to correct the HPT pressure and
provide an estimate of the hydraulic conductivity. When
the probe reaches a high permeability zone situated below
the water table, the probe and water flow are stopped and
the pressure is recorded over time until stable pressure is
obtained. This stabilized pressure is the hydrostatic pres-
sure in the formation. Subtracting the atmospheric pressure
found prior to the probe advancement through a pre- and
post-log HPT reference test (see McCall and Christy 2020
for more information) from the stabilized pressure indi-
cates the hydraulic head at the specific depth of the dis-
sipation test. It is possible to perform several dissipation
tests during a MiHPT probe advancement (McCall 2011)
and thereby determine depth-specific pressure potentials/
hydraulic heads in high-permeability zones (McCall and
Christy 2020). The data processing software for the HPT
is called DI-viewer (free download from https://geoprobe.
com/direct-image-viewer). This software uses the atmo-
spheric and hydrostatic pressure to correct the HPT pressure
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Figure 3. Illustration of the parameters used to estimate the
vertical hydraulic gradient for the MiHPT log and well. The
two graphs to the left are EC and corrected HPT pressure. The
third graph is the hydraulic head for the MiHPT log (H19) and
well W02, where the vertical line indicates screen placement
and length. The blue triangles are the dissipation test used to
estimate the vertical hydraulic gradient. The bore log of well
W02 is shown to the right. . The illustration shows the results
for sand lens unit number S (see Figure 2).

for the pressure excessed by the water column in the for-
mation (corrected HPT pressure). For comparison, the
hydraulic heads were measured in traditional nested wells
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(vertical lines, Figure 3). In both cases, a vertical hydrau-
lic gradient can be calculated with Equation (1), when the
thickness of the intermediate low-permeability layer is
known.

The thickness of the clay till used for the monitoring
wells was found through the descriptive bore logs, where the
lithology was noted every half meter and when changes were
observed. For the MiHPT, the thickness of the clay till was
estimated based on the corrected HPT pressure alongside
the soil’s EC. An increase in corrected HPT pressure indi-
cates a decrease in permeability, while an increase in EC can
indicate both an increase in the amount of clay particles and/
or an increase in ionic strength of pore water (McCall 2010;
Maurya et al. 2018; McCall and Christy 2020). The thick-
ness of the clay till was estimated by a combination of an
observed increase in the corrected HPT pressure along with
an increase in the EC. No specific threshold of the corrected
HPT pressure was used. The estimated thickness from the
MiHPT is indicated with the red box overlying the logs in
Figure 3.

Comparative Analysis

For each of the seven MiHPT logs, relevant nested wells
were chosen based on their placement at the site with respect
to which sand lens they intercepted. The sand lens units
were identified from the geological interpretations at the site
and regular water level measurements in the nested wells
monitored over a period of nearly two and a half years. The
MiHPT logs were performed during two field campaigns
(two different years). At each of the field campaigns, the
hydraulic heads were measured in the nested wells close by
the MiHPT logs within the same week as the MiHPT logs
were carried out. The lateral distance between the MiHPT
logs and nested wells within a sand lens unit varied between
1.8 and 35 m. An example of a comparison between a nested
well and an adjacent MiHPT log is shown in Figure 3. The
two graphs on the left of the figure illustrate results from
the MiHPT log, the third shows the hydraulic head from the
MiHPT and nested well, while the illustration on the right
explains the geology described in the bore log.

The two measurements are different in the sense that
the MiHPT is a point measurement and the nested well is
an integrated measurement over the length of the screen.
However, previous investigation at the site has showed no
variation of hydraulic head over the depth of the sandy aqui-
fer. Furthermore, one of the MiHPT logs had three dissipa-
tion tests carried out in the sand lens (Figure S4). This log
showed no variation in the hydraulic head over the depth of
the sand lens. Therefore, the comparison between the two
methods at this field site is acceptable.

In total, five different sand lens units were compared
(Figure 1), representing seven MiHPT logs and seven
nested wells. Please note that the relevant well in sand
lens unit 3 (W11) was dry at the time the H20 was per-
formed, so the “measured” hydraulic head in W11 was
set equal to the bottom of the screen. The water levels in
the nested wells were, as mentioned previously, monitored
regularly and W11 showed similar trends in decrease and
increase of the hydraulic head as the nested wells nearby.
Therefore, it was assumed that the hydraulic head in W11
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followed observed changes in other sand lenses at the
site, from August 2018 to November 2018. Subtracting
the decrease in the observed hydraulic head in the nearby
nested wells from the observed hydraulic head in W11 in
August 2018, resulted in a hydraulic head equaling the
bottom of the screen for W11. Therefore, the assumption
seemed justified.

The comparison was done for both the estimated hydrau-
lic heads in the sand lenses and the aquifer, the thickness of
the clay till, and for the estimated vertical hydraulic gradient
between the sand lenses and the aquifer. For each of these
comparisons, the difference in head between the MiHPT
and wells was calculated as (2):

MiHPT — well

Diff% = —
(MiHPT + well) /2

x100% )

where MiHPT and well are the head, thickness of clay till,
or vertical gradient estimated from the MiHPT and well,
respectively. A negative number indicates that the results
from the MiHPT measurements were lower than from the
well measurements and vice versa.

Estimation of Additional Time and Cost for the
Dissipation Tests

Additional time in the field, required for the extra dis-
sipation tests, was calculated as the difference between the
time spent on the dissipation tests, viewing the results as a
standard MiHPT log, and as an investigation into the verti-
cal hydraulic gradient. The additional cost was calculated
using an estimate of the cost of the dissipation tests for each
of the MiHPT logs. As the investigations were carried out
in Denmark, the cost was converted from Danish crowns
(DKK) to USS$. The absolute cost will differ for other geolo-
gies and countries, as it is dependent on the permeability of
the soil and the hourly price charged by technicians carry-
ing out the work.

Results

Estimated Hydraulic Head

A comparison of the estimated hydraulic heads in the
sand lenses from the MiHPTs and wells showed very good
accordance (Figure 4a, Table S1 and Figures S1-S7). Differ-
ences between hydraulic head estimates from the MiHPTs
compared to the wells were between —0.66% and 1.3%.

The estimated hydraulic head from the two methods
in the aquifer also compared very well. The differences
between the estimates were small and varied between —1.3%
and 0.78%. Overall, both the results from the sand lenses
and the results from the aquifer showed that the MiHPT
made a good estimate of the hydraulic head. Furthermore,
there was no trend in whether the hydraulic head from the
MiHPT was higher or lower than what was measured by
the traditional hydraulic head measurement in wells. This
indicates that it is rather a local variation in the head than
any uncertainty in the method causing differences in mea-
surements.

The biggest difference in hydraulic head estimates in
the sand lens was observed in sand lens unit 1 (Figure 4a
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mated from the MiHPT logs and well. The negative values for the vertical hydraulic gradient indicate an overall downward vertical

hydraulic gradient.

and Figures S1-S3). Here, the measured hydraulic head in
the wells showed a slightly lower hydraulic head than the
three MiHPT logs. This is a unit with a relatively large spa-
tial volume (see Figure 1) where the geology is less well-
known than for the other units. Therefore, differences in
the hydraulic heads could imply that the investigated sand
layer does not constitute a single sand lens but rather some
smaller disconnected sand lenses. The biggest difference
in hydraulic head estimates in the aquifer was observed in
sand lens unit 4 (Figure 4 and Figure S6). The screen was
placed in the transition zone between the clay till and the
aquifer, where permeability is not as high as in the aqui-
fer. The dissipation test was performed at the same depth
as the screen was placed, but unfortunately stable values
were not obtained, most likely causing the difference in the
hydraulic head.

Thickness of the Clay Layer

In sand lens unit 4, the difference between the thick-
ness of the clay till layer estimated from the MiHPT and
the well log (Figure S6) was very small (-2.6%). However,
the thickness of the clay till was overall the parameter that
differed the most in the comparison between MiHPT esti-
mates and the well logs. The differences between the two
methods were between —79% and 64%, and hence there was
no trend in whether the MiHPT yielded a thicker or a thin-
ner layer of clay till than the bore log of the well, which once
again indicated no systematic difference between the meth-
ods. The thickness of the clay till is determined in different
ways in the two methods: From the nested wells, geologic
interfaces are estimated while drilling and the soil sam-
ples subsequently geologically evaluated. Whereas, for the
MiHPT, it is determined from depth discrete logs of subsur-
face permeability and hydraulic properties. The interpreted
thickness of the clay till therefore differed somewhat due to
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differences in the methods. This results in some discrepan-
cies in the calculated vertical hydraulic gradient, as shown
in the section “Comparison of vertical hydraulic gradient
estimates using the two methods”.

The largest differences were seen in sand lens units 3
and 5 (Figures S5 and S7, respectively). In both cases, the
thickness estimated from the MiHPT was smaller than from
the well logs. The detailing of the bore log in sand lens unit
3 was sparse. The thickness of the clay layer from one of the
bore logs located in sand lens unit 5 was found to be very het-
erogeneous and consisting of clay and silt, which resulted in
a larger thickness than found with MiHPT. Observations of
the lithology in bore logs can vary according to the person
describing the sediment as well as the recovery of the soil
on the auger. Furthermore, drilling makes the sample inter-
val more uncertain than for the MiHPT. The thickness of the
clay till from the MiHPT is dependent on how the logs are
interpreted. For instance, the chosen corrected HPT pres-
sure at which you would expect clay materials, or whether
the EC has been used to back up the estimated thickness
of the clay till. However, the data from the MiHPT is more
discretized than the samples from the bore logs.

The observed differences did not indicate a system-
atic divergence between the methods, as they showed both
higher and lower estimates from the MiHPT than from the
well; therefore, these differences were mainly due to local
geological spatial variations and as mentioned before, the
interpretation of the MiHPT logs and the bore logs.

Comparison of Vertical Hydraulic Gradient Estimates
Using the Two Methods

The resulting vertical hydraulic gradients (Figure 4b)
showed good agreement between the two methods. The
difference between the estimates was between —49% and
58%. There was no pattern in whether the use of the MiHPT
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resulted in a higher or a lower vertical hydraulic gradient
than the wells. The highest difference was seen in sand lens
unit 3, which also had the highest difference in the thickness
of clay till estimated from the two methods. Another dif-
ference was found in sand lens unit 1, which covers a large
area. The large variation in both the hydraulic head and the
vertical hydraulic gradient could imply that there is more
than one sand lens in unit 1. It was determined that the high-
est gradient observed at the site is related to the thinnest
separating clay unit.

Estimated Cost of the Additional Dissipation Tests
and Materials

The time spent to perform the additional dissipation tests
required to evaluate the vertical hydraulic gradient at the field
site was 76min in total for four of the MiHPT logs (H18-
H21), i.e. an average of 19 min per MiHPT log (Table 1). This
resulted in an added cost of 39 USD (Danish price level), or
an increase of 48%, when only considering the time spent on
the dissipation tests. Taking into account the cost of the logs
(the drilling and dissipation tests), the cost increase was only
3% for the total field work required for the four MiHPT logs,
which took place over 3 days. This corresponds to an increase
of the daily workload of 25 min for the drilling team. It should
be noted that this added cost is without desktop time for inter-
pretation however, this part is difficult to calculate as the new
data also allows for estimation of the vertical CMD, which
could not be determined properly without this information
(see Discussion section). The time required for the dissipation
test will be dependent on the soil permeability.

Discussion
Vertical Hydraulic Gradient Measurements

The results showed that the vertical hydraulic gradient
can be determined with reasonable confidence in a clay till
setting, using MiHPT and nested wells, respectively. Verti-
cal hydraulic gradient estimation is relevant not only for clay
till sites, but also in general for low-permeability aquitards.

Table 1

Time and Cost of Performing One MiHPT Log, with
and without the Focus on Estimating the Vertical

Hydraulic Gradient
Dissipa-  Time Spent Dissi-  Total, Drill-
tion Tests on Dissipation pation ing+ Dissi-
Needed Tests (min) Tests pation Test
Regular 4 tests 27 82 USD 1518 USD
MiHPT
Vertical 6 tests 46 121USD 1558 USD
hydraulic
gradient
MiHPT
Additional 2 tests 19 48% 3%
test, time
and cost

Note: The estimate is based on an average of four of the MiHPT logs from the field
site (H18-H21), taken over 3 days.
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Baiocchi et al. (2013) simulated a hydrogeological system
from Cimino-Vico (Italy), consisting of two aquifers sepa-
rated by an aquitard (vulcanite and flysch). They found that
the vertical hydraulic conductivity and thickness of the
aquitard, and hence the vertical hydraulic gradient, were the
main drivers of the interaction between the two aquifers.
Cherry et al. (2006) and Meyer et al. (2008) discussed the
use of detailed head profiles to locate contrasting hydraulic
conductivity units and where aquitards are fractured or dis-
connected. The combination of the HPT pressure log and
the dissipation test (i.e., hydraulic head measure) from the
MiHPT offers the opportunity to generate continuous verti-
cal profiles of permeability and hydraulic head both within
and across an aquitard. Therefore, it is possible to use the
MiHPT to evaluate the plausible path for water flow and
contaminant transport within an aquitard. Hart et al. (2008)
suggest that the best location for measuring the vertical
hydraulic gradient is in the layer boundary, which can be
difficult to determine beforehand when installing nested
wells. Due to the uncertainty regarding the recovery of the
soil on the auger, the exact location of the boundary layer
between two units can be difficult to determine as precisely
during drilling as is possible with the MiHPT. Further-
more, the screens in the nested wells give an average of the
hydraulic head across the screen length, and therefore not
the actual hydraulic head in the boundary layer. The perme-
ability reading from the MiHPT can be helpful in investi-
gating the optimal placement of the dissipation tests, but
moreover, utilizing the MiHPT as described in this paper
is also applicable when investigating the vertical hydraulic
gradient within an aquifer.

Application of the Vertical Hydraulic Gradient for CMD
Estimates

At a contaminated site, both vertical and horizon-
tal CMDs are widely used measures to perform a risk
assessment. Vertical CMD is used to describe how much
contamination is leaching from the source zone into the
underlying aquifer (contaminant mass/time), and most
often, it is described as (3) (e.g., Locatelli et al. 2019):

CMD, =CxAxI )

where CMD  is vertical CMD, C is concentration (con-
taminant mass/volume), A is area (distance squared), and
1 is infiltration (distance/time), the latter of which is often
determined at a regional scale, whereas both area and con-
centration are given for a specific site. In some instances,
infiltration can be difficult to justify, due to paved areas
and buildings on the surface and preferential pathways
in the subsurface. In order for all three parameters to be
site-specific, infiltration can be substituted by the verti-
cal hydraulic gradient and vertical hydraulic conductivity,
which will result in (4):

CMD, =CxAxK, xi, “)

where K is vertical hydraulic conductivity (length/time).
The vertical hydraulic gradient can be determined for the
site by using the MiHPT tool as described in this paper.
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For the field site used in this study, elaborate field
investigations and modeling of the site show a site-specific
vertical hydraulic conductivity of the clay till between
6.1x 107 m/s and 8.2x 10~ m/s. Other field and modeling
studies of Danish clay tills have shown vertical hydraulic
conductivities ranging between 1.2x 107 and 1.5x 10~ m/s
(Nilsson et al. 2001; Jgrgensen et al. 2002, 2004; Mosthaf
et al. 2020), which places the vertical hydraulic conductivity
for this specific site in the low range.

Applying site-specific information of the source area, as
well as concentrations therein and averaged estimated verti-
cal hydraulic gradient found in this paper (440 m?, 3000 pg/L
and 0.44, respectively), the resulting vertical CMD of TCE
from the clay till into the aquifer is between 112 and 149 g/
year. This compares well with the initial site investigation
estimating a vertical CMD of 27-202 g/year (NIRAS 2019).

MiHPT and Nested Wells as Tools for Site Investigations

Using the MiHPT as a tool with a focus on obtaining
information about the vertical hydraulic gradient will pro-
vide the risk assessment of a contaminated site with crucial
data. In addition, a variety of depth discrete information can
be collected, including: Subsurface permeability, an estimate
of hydraulic conductivity, and the distribution of contami-
nants at depth. Furthermore, the correlation of geological
units can be done with a higher degree of certainty com-
pared to the subjective geologically interpreted bore logs.
However, some knowledge of the local geology is needed, as
the MiHPT probe does not provide aquitard/aquifer material
for geological description. With the MiHPT, it is possible
to obtain information on variations in the vertical hydraulic
gradient across a site with multiple different embedded sand
lenses in clay till, as well as depth discrete information on
the relative contaminant level and permeability of the sub-
surface. The pressure measurements for the MiHPT log are
performed with the use of a pressure transducer. A calibrated
transducer typically has an accuracy of +7 kPa or £0.07m
of water under static conditions. Applying this accuracy to
the sand lens unit with the highest difference between the
MiHPT and well measurements (sand lens unit 1), results in
an increased difference between the methods from 1.3% to
1.5%. This is acceptable taking the uncertainty of the esti-
mate of the clay layer thickness into account. The disadvan-
tage of the MiHPT is that it is not a permanent installation,
and therefore it is not possible to investigate changes in the
relative contaminant levels and vertical hydraulic gradients
over time at the same point.

The use of other direct push probes can also provide
information on the vertical hydraulic gradient, as long as the
probe shows subsurface permeability (e.g., corrected HPT
pressure), the EC signal, and is able to perform a dissipation
test or in other ways determining the hydraulic head. Such a
probe could be: the combined HPT-GWS or Waterloo APS,
which both allows for groundwater sampling in the high
permeable layers of the aquifer, or simply the HPT or CPT.

An advantage of the nested well is the ability to monitor
changes in both contamination and the hydraulic head over
time. In addition, information from soil samples is obtained
when drilling is carried out. The disadvantage of the nested
well is that information is only available for the specific
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depths and lengths of the screens installed (low discretiza-
tion and integrated measurements over the screen length).
Overall, the two methods are useful at different times
during a site investigation. The MiHPT can be used as a
screening tool to do an initial investigation at a contami-
nated site in respect to which further site investigations are
needed as well as the placement of these. The logs from the
MiHPT can be used to assist in the placement of the nested
wells or other permanent monitoring systems such as mul-
tilevel systems. Furthermore, the MiHPT logs can be used
to determine whether or not these monitoring systems are
even needed for further investigation of the site in question.

Conclusion

This field study investigated the possibility of estimating
the vertical hydraulic gradient between two aquifers sepa-
rated by a low-permeability layer such as clay till, using the
MiHPT tool. A comparison between the MiHPT and nested
wells paired in five different sand lens units showed very
good accordance between the two approaches. Hence, it is
possible to investigate the relative contaminant level, the
hydrogeology of the subsurface, and the vertical hydraulic
gradient, using the MiHPT. The daily added workload in the
field for investigating the vertical hydraulic gradient in our
case was 25 min, but this would of course vary depending on
the permeability of the soil and aquifer material in question.

It is expected that the results shown in this paper will
also apply to complex unconsolidated geologies other than
clay tills, as well as open up the possibility of obtaining
vertical hydraulic gradients within aquifers. The cost is
expected to be less for a less complex geology, as this would
most likely require fewer dissipation tests.

This study advocates for the use of the vertical hydraulic
gradient combined with vertical hydraulic conductivity, in
order to estimate the vertical CMD from the source zone
into an underlying aquifer. Both the MiHPT and the nested
well offer the ability to obtain vertical hydraulic gradients.
Using the MiHPT, with a focus on the vertical hydraulic
gradient, as a screening tool, supplemented with nested
wells and/or other field methods to quantify the specific
contaminant concentrations at a site, allows for a better risk
assessment.

Supporting Information

Additional Supporting Information may be found in the
online version of this article. Supporting Information is gen-
erally not peer reviewed.

Figure S1: Illustration of the parameters used to esti-
mate the vertical hydraulic gradient for the MiHPT log
and two wells. The two graphs to the left are EC and cor-
rected HPT pressure. The third graph is the hydraulic head
for the MiHPT log (H23), well W06 (black) and well W20
(blue), where the vertical line indicates screen placement
and length. The blue triangles are the dissipation test used
to estimate the vertical hydraulic gradient. The bore logs of
the wells are shown to the right. The illustration shows the
results for sand lens unit number 1 (see Figure 2).
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Figure S2: Illustration of the parameters used to esti-
mate the vertical hydraulic gradient for the MiHPT log
and two wells. The two graphs to the left are EC and cor-
rected HPT pressure. The third graph is the hydraulic head
for the MiHPT log (H22), well W06 (black) and well W20
(blue), where the vertical line indicates screen placement
and length. The blue triangles are the dissipation test used
to estimate the vertical hydraulic gradient. The bore logs of
the wells are shown to the right. The illustration shows the
results for sand lens unit number 1 (see Figure 2).

Figure S3: Illustration of the parameters used to esti-
mate the vertical hydraulic gradient for the MiHPT log
and two wells. The two graphs to the left are EC and cor-
rected HPT pressure. The third graph is the hydraulic head
for the MiHPT log (H25), well W06 (black) and well W20
(blue), where the vertical line indicates screen placement
and length. The blue triangles are the dissipation test used
to estimate the vertical hydraulic gradient. The bore logs of
the wells are shown to the right. The illustration shows the
results for sand lens unit number 1 (see Figure 2).

Figure S4: Illustration of the parameters used to estimate
the vertical hydraulic gradient for the MiHPT log and well.
The two graphs to the left are EC and corrected HPT pres-
sure. The third graph is the hydraulic head for the MiHPT
log (H21) and well W08, where the vertical line indicates
screen placement and length. The blue triangles are the dis-
sipation test used to estimate the vertical hydraulic gradient.
The bore log of the well is shown to the right. The illus-
tration shows the results for sand lens unit number 2 (see
Figure 2).

Figure S5: Illustration of the parameters used to esti-
mate the vertical hydraulic gradient for the MiHPT log
and well. The two graphs to the left are EC and corrected
HPT pressure. The third graph is the hydraulic head for the
MiHPT log (H20) and well W11, where the vertical line
indicates screen placement and length. The blue triangles
are the dissipation test used to estimate the vertical hydrau-
lic gradient. The bore log of the well is shown to the right.
The illustration shows the results for sand lens unit number
3 (see Figure 2).

Figure S6: Illustration of the parameters used to estimate
the vertical hydraulic gradient for the MiHPT log and well.
The two graphs to the left are EC and corrected HPT pres-
sure. The third graph is the hydraulic head for the MiHPT
log (H18) and well W13, where the vertical line indicates
screen placement and length. The blue triangles are the dis-
sipation test used to estimate the vertical hydraulic gradient.
The bore log of the well is shown to the right. The illus-
tration shows the results for sand lens unit number 4 (see
Figure 2).

Figure S7: Illustration of the parameters used to esti-
mate the vertical hydraulic gradient for the MiHPT log
and two wells. The two graphs to the left are EC and cor-
rected HPT pressure. The third graph is the hydraulic head
for the MiHPT log (H19), well W02 (black) and well W18
(blue), where the vertical line indicates screen placement
and length. The blue triangles are the dissipation test used
to estimate the vertical hydraulic gradient. The bore logs of
the wells are shown to the right. The illustration shows the
results for sand lens unit number 5 (see Figure 2).
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Table S1: The difference in estimate of hydraulic head,
thickness of clay layer and vertical hydraulic gradient.
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497  Supporting Information:

498 Table S1
499 The difference in estimate of hydraulic head, thickness of clay layer and vertical hydraulic
500 gradient.
Sand lens unit # Hydraulic head Thickness of clay layer Vertical hydraulic
Sand lens  Aquifer gradient

1 1.3% 0.48 % 64 % -49 %

2 -010%  -0.35% 50 % -38 %

3 -0.66 %*  0.03 % -79 % 58 %*

4 067% -1.25% -2.6 % 33 %

5 0.50 % 0.78 % -14 % 27 %

501  *the screen located in the sand lens in the two relevant wells were dry at the time of the fieldwork.
502  The hydraulic head in the sand lens has therefore been set to be equal the bottom of the lower of the
503  two screens. The calculations show the difference from the MiHPT compared to that of the wells
504  for each of the five sand lens units. As some units have more than one of each measurement per
505  method, the stated value is the largest difference within the sand lens unit. A negative value is

506  showing that the estimate from the MiHPT is smaller than that of the well.
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Figure S1: lllustration of the parameters used to estimate the vertical hydraulic gradient for
the MiHPT log and two wells. The two graphs to the left are EC and corrected HPT pressure.
The third graph is the hydraulic head for the MiHPT log (H23), well W06 (black) and well
W20 (blue), where the vertical line indicates screen placement and length. The blue triangles
are the dissipation test used to estimate the vertical hydraulic gradient. The bore logs of the
wells are shown to the right. The illustration shows the results for sand lens unit number 1

(see Figure 2).
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Figure S2: lllustration of the parameters used to estimate the vertical hydraulic gradient for
the MiHPT log and two wells. The two graphs to the left are EC and corrected HPT pressure.
The third graph is the hydraulic head for the MiHPT log (H22), well W06 (black) and well
W20 (blue), where the vertical line indicates screen placement and length. The blue triangles
are the dissipation test used to estimate the vertical hydraulic gradient. The bore logs of the
wells are shown to the right. The illustration shows the results for sand lens unit number 1

(see Figure 2).
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Figure S3: Illustration of the parameters used to estimate the vertical hydraulic gradient for
the MiHPT log and two wells. The two graphs to the left are EC and corrected HPT pressure.
The third graph is the hydraulic head for the MiHPT log (H25), well W06 (black) and well
W20 (blue), where the vertical line indicates screen placement and length. The blue triangles
are the dissipation test used to estimate the vertical hydraulic gradient. The bore logs of the
wells are shown to the right. The illustration shows the results for sand lens unit number 1

(see Figure 2).
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Figure S4: lllustration of the parameters used to estimate the vertical hydraulic gradient for
the MiHPT log and well. The two graphs to the left are EC and corrected HPT pressure. The
third graph is the hydraulic head for the MiHPT log (H21) and well W08, where the vertical
line indicates screen placement and length. The blue triangles are the dissipation test used to
estimate the vertical hydraulic gradient. The bore log of the well is shown to the right. The

illustration shows the results for sand lens unit number 2 (see Figure 2).
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Figure S5: lllustration of the parameters used to estimate the vertical hydraulic gradient for
the MiHPT log and well. The two graphs to the left are EC and corrected HPT pressure. The
third graph is the hydraulic head for the MiHPT log (H20) and well W11, where the vertical
line indicates screen placement and length. The blue triangles are the dissipation test used to
estimate the vertical hydraulic gradient. The bore log of the well is shown to the right. The

illustration shows the results for sand lens unit number 3 (see Figure 2).
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Figure S6: Illustration of the parameters used to estimate the vertical hydraulic gradient for
the MiHPT log and well. The two graphs to the left are EC and corrected HPT pressure. The
third graph is the hydraulic head for the MiHPT log (H18) and well W13, where the vertical
line indicates screen placement and length. The blue triangles are the dissipation test used to
estimate the vertical hydraulic gradient. The bore log of the well is shown to the right. The

illustration shows the results for sand lens unit number 4 (see Figure 2).
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Figure S7: lllustration of the parameters used to estimate the vertical hydraulic gradient for
the MiHPT log and two wells. The two graphs to the left are EC and corrected HPT pressure.
The third graph is the hydraulic head for the MiHPT log (H19), well W02 (black) and well
W18 (blue), where the vertical line indicates screen placement and length. The blue triangles
are the dissipation test used to estimate the vertical hydraulic gradient. The bore logs of the
wells are shown to the right. The illustration shows the results for sand lens unit number 5

(see Figure 2).
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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
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E-mail address: lour@dtu.dk (L. Rosenberg).
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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; Rgnde 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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Fjordbgge 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
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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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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.

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. Honning 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, kq.

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
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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 (Tpume), maximum concentration
(Cinax) and depth from the bottom of the clay till layer
t0 Cpnax (Demax)- 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-

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

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 GSA
range
Source
Source concentration Co Yes 0.1-10 mg/L* X
Source length L Yes 5-40m X
Clay till
Infiltration rate I No 30-300 mm/year X
Vertical head gradient iy Yes 0.1-1
Vertical conductivity K, No 10°°-10""m/s
Anisotropy K,/Kp, No 0.15
clay
Porosity Nelay No 0.2-0.4 X
Longitudinal dispersivity @ clay No 0.1 m"
Vertical dispersivity @y, clay No 0.002 m*
Thickness Tetay Yes 4-10m X
Sorption coefficient kq,clay No 0-2L/kg" X
Aquifer
Horizontal head gradient in Yes 0.8-5 %o X
Horizontal conductivity Kp Yes 5.107°-1.10 ~* m/s X
Anisotropy Ky/Kp,aq No 0.15
Porosity Ngq No 0.2-0.4 X
Longitudinal dispersivity Aaq No 0.1-1 m" X
Vertical dispersivity @y,aq No 0.005-0.02 m*“ X
Sorption coefficient kgaq No 0-0.5 L/kg" X
Vertical concentration Yes
profiles

" With a kg.clay of 1 L/kg, this range equals to 0.1-10 mg/kg.

# Modified from Mosthaf et al. (2021) to be ten times higher, due to a larger
scale than their study.

® Lu et al. (2011).

¢ 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).

leFlux method is the second part, i.e. the steady state.

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:

V-(—~KVh) =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:

¢R%+ V-(¢cv) — V-(¢DerVe) = g

with porosity ¢, concentration ¢ (primary variable), retardation factor R,
seepage velocity v, effective hydrodynamic dispersion tensor Deg (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; Jprgensen et al., 2019). The model simulates both vertical
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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
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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 ;* and ¢. In this
case, u* is the mean absolute sensitivity of the evaluated output
parameter, while the standard deviation, o, 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
(Tpiume), maximum concentration (Cpnqy) and depth of the maximum
concentration (D¢yqx). 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 y* and 6, and only parameters above the third
quartile are shown with a label. The y* and o values for all parameters
can be found in SI1. When analyzing the results, the most important
value is u*, as it describes the normalized mean impact of each
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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
(u*) and standard deviation (o) 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 ¢ 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 Tpyme), has a significant influ-
ence. The depth of the maximum concentration D, is also sensitive to
groundwater flow, characterized by iy, and Kj. The GSA of CMD shows
that the low-sensitivity parameters are the porosities ngqy and ngg, the
distribution coefficient in the aquifer k4 o4 and vertical dispersivity in the
aquifer (transverse to the flow direction) @,,q4. Parameters with a small
influence on the vertical concentration profile (Tpume, Cmax and Demax)
are Co, Nclay, Mags Kd,clay> Kd,aqg and ayqq, 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
10-12m, 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 5m, 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~®m/s, which is in the lower range found at other
Danish clay till sites (Nilsson et al., 2001; Jgrgensen et al., 2002, 2004;

= Source zone
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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 kqcq =0.87L/kg and kgqq=0.22L/kg. The
maximum measured solute concentration in the source was 4900 pg/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 GWPS5 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 pg/L, 2600 pg/L and 3800 pg/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 5m to the east of GWP5. For both GWP3 and
GWPS6, 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 pg/L comparing well with the maximum measured concentration
in terms of both depth and value. The simulation of the initial source
concentration of 2600 pg/L compares well with measurements at around

Vertical concentration profile, GWP no, used in this study
Vertical concentration profile, GWP no, not used in this study
v Multilevel well

Contour line, 100 pg/L
=> General flow direction
— Longitudinal transect, A-A'
- CMD control plane (NIRAS 2019)

GWP2

|

A 48 m

1
A

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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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.

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 ug/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
GWPS5 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.

Journal of Contaminant Hydrology 252 (2023) 104121

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 (Tpiume, Cmax and D¢max) 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 @y 44, 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 Dgpqy.
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 D pqy
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 ay,qq,
only affects Tpume significantly, which means that the other two pa-
rameters describing the vertical concentration profile (Cpngx and Demax)
can still be determined with reasonable certainty. Furthermore, a,,qq
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 ay, 4q value will lead to a poor comparison. The longitudinal dis-
persivity a4 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 (nciqy, Mag, kd clay> kdag), 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 L is shown to have a significant
impact on the results of both the vertical concentration profiles (Tpune,
Cmax and D¢may) 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, L; was determined by using a
combination of soil concentrations (above 1mg TCE/kg soil), solute
concentrations from clay till (above 1000 pg 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).
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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 5m apart. This is based on
measured maximum concentrations of 915 and 2049 ug/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. K, 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 i, and K,,. If the resulting values of K,, I and i, 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

Journal of Contaminant Hydrology 252 (2023) 104121

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 (Rgnde 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
etal., 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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Supporting Information

SI1: Global sensitivity analysis

12 parameters were examined in the GSA and are shown in Table SI1. iy and Ky were not
examined as they linearly correlate with I, and the dispersivities in the clay till were also not
investigated due to the low flow conditions and the considered small scale. The dispersivities
in the clay till will therefore not have a strong influence on the output. The 12 parameters
were examined on how they influenced the output parameters: CMD, Tpiume, Cmax and Dcmax at
three different locations (below the source zone, 20 and 50 m downgradient from the source),
50 years after the spill happened. The three locations were: right below the source zone (only
relevant for CMD), 20 m and 50 m from the downgradient edge of the source. The examined
parameter ranges were those given in Table SI1. 650 runs of the model were performed (1
initial case plus 12 input parameters, run with 50 trajectories), however 78 of the runs were
deemed unsuitable for the GSA due to a low resulting CMD of less than 1 g/year assuming a
source width of 20 m (set in the same range as the limited impact category from (Newell et
al. 2011)). The low CMD could be a result of either a very slow or fast transport resulting in
the contaminant respectively not reaching or having already passed by the point of interest
after 50 years. Therefore, the results have been based on 572 model runs covering the defined
parameter space. In the GSA, the parameter space was subdivided in 50 trajectories with a
random starting point within a specified range using Latin hypercube sampling (McKay et al.

1979).

The influence of all 12 input parameters on the four output parameters is shown in Figure
SI1. Both (u*) and the standard deviation (o) are shown. In Table SI1, the effect on the
output parameters are shown for each of the input parameters. (+) indicates that the output
parameter increases (in the case of Dcmax, it means that the depth increases), (-) indicates that

the output parameter decreases and (+ —) indicates, that the output parameter can increase or



decrease. The 0 indicated for Co means that the change does not affect the output parameters
due to the fact that Co is simulated as the ratio between the concentration at a certain time and

place and initial concentration, C/Co.

Table SI1: Input parameters for the GSA and the parameter range. The four columns to the
right indicates how the output parameters (CMD, Tpiume, Cmax and Dcmax) are affected with an
increase in the input parameter in question; + indicates an increase; - indicates a decrease;
+ - indicates that it is a parameter that has a large effect on the break-through curve; and 0

indicates no effect.

Parameter Symbol Suggested value range CMD  Tpume Cmax  Demax
Source

Source concentration Co 0.1-10 mg/L + 0* 0* 0*

Source length Ls 5-40m + + + +_
Clay till

Infiltration rate 1 30 — 300 mm/year + - + +_- o+

Porosity Nelay 02-04 + + +— +

Thickness Telay 4-10m + + + +

Sorption coefficient Kd,clay 0-2L/Kkg + — + -
Aquifer

Horizontal head in 0.8 -5 %o + + - -

gradient

Horizontal conductivity K}, 5-10%—-1-10 *m/s + + — —

Porosity Nag 02-04 +— + — +_

Longitudinal QU aq 0.1—-1m + + + +

dispersivity

Vertical dispersivity Ov,aq 0.005 - 0.02 m + + — +

Sorption coefficient Kd.aq 0-0.5L/kg + — +_
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Figure SI1: Input parameters effect on three output regarding the vertical concentration
profile and the CMD estimate. The p* (green) describes the effect (high number equals high
effect) and the o (blue) describes the variability of the changes (high number equals very

varying effect on the output parameter).
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Abstract

Heterogeneous glacial deposits dominate large parts of the Northern Hemisphere. In these landscapes, high-resolution characterization of
the geology is crucial for understanding contaminant transport. Geological information is mostly obtained from multiple boreholes drilled during
a site investigation, but such point-based data alone do not always provide the required resolution to map small-scale heterogeneity between
boreholes. Crosshole ground penetrating radar (GPR) is suggested as a tool for adding credible geological information between boreholes at
contaminated site investigations in industrial sites where infrastructure, such as electrical installations, can pose a challenge to other geophysi-
cal methods. GPR data are sensitive to the dielectric permittivity and the bulk electrical conductivity, which can be related to the distribution
of water content and sand/clay occurrences. Here we present a detailed crosshole GPR dataset collected at an industrial contaminated site in
a clay till setting. The data are processed using a novel inversion approach where information on changes in the velocity and attenuation of
the radar signal are obtained independently. The GPR results are compared to borehole logs, grain size analyses, and relative permeability data
from the site. The GPR data analysis provided valuable information on the understanding of the lateral geological variability. A silt layer with
a thickness of a few decimeters, likely important for flow characterization, was confirmed and resolved by GPR data. Our findings suggest that
crosshole GPR has the potential for contributing with high-resolution geological information by filling the data gap between boreholes, thereby

becoming a relevant tool in contaminated site investigations.

Introduction

Contaminated sites worldwide pose a risk to human
health by threatening water resources, indoor environment
and through direct exposure to contaminated soil. The Euro-
pean Union estimates approximately 2.5 million potentially
contaminated sites need to be identified, investigated, and
managed. In large parts of the Northern Hemisphere, the
geology is characterized by heterogeneous glacial deposits
(McCabe 1987; Shaw 1987; Houmark-Nielsen 2010), mainly
clayey tills riddled with sand lenses of various sizes (Kessler
et al. 2012; Klint et al. 2013). Heterogeneities, such as frac-
tures and sand lenses, affect contaminant distribution and
transport in these clayey tills, due to the contrast in hydrau-
lic conductivity and biogeochemical properties (e.g., McKay

Article impact statement: Crosshole GPR is a promising tool for contaminated
site investigations as it supports more reliable interpretation of geology between
boreholes.
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et al. 1993; Jgrgensen et al. 2002; Harrington et al. 2007,
Damgaard et al. 2013). High content of sand in the clayey till
matrix also increases the hydraulic conductivity (Aamand
et al. 2022). Mapping the extent and geometry of these
sandy features, as well as the presence of continuous thick
clay layers, is critical for understanding contaminant flow
paths in the clayey till.

Information at contaminated sites is often limited to the
locations of the boreholes drilled as part of a site investiga-
tion. From such boreholes, geological logs are obtained as
well as information from soil and water samples. Addition-
ally, direct push probes provide logs on, for example, bulk
electrical conductivity and relative permeability (McCall
et al. 2014; McCall and Christy 2020; Steelman et al. 2020).
Common for all these data types is, that they provide depth-
discrete information about the vertical variability of the sub-
surface, but little information about the lateral variability,
which in practice is most often interpolated from these point
data to build the conceptual geological model.

Geophysical methods can be used to obtain information
on the subsurface variability between boreholes and have
been applied to support conceptual site model development at
contaminated sites. Hgyer et al. (2019) used surface electro-
magnetic induction (EMI) data, direct current (DC) resistivity
data, and transient electromagnetic (TEM) at a landfill situ-
ated in a clay till dominated setting. The interpretation of the
geophysical data provided valuable information that was used
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in the development of a highly detailed 3D geological model
for the area. In Maurya et al. (2018), results from an induced
polarization survey in a major contaminant plume were used
to support the geological modeling in the area. For these
surface methods, the vertical resolution inevitably decreases
with depth, and the penetration depth of, for example, sur-
face ground penetrating radar (GPR) is limited in clayey till.
Crosshole methods allow constant vertical resolution along
the borehole depth, given appropriate spaced boreholes (Day-
Lewis et al. 2005). Commonly used crosshole methods are
seismic tomography (e.g., Wang and Rao 2006), electrical
resistivity tomography (ERT) (e.g., Slater et al. 2000), and
GPR tomography (e.g., Eppstein and Dougherty 1998).

Crosshole GPR investigations use electromagnetic (EM)
pulses that are emitted from a transmitting antenna in one
borehole and recorded by a receiving antenna in a nearby
borehole. The recorded radar waveform carries a fingerprint
of the medium through which the wave has traveled, depend-
ing on the spatial distribution of the subsurface dielectri-
cal properties. The EM wave velocity can be related to the
dielectric permittivity of the subsurface, which can be trans-
lated to subsurface water content (e.g., Huisman et al. 2003).
The attenuation of the EM wave provides additional infor-
mation on the bulk electrical conductivity, which is differ-
ent for sand and clay (e.g., Reynolds 2011), and crosshole
GPR hence has the potential to distinguish between sandy
and clayey features between boreholes (Looms et al. 2018;
Jensen et al. 2022a). GPR is minimally-invasive and can
be used in already existing boreholes, and can therefore be
integrated in any ongoing site investigation. Crosshole GPR
signals are generally thought not to be adversely affected by
electrical installations at the site, which allows for the use
of GPR investigations at urban and industrial sites. Further-
more, the fast data acquisition potentially allow for practical
implementation at operational scale. Finally, the sensitiv-
ity of the GPR method is highest in the middle between
the boreholes (Day-Lewis et al. 2005), and thus contributes
with information in areas of low data density, which is an
advantage compared to standard ERT methods where the
resolution is highest close to the boreholes.

Crosshole GPR has been used for a wide range of appli-
cations, such as monitoring infiltration using time-lapse tracer
studies (e.g., Hubbard et al. 2001; Chang et al. 2006; Gueting
et al. 2017), characterizing subsurface moisture content (e.g.,
Alumbaugh et al. 2002), and for characterizing porosities in
aquifers (e.g., Klotzsche et al. 2013; Zhou et al. 2020). Until
recently, GPR was not applied in clay tills due to the attenuation
of the signal, but Looms et al. (2018) and Svendsen et al. (2023)
showed that GPR can be used in these environments, given suf-
ficiently short borehole separation up to 5 to 7m. Furthermore,
Jensen et al. (2022a), recently developed a linear inversion algo-
rithm that allows for fast interpretation of both GPR traveltime
and amplitude data, which makes the method attractive for use
as part of contaminated site investigations.

The scale of GPR investigations is limited, and the
method is hence most relevant in small-scale investigations
of, for example, a source zone at sites with highly hetero-
geneous geology, such as flow till (Klint et al. 2013), where
interpolation between boreholes meters apart can be chal-
lenging. In a subglacially weakly deformed flow till, small-
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scale sand lenses with lengths of 0.2 to 4 m and thicknesses
of 2 to 50cm have been identified (Kessler et al. 2012)
and shown to be important for contaminant transport (Kes-
sler 2012). Hydraulically important fractures most often
have apertures smaller than what can be resolved using lin-
ear inversion of GPR data, hence the application of GPR to
map hydraulically important heterogeneities is most rele-
vant in layers where sand lenses act as preferential transport
pathways as seen in, for example, Harrington et al. (2007)
or Damgaard et al. (2013).

In this study, we present the first application of the linear
inversion approach (Jensen et al. 2022a) to crosshole GPR trav-
eltime and amplitude data at an industrial contaminated site
situated in a clay till environment. The main aim is to assess
whether the application and analysis of GPR data can provide
supplementary high-resolution information on subsurface varia-
tions and delineate sandy structures, hence improve the under-
standing of the geology at the site at a small scale. Secondly, we
identify and discuss the methods’ limitations and advantages
when used in an industrial contaminated site setting.

Methods

Field Site—Contamination and Geological Setting

Field investigations were conducted at an industrial site
in Vassingergd, Denmark. The shallow geology is domi-
nated by Quaternary deposits. The glacial sediments are
composed of 30 to 35 m of sandy meltwater deposits, which
is the main aquifer in the area, overlain by 10 to 15m of clay
till with embedded sand lenses. The clay till consists of two
till units: a lower, consolidated unit (basal) and an upper, less
consolidated till unit (flow or melt-out till) (NIRAS 2019).
A transect from the geological model for the entire site is
seen in Figure 1.

The field site has previously been thoroughly investi-
gated in order to understand the spreading of an identified
TCE contamination from the source zone in the clayey till
to the underlying sand aquifer and to estimate the contami-
nant mass discharge (NIRAS 2019; Rosenberg et al. 2022,
2023). The GPR investigation in this study took place in the
suspected source zone area in the clayey till. Further details
of the site and contamination can be found in Rosenberg
et al. (2022, 2023).

Boreholes, Investigations, and Data Acquisitions
Boreholes and Data

In this study, we use the available data within the local
investigation area set in the source zone (NIRAS 2019;
Rosenberg et al. 2022) to make a more detailed local geo-
logical model (Figure 1, top). Specific borehole logs and
grain size analyses associated with boreholes B301, B302,
and B303 were included in this study, while relative perme-
ability data were obtained from MiHPT14, MiHPT15, and
MiHPT16. The locations are shown in Figure 1. Crosshole
GPR data were acquired between boreholes B302 and B303,
since the largest lateral geological variability was expected
between these two boreholes. The investigated tomographic
transect is illustrated in Figure 1 (top-right). We include
information from B301 and MiHPT14-16 in the following
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Figure 1. Upper: Overview of the field site in Vassingergd, Northern Zealand, Denmark (approximate location on map). The local
area of investigation is shown in zoomed view (top) with the colored points that are considered in this study. The tomographic tran-
sect investigated by GPR is illustrated as the green dashed line. Lower: Geological profile for transect A-A’. The transect illustrates
the general geology at the site, with sand lenses embedded in the clay till, underlain by a sandy aquifer. Transect adapted from
NIRAS (2019). The approximate locations for MiHPT logs (red) and investigation wells (blue) are projected onto the transect.

analysis to better understand the overall lateral variability
at the site. Approximate locations of boreholes B301-B303
and relative permeability logs have been projected onto the
geological profile in Figure 1.
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Data Acquisition

The relative permeability data were collected using
the Membrane Interface and Hydraulic Profiling Tool
(MiHPT), but only the HPT data will be used in this study
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as a measure for the relative permeability of the subsur-
face (McCall et al. 2014; McCall and Christy 2020).
Further details can be found in Data S1 and Rosenberg
et al. (2022).

The grain size data is based on soil samples taken during
the drilling of B301 to B303, every 0.5m from 3 m below
ground. As described by Lévy et al. (2022), the grain size
distribution was analyzed using a sieve (0.063 to 2mm) and
a laser diffractometer (0.02 to 63 pm). The soil classification
from the grain size samples follows the USDA particle size
limit classification (e.g., Gee and Bauder 1986).

Crosshole GPR data were acquired using the Pulse EKKO
system from Sensors&Software with 100 MHz omnidirec-
tional antennae and a sampling frequency of 0.2 ns. We used
a 1000V transmitter and the Ultra Receiver. The antenna
housing dimensions are 329 mm and 1.44 m long. The GPR
equipment is shown in Figure 2. The boreholes were drilled
as a part of the contaminated site investigation in 2019 and
were equipped with plastic (PEH) casing tubes with an
inner diameter of d=0.051 m. The distance between B302
and B303 was 3.81 m. Since the casing tubes were screened
at 13.0m below ground, a specially designed packer system
was installed in the boreholes to remove water from the cas-
ing tube before the GPR investigations. This was necessary,
to prevent water from affecting the propagating EM wave,
as investigated in Jensen et al. (2022b).

Zero-offset-profile (ZOP) data were collected by employ-
ing the transmitter in borehole B302 and the receiver in B303,
then moving the transmitting and receiving antenna simulta-
neously in vertical increments of 0.25m from 1.5 to 12.0m
below-ground level. The data acquisition geometry is illus-
trated in Figure 2, where the lines indicate the straight wave
paths for the propagating EM signal between a given trans-
mitter and receiver position. The ZOP data are used to obtain
a 1D profile of water content and amplitude variations along
the borehole depths. The ZOP acquisition time was 15 min.

Multi-offset-gather (MOG) data were collected by fix-
ing the transmitting antenna at one depth in B302 while
lowering the receiving antenna in vertical increments of

a.

Figure 2. Left: Photo of the field site with the GPR equipment. Antennas are laid out on ground during warm up of the equipment.
Middle: Schematic illustration of GPR transmitter and receiver boxes connected to the 100 MHz antenna https://www.sensoft.ca/
products/pulseekkopro/borehole-gpr/ (with permission from Sensors&Software). Right: Data acquisition geometry of ZOP data and
MOG data. Asterisks indicate transmitter positions and circles indicate receiver positions. The lines indicate the straight wave paths
for the propagating EM signal between a given transmitter and receiver position.

( \\ {/ \ =

0.25m along the borehole depth in B303. The data acquisi-
tion geometry for MOG measurements is illustrated in Fig-
ure 2. The receiver positions were chosen so the collected
data span +45° from horizontal relative to the transmitter
position, to avoid recording high-angle traces as they would
be discarded in the post-processing (Peterson 2001). The
transmitter was then moved 1 m down and the procedure
was repeated. When the transmitter had covered the entire
borehole depth, the receiver was moved in increments of
1 m, while the transmitter was moved in increments of
0.25m. The MOG data are used in a geophysical inversion
to estimate 2D subsurface models of water content and bulk
electrical conductivity variations along the borehole depth
and in the area between the boreholes. The MOG acquisi-
tion time was approximately 3 h.

Calibration gathers in air were acquired before and after
recording the ZOP data as well as before, between and after
each half MOG dataset, to calibrate the traveltime data for
the zero-time of emitting the radar pulse, following the pro-
cedure described in Oberrohrmann et al. (2013). The field
campaign took 1d, which included installation and testing
of the packer system, calibration gathers, ZOP and MOG
data collection, and was carried out in June 2022.

Post-Processing of GPR Data

The traveltime and amplitude data were identified
in the recorded waveform data and picked using a semi-
automated approach. The first-arrival traveltime data
were picked using cross-correlation between a reference
wavelet and the acquired waveform data (Molyneux and
Schmitt 1999; Hansen et al. 2013). The amplitude data
were picked as the peak-to-peak waveform amplitude
value in a defined window. No gain was applied to the
data. The critically refracted EM wave traveling along the
ground affected the shallower traces, and the first usable
trace was obtained 2.75m below ground. Prior to inver-
sion, the measured MOG amplitude data were corrected
for geometrical spreading of the energy, radiation patterns
of the antenna and the antenna gain effect, A,. See, for

Z0P MOG

144 m

1 2 3 o 1 2 3
Distance [m] Distance [m]
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example, Holliger et al. (2001) and Jensen et al. (2022a)
for details on amplitude corrections. Traveltime data were
time-zero corrected using the time-zero correction fac-
tor, 7y, estimated from the acquired calibration lines. We
obtained a MOG dataset of 464 traces in total. We also
investigated using a subset of this full dataset, omitting all
data from transmitter and receiver positions between 6.5
and 8.5 m below ground, resulting in a reduced dataset of
232 traces. The data geometry for the reduced dataset can
be found in Data S1.

Inversion

The corrected MOG data were used in a tomographic
geophysical inversion to obtain estimates of the 2D subsur-
face parameter distribution. The measured amplitude data
were inverted to obtain tomograms for subsurface attenu-
ation and the measured traveltime data were inverted to
obtain the subsurface slowness (inverse velocity) distribu-
tion (as described in e.g., Giroux et al. 2007). We use a
probabilistic linear inversion with a geostatistical Gauss-
ian prior model included and we account for the forward
modeling errors arising from choosing a linear scheme.
The method is described in detail by Jensen et al. (2022a).
The obtained tomograms presented here are the mean
of all the equally likely subsurface representations that
are consistent with the a priori information and the data.
These mean results are overly smooth compared to each
subsurface representation and the parameter value range
is dampened (Tarantola 2005; Hansen et al. 2008; Looms
et al. 2010). Further information on inversion parameters
can be found in Data S1.

The obtained slowness distribution, s, from traveltime
inversion can be related to the water content, 8, through
the dielectric permittivity, €, and a petrophysical rela-
tion, for example, the empirial Topp’s equation (Topp
et al. 1980):

0,=-53%x107242.92x 107 ¢,
—5.5x107* 2 +43x107° &),
where the permittivity can be estimated from g, = s>c2, and
¢ is the speed of light in vacuum (c = 0.2998 m / ns).

The obtained attenuation distribution, a, from amplitude
inversion can be related to the electrical conductivity, o,
through (e.g., Annan 2005):

#o

2
= a‘\/g’z(): 5

Z €9

o

where the dielectric permittivity, €,, is estimated from the
traveltime inversion as described above and Z, is the free
space impedance (~ 377 Q) given by the free space mag-
netic permeability, py=1.25X 10 H/m, and the permit-
tivity of free space, &, = 8.89 x 107! F/m.

Results

Existing Information
We construct a geological model for the area between the
boreholes B302-B303 from an interpretation of the existing
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geological information in the area of investigation (Figure 3,
right). Overall, we interpret two till units, consistent with the
large-scale geological model for the area (Figure 1), sepa-
rated by a silt layer at approximately 36 masl.

The silt layer is interpreted as coherent, however thin-
ning toward B302. This interpretation is mainly based on
borehole logs as the discrete grain size analyses from B302
has two silt peaks and it is difficult to verify the thinning
from the sampling distance of 0.5m intervals. The low
required pressure observed between 37 and 35masl in
HPT15 and at 36 to 37 in HPT16 is indicative of a more
permeable layer, such as silt, but this is not identified in
HPT14. Furthermore, the thickness of the silt layer appears
overestimated in the HPT15 log, compared to the borehole
and grain size logs. This could be a result of sparse fracture
networks in the transition between the upper and the lower
till units, separated by the silt layer.

Below the silt layer, the variance between the data types
(HPT logs, borehole, and grain size logs) from B301, B302,
and B303, is low, and the till unit seems more uniform later-
ally. The lower till unit is perhaps divided into an upper and
lower part, where the upper subsection above 34 masl has a
higher sand content, as identified in the grain size logs, and
the lower is more clayey. The subdivision of the lower till
unit into a sandier upper and a more clayey lower part is
not observable in the HPT logs or indicated in the borehole
logs. A transition zone toward the sandy aquifer with an
increasing amount of sand from approximately 32.5masl,
is apparent in all data types. A slight dip of the top of the
transition zone toward B303, is interpreted from grainsize
logs, and is also evident in the borehole logs.

The data from the upper till unit is inconclusive. The
grain size log from B303 suggests a more sandy till in the
entire depth interval 40 to 36 masl, which is contradictory
to HPT data that indicate a geology with higher required
pressure (lower relative permeability), that is, higher clay
content, at least in the depth interval 37 to 38masl. The
borehole log for B303 suggests an interval of more sandy
till between 37.2 to 38.8 masl.

The grain size log from B302 suggests an interval with
higher clay and silt content at approximately 37.5masl,
which is supported by the high pressures recorded in the
HPT logs in this depth interval, and a more sandy till above
38 masl. However, the borehole log does not reflect this
variation in geology. In order to synthesize a geological
model for the upper till, we mainly base our interpretation
on the grain size data, since it can be challenging to evaluate
small changes in, for example, sand content on site from a
visual and mechanical inspection of a sample.

The interpolation between B302 and B303 is challenged
by the differences in the data, which results in a highly
uncertain conceptualized geological model in the depth
interval 36.5 to 40 masl (Figure 3, right). We have included
small heterogeneities in the interpretation of the upper till to
honor this uncertainty as well as the grain size data.

GPR Results
1D Profiles (Zero-Offset-Profiling Data)

ID profiles obtained from zero-offset-profile acqui-
sition of GPR data between boreholes B302 and B303

B.B. Jensen et al.] Groundwater Monitoring & Remediation
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Figure 3. Existing information: Borehole logs for B301 to B303, grain size analyses for B301 to B303 and HPT logs from MiHPT14-
16, see Figure 1 for locations. Interpreted geological model between boreholes B302 and B303 from existing data (right).

are presented in Figure 4. The recorded waveform data
is equivalent to what can be seen in the field during data
acquisition, and contains information on (1) traveltime (x
axis), hence radar propagation velocity that can be trans-
lated to subsurface water content, as well as (2) signal
strength identified as waveform amplitude (colorscale),
hence attenuation of the radar wave, which provides addi-
tional information on subsurface bulk electrical conduc-
tivity.

The EM wave velocity, calculated by dividing the ray
path length with the time-zero corrected traveltime data, and
the picked waveform amplitude is shown in Figure 4b and
4c, respectively.

The transition from the unsaturated to the saturated
zone is seen as a substantial decrease in EM velocity (i.e.,
an increase in water content) between 40.5 and 39.5 masl
(Figure 4b). The exact location of the water table in the
formation is difficult to determine from the GPR data due
to the retention properties of the formation that create
a capillary fringe zone. The silt layer at approximately
36 masl clearly impacts the velocity data, which is low
in the layer, due to the high water-saturated porosity of
the layer. The silt layer appears to act as a low-velocity
waveguide, which traps the propagating EM wave. This
is confirmed when inspecting the raw waveform data.
Waveguide effects are seen as high-amplitude arrivals

6 BB Jensenetal] Groundwater Monitoring & Remediation

later in the signal in the waveguide depth interval (marked
in Figure 4a), as well as destructive signal interference
for receiver positions close to both the upper and lower
boundaries of the waveguide, similar to observations in
Klotzsche et al. (2012). This interference arises from dif-
ferent wavefronts arriving simultaneously at the receiver.
These depths are indicated with asterisks in Figure 4c.
The observed transition zone to the sandy aquifer is
identified from the increase in signal amplitude below
33 masl, that is, lower attenuation hence lower electrical
conductivity, which is interpreted as a decrease in clay
content. The velocity data is only affected to a lesser
degree due to lack of variation in water content. The
1D GPR data support the original geological model in
Figure 3 suggesting that the lower till unit can be sub-
divided into an upper more sandy interval and a lower,
more clayey interval. This is interpreted from a section
of higher amplitudes from just above 35masl down to
34 masl, indicating lower electrical conductivity, and
lower amplitudes around 34 to 33 masl, indicating higher
electrical conductivity. The 1D GPR data does not inform
on the uncertain interpretation of the upper till unit in the
original geological model. We observe intermediate GPR
amplitudes around 4mV at 37 masl, indicating a lower
clay content, but a predominant layer of sandier clay till
is not interpreted at this depth in the original model. The
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Figure 4. Zero-offset-profiling (ZOP) data collected between B302 and B303: (a) Recorded waveform data (radargram). Green
asterisk indicates high amplitude arrivals later in the signal. (b) EM velocity. (c) Amplitude data, obtained from the raw waveform
data. The orange asterisks marks destructive signal interference at both the upper and lower boundary of the silt layer. The ZOP
data can be considered a 1D model, representing the average subsurface between the transmitter and receiver locations.

high amplitudes above 39 masl could be caused by either
an increase in sand content, a decrease in water filled
porosity or both.

The reason that the GPR method does not show abrupt
changes is due to the sensitivity kernel of the propagat-
ing EM wave, that is, the propagating radar wave is
affected by a volume of at least 0.5m to all sides along
the travel path of the radar wave, causing a smoothing of
the recorded signal.

2D Tomograms (Multi-Offset-Gather Data)

The results from the inversion of MOG traveltime and
amplitude data collected at the field site between bore-
holes B302 and B303 are shown in Figure 5a and 5b. The
water content tomogram in Figure 5a and Sc is estimated
from the obtained slowness tomogram (not shown) and
the electrical conductivity (EC) tomogram in Figure 5b
and 5d is estimated from the obtained attenuation tomo-
gram (not shown).

We observe diagonal streaking in the EC tomogram
throughout the model area, most noticeable around 34 to
36 masl as indicated by the arrow in Figure 5b. These arti-
facts as well as the observed high contrasts in radar wave
velocity caused by the silt layer, suggests that the linear
inversion approach is challenged due to the presence of the
low-velocity waveguide.

To avoid waveguide effects caused by the silt layer, we
repeated the inversion with a reduced dataset. The water
content and EC tomograms obtained from inversion of the
reduced dataset are shown in Figure S5c and 5d, respectively.
The area with no data coverage is cross-hatched and the varia-
tions in the tomograms at these depths are only a consequence
of the chosen a priori information included in the inversion.
The diagonal streaking is greatly reduced compared to the
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full dataset tomogram and the structures recovered with the
reduced dataset now correspond to the structures in the water
content tomogram. The mean value of the water content
tomogram is slightly shifted due to the large amount of data
that are removed, but the recovered structures are consistent
with the full dataset tomogram in Figure 5a.

We base our geological interpretation of the GPR
results on the tomograms shown in Figure 5a and 5d.
Overall, the vertical variations captured in the water con-
tent tomogram, Figure 5a, correspond well with the varia-
tions observed in the 1D velocity profile in Figure 4b. The
transition from unsaturated to saturated conditions is again
observed from the water content model between 40.5 and
39.5 masl, and the silt layer is recovered and clearly delin-
eated as a layer with high water content at 36 masl. The
estimated water content ranges between approximately
0.25 and 0.35 in the clay till, and 0.40 in the silt layer. In
the saturated zone, the water content translates directly
to porosity. The added information of the 2D water con-
tent tomograms, is primarily the thinning of the silt layer
toward B302 that supports the observations in the bore-
hole logs and the suggestion of a layer with higher water
content, possibly connected, at 38.0 to 38.5 masl in B302
and at 38.5 to 39.0 masl in B303.

From the EC tomogram, Figure 5d, the subdivision of the
lower till unit is confirmed, with a coherent layer of higher
clay content (higher conductivity) at 34.3 to 33.3masl and
higher sand content (lower conductivity) above 34.3 masl.
The transition zone to the sandy aquifer is not as evident as
in the ZOP results (Figure 4). Above the silt layer, the high
EC values above 20 mS/m at 38.0 to 38.5masl in B302 and
at 38.5 to 39.0masl in B303, suggest a possibly connected
layer. Apart from this, we do not see clear structure in the
top till unit.
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Figure 5. Two-dimensional tomograms obtained from inver-
sion of Multi-Offset-Gather (MOG) data. Estimated water
content tomogram and estimated electrical conductivity (EC)
tomogram. Tomograms (a) and (b) are results from full data-
set inversion. An area with diagonal streaking artifacts is indi-
cated with the red arrow. Tomograms (b) and (c) are results
from reduced dataset inversion where data between 34.9 and
36.9 masl are omitted to avoid influence from the silt layer.

Updated Local Geological Model

An updated geological model between boreholes B302
and B303 was constructed based on the interpretation of the
1D GPR profiles as well as the 2D tomograms for water
content and electrical conductivity. The updated model is
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Figure 6. Original geological model (left) and updated concep-
tual geological model constructed on the basis of knowledge
obtained from GPR data (right).

seen alongside the original interpretation in Figure 6. The
silt layer coherency between the boreholes B302 and B303
and thinning toward B302, is confirmed from inversion of
GPR traveltime data. The subdivision of the lower till unit
is supported by the GPR amplitude data with a sandier clay
till above 34.3masl and a coherent layer of clayey till with
higher clay content between 34.3 and 33.3 masl. The origi-
nal interpretation of the transition zone below 32.5masl is
confirmed mainly by the GPR ZOP results.

In the upper till, the GPR results and the grain size data
from the boreholes do not concur, and we therefore evalu-
ate that these heterogeneities are not large enough to be
resolved by GPR data. The size of these lenses has, there-
fore, been reduced in the updated geological model.

The only exception to the above is the layer observed at
approximately 38 to 39 masl that is visible in both the water
content and the EC tomogram. Whether the increase in EC
is caused by either an increase in porosity, clay content, or
both, is difficult to determine from the GPR data. However,
the depth of this layer coincides with observations of higher
clay/silt content in the grain size analyses from both bore-
holes. We therefore interpret a possibly connected clayey
layer at this depth.
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Discussion
The Use of Crosshole GPR to Refine the Geological Model

We used the results from the GPR data analysis to
update the original interpretation of the geology and con-
nect the borehole information as the GPR data provided
valuable information on the subsurface geology between
wells and thus allowed for a robust interpretation of the
lateral connectivity. This study illustrated the added value
of obtaining both a water content and an electrical con-
ductivity tomogram. The two-dimensional water content
model provided essential information about the subsur-
face porosity, and the obtained porosity values for the clay
till are in line with reported values for clay till in Den-
mark (Aamand et al. 2022). The water content tomogram
aided the delineation of the silt layer due to its high poros-
ity, which arises from the well-sorted material. The water
content tomogram did however not inform substantially
on the geological variations of the remaining subsur-
face due to the fairly constant porosity in these areas. In
contrast, the conductivity tomogram showed larger vari-
ability in these areas, which we interpreted as a result of
variation in the clay content. Using this information, we
were able to identify a continuous section with high clay
content in the lower till unit, as well as sections less likely
to be continuous in the upper till unit.

We did, however, observe challenges with the sim-
ple inversion routine, as the high contrast in water con-
tent (i.e., in EM velocity) was not included in the prior
description and therefore caused artifacts in the conduc-
tivity tomogram (Hansen et al. 2014). To solve this, we
omitted the data most affected by waveguide effects in
the inversion. The subsurface area with no data coverage
was therefore not resolved in the conductivity tomogram,
instead, the water content tomogram informed on the
geology in this depth interval. The consistency between
the full and reduced water content tomograms implies
that the linear inversion of traveltime data is robust,
even in the presence of pronounced velocity contrasts
in the subsurface. Waveform data with late-arriving and
high-amplitude elongated wave trains occur when a low-
velocity layer is embedded in a geology with higher EM
velocity (Klotzsche et al. 2012) and the waveguide effects
therefore contain important information about the geol-
ogy. Klotzsche et al. (2013) presented an amplitude analy-
sis approach where the presence of waveguides as well as
their upper and lower boundaries can be identified from
direct analysis of the recorded waveform amplitudes, i.e.
without the need for inversion of the data. This approach
could be employed in this and future studies when low-
velocity waveguides are suspected.

The investigated area between boreholes B302 and
B303 is quite small compared to the area of the field site.
This study is intended as a pilot study, and for future appli-
cations, the possibility of larger field scale GPR investiga-
tions should be explored. For this particular site, the lateral
extension of the silt layer could be investigated across the
site since it is easily detected in the ZOP data, given that
boreholes with appropriate distances exist (up to 4 to 8m
depending on the geology). The depth of investigation is
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limited by borehole depth and the GPR cable length, which
is 30m for the equipment used in this study.

Another cross-borehole geophysical method, fre-
quently used for environmental application, is electrical
resistivity tomography (ERT), often used in combination
with induced polarization (IP). Similarly to the crosshole
GPR method, crosshole resistivity methods have been
applied for various purposes such as monitoring of in-situ
remediation (e.g., Mao et al. 2016; Bording et al. 2021;
Lévy et al. 2022) and mapping of possible contaminant
flow paths in clay till (Bording et al. 2019). As men-
tioned previously, the resolution of resistivity tomogra-
phy is, in contrast to GPR tomography, highest close to
the boreholes (Day-Lewis et al. 2005). Crosshole resis-
tivity and radar methods can therefore be used in com-
bination since they provide complementary information
for inversion and hydrogeological interpretation (e.g.,
Linde et al. 2006; Winship et al. 2006; Looms et al. 2008;
Haarder et al. 2012; Cassiani et al. 2014). The elec-
trodes used for ERT methods must be installed in spe-
cially made boreholes, and high contact resistance in the
boreholes can negatively affect the data quality (Bording
et al. 2019). While the initial installation of electrodes
may be expensive and time-consuming, ERT data can be
obtained almost autonomously after electrode installa-
tion. This allow for long-term monitoring campaigns as,
for example, Lévy et al. (2022), where 10 data acquisition
rounds were carried out over 2years to monitor spread-
ing of a remediation agent. Contrarily, crosshole GPR can
be used in existing investigation wells, which make GPR
attractive as a low-cost method to obtain additional infor-
mation in ongoing site investigations.

Method Advantages and Limitations
Antennae Separation

One limitation to consider when applying GPR at a
contaminated site is the distance between the boreholes,
since the signal is attenuated as it travels through the for-
mation. In this study we measured a sufficient signal-to-
noise level at a borehole distance of 3.81 m. Even for high
angle traces in the MOG gather where the traveled dis-
tance is at least 5.3 m, the signal was sufficient. We esti-
mate that in this type of geology, the boreholes could have
been up to 6 m apart for ZOP investigations and 4.5 m for
MOG investigations.

Water in Wells

The presence of water in the screened wells enforced
the need for installing a packer system before conducting
the GPR measurements. Dry boreholes are important for
obtaining high-resolution tomograms in the saturated zone
in clay till settings as the water downshifts the frequency
content of the traveling EM wave and therefore reduces the
possible resolution (Jensen et al. 2022b). The boreholes were
pumped dry using a packer system that was made espe-
cially for this field campaign using off-the-shelf products
and deployment was a bit tedious and time consuming. We
consider the development of a packer system that is easy
to install in existing, screened wells as an important step
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toward field scale use of GPR at contaminated sites. Alter-
natively, an additional sealed inner tube could be inserted
in the well given that the inner diameter of the well cas-
ing allows it. The antenna housing diameter is @329 mm and
the minimum recommended borehole diameter is 33 mm.
Despite this limitation, the fact that GPR can be deployed in
existing investigation wells (with non-metallic casing), is a
clear advantage.

On-Site Evaluation of Data

An advantage of the method when applied in the context
of contaminated site investigations is the fast data acquisi-
tion and the possibility to obtain information about the sub-
surface between boreholes directly in the field, by visual
inspection during data collection of one-dimensional ZOP
data. Subsequent preliminary data processing of the 1D
ZOP data can be done in 10 to 15 min.

Equipment

The GPR equipment is compact and easily transported.
It fits into the back of a standard SUV, and can be set up
in 10 to 15min (see https://youtu.be/VIDFdJBLVJ0). The
equipment can even be used indoors if required, for exam-
ple, within a storage facility.

Reproducibility

Lastly, the GPR data are consistent when measure-
ments are repeated. We evaluated the reproducibility of
GPR data by plotting overlapping data acquired from (1)
the first and (2) the second half of the MOG data acquisi-
tion against (3) the acquired ZOP data. The overlapping
data were recorded approximately 1.5h apart. The data
fell along a straight line, as expected, and a linear model
was fitted to the traveltime and amplitude data, respec-
tively. For the traveltime data fit R> = 0.994 and for the
amplitude data fit R*> =0.993. This confirms that the
acquired GPR data are reproducible and are not arbitrarily
affected by industrial installations or by small deviations
in antenna position and orientation.

Conclusions

Crosshole GPR measurements were carried out at a con-
taminated site in a clay till setting to evaluate whether the
GPR data analysis can provide valuable information about
the geology between two selected boreholes located in a
source zone. The GPR data analysis provided a strong guide
for interpretation and validation of the existing data types
(HPT data, grain size logs, borehole logs), and the analy-
sis confirmed presumptions about the continuity of struc-
tures between boreholes in the lower till unit. The GPR data
analysis resulted in a better understanding of the geological
heterogeneity in the upper till.

The original interpretation of the geology between the
boreholes was updated on the basis of the GPR results and
the uncertainty of the conceptual geological model in our
local investigation area was reduced, however not elimi-
nated. The GPR investigation conducted at this site provides
information that could be used to design a more targeted
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uncertainty analysis of the hydraulic properties of the two
till units and their impact on transport pathways.

With this pilot study, we show that the use of crosshole
GPR at contaminated sites with complex geology can pro-
vide high-resolution information about the geology between
the boreholes. The fast data acquisition and the novel effi-
cient data processing make GPR investigations attractive to
use as a low-cost additional source of information in ongo-
ing contaminated sites investigations. Furthermore, GPR
can be used at industrial and urban sites where infrastruc-
ture, such as pipes and electrical installations, can pose a
challenge to other geophysical methods.

A pilot study like this could be extended by upscaling
of the GPR method and the results could, as a logical next
step, be related to contaminant transport at clayey till sites.
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e 3D solute transport modeling of comprehensive field data covering a chlorinated ethene
contamination source in a clayey till and the plume

e Vertical concentration profiles and modeling quantify contaminant mass discharge,
infiltration rate, and vertical hydraulic conductivity

e Contaminant leaching from a clayey till with or without fractures causes very different
evolution of the plume in the underlying aquifer
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Abstract (max 250 words)

Point sources with contaminants, such as chlorinated solvents or pesticides, are often located in
low-permeability aquitards, where they can act as long-term sources and threaten underlying
groundwater resources. We demonstrate the use of a 3D numerical model integrating
hydrogeological and contamination data to determine the contaminant mass discharge (CMD)
from a point source in a clayey-till aquitard. The quantitative determination is facilitated by
model calibration to high-resolution vertical concentration profiles obtained by advanced direct-
push sampling techniques in the aquifer downgradient of the chlorinated solvent source zone.
The concentration profiles showed a characteristic plume sinking with distance from the source
caused by the interplay between infiltrating water and horizontal groundwater flow. The
combination of 3D solute transport modeling and high-resolution data was utilized to interpret
measurements and determine the infiltration rate, hydraulic conductivity in the clayey till, and,
ultimately, the CMD. The model could consistently reproduce the plume sinking with distance
from the source. Different source zone conceptualizations demonstrated the effects of fractures
and sorption in the source zone on the CMD and the temporal development of the contamination
in the aquifer. The presence of fractures in the aquitard had a minor influence on the currently
determined CMD. Still, a thorough characterization of the source zone conditions is key for
shedding light on the probable future development of the contamination.

1 Introduction

Clean groundwater is a scarce resource in many places worldwide. It is under pressure
from overexploitation and ubiquitous contamination from diffuse sources and point sources of
organic and inorganic pollutants. Contaminated sites with point sources of dissolved pollutants
originating from spills or industrial activity can be found all over the world and pose a severe
threat to the quality of groundwater resources. Often, dissolved contaminants are stored and
leach slowly from low-permeability soils (aquitards) like clayey tills due to sorption, slow
advective transport, and matrix diffusion into less conductive zones. These processes can lead to
a long-term contaminant release to an adjacent aquifer (Chambon et al., 2010; Chapman &
Parker, 2005; Falta, 2005; Muniruzzaman & Rolle, 2021) and pose substantial mass-transfer
limitations for remedial actions at contaminated sites (Seyedabbasi et al., 2012). Hydrogeological
settings with an aquitard overlying an aquifer are widespread in many countries in the northern
hemisphere, e.g., in Canada, China, Denmark, Italy, Poland, USA (Chapman et al., 2018;
Filippini et al., 2020; Harrison et al., 1992; Klint et al., 2013; Szymkiewicz et al., 2019; Young et
al., 2019).

Solute transport models are valuable tools for studying contaminant transport processes
in the subsurface from point sources. They have been applied in 1D, 2D, or even 3D to a
multitude of subsurface contamination applications, such as leaching from a NAPL source zone
(Basu et al., 2008; L. Yang et al., 2018), sorption and degradation (Hgjberg et al., 2005;
Prommer et al., 2006) and geochemical reactions in aquifers (Kruisdijk & van Breukelen, 2021;
Muniruzzaman & Rolle, 2019). Of particular interest for this paper, Chapman & Parker (2005)
simulated concentration profiles of a dissolved chlorinated ethene DNAPL source. The focus
was on contaminant back-diffusion from an underlying aquitard to the aquifer. Prommer et al.
(2006, 2009) applied a 2D reactive transport model to interpret BTEX and PAH degradation in a
plume combining modeling and vertical concentration profile data from downgradient of the
source zone. They considered an immobile NAPL source in the aquifer with mass transfer to the
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aqueous phase. The studies mentioned above reported on either the source zone or the plume, did
not consider the interplay between aquitard and underlying aquifer, did not encompass fractures
in the aquitard, and were typically in 2D.

The further advancement of computer technologies and modeling tools increasingly
permitted to study flow and transport processes in all three dimensions. Already in 1987 Burnett
and Frind (1987) pointed out the importance of studying point sources in 3D. Parker & Park
(2004) used a heterogeneous 3D percolation model to simulate the development of a DNAPL
spill in the source zone. Recently, Parker et al. (2022) simulated a field experiment to determine
effective diffusion coefficients of chlorohydrocarbons in natural clays, and Yang et al. (2022)
investigated the effect of permeable reactive barriers on groundwater flow and contaminant
transport using 3D numerical models. None of these studies has applied a 3D transport model in
combination with depth-discrete contaminant concentration profiles to determine the
contaminant mass discharge (CMD) from a point source, focusing on both the source zone in an
aquitard and the plume in the aquifer.

The hydraulic conditions in the source zone have a crucial influence on the contaminant
spreading in the aquifer (Gueting & Englert, 2013). Low-permeability soils like clayey tills are
often heterogeneous and may contain hydraulically active fractures (Fredericia, 1990; Jargensen,
Helstrup, et al., 2004; Kessler et al., 2012; Mckay & Fredericia, 1995) that can act as preferential
transport pathways for contaminants. Numerical models can account for fractures in different
ways, either in a volume-averaged manner (e.g., dual-continuum models) or resolving them as
discrete features (Berkowitz, 2002; Berre et al., 2019; Flemisch et al., 2017; Helmke et al.,
2005). Discrete fracture-matrix (DFM) models include fractures as geometric entities embedded
in the matrix domain and have been widely used to simulate flow and transport in fractured
porous media (Blessent et al., 2014; Hu et al., 2022; Mosthaf et al., 2021; Therrien & Sudicky,
1996). Such models can be used for a detailed representation of flow and transport in fractured
soils, as they simulate the processes in both fractures and matrix and account for the mutual
exchange fluxes. In DFM models, the cubic law (Snow, 1969; Witherspoon et al., 1980) is
typically used to describe the relation between fracture hydraulic aperture and fracture hydraulic
conductivity and, thus, flux in the fracture.

The CMD from a contaminant source is useful for assessing the risk a contaminated site
poses to the groundwater (Horst et al., 2021). Several methods to determine the CMD have been
proposed (Einarson & Mackay, 2001; Newell et al., 2011). Usually, a transect with a series of
sampling wells is installed downgradient of the contaminant source to measure concentrations,
hydraulic head gradients, and hydraulic conductivities in a control plane (Brusseau et al., 2013;
Einarson et al., 2010; Troldborg et al., 2010), and the local fluxes are added up. Direct-push tools
like the membrane interface probe hydraulic profiling tool, MiHPT (McCall & Christy, 2020),
the Waterloo™ Advanced Profiling System (APS) (Adamson et al., 2015), or the groundwater
profiler system (GWP) from Geoprobe ® can be used for a detailed shallow subsurface
characterization (e.g., in the upper 10-15 m). Such tools can provide valuable data about the
depth-discrete distribution of hydraulic properties and contaminant concentrations (McCall et al.,
2014) at a high resolution in a time-efficient manner.

The CMD from a point source strongly depends on the vertical water fluxes through the
source zone; thus, an accurate determination of the local net infiltration rate is key for
determining the CMD from an aquitard. Infiltration rates to aquitards can be determined at a
larger scale in water balance models (Cherkauer, 2004; Manghi et al., 2009). The rates can be
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highly variable in time and space (Waldowski et al., 2023). A more local determination requires
knowledge of the local hydrogeologic conditions, including the vertical hydraulic conductivity
and vertical hydraulic gradient. However, the physical testing to determine these properties in
aquitards can be challenging and take a long time due to the low hydraulic conductivity of the
aquitard and inherent heterogeneities and fractures (Chapman et al., 2018; Keller et al., 1989;
Young et al., 2021). The determination of vertical hydraulic gradients in aquitards usually
requires short well screens at different depths. Recently, Rosenberg et al. (2022) have used a
direct-push hydraulic profiling tool (McCall et al., 2014; Sale et al., 2013) instead to determine
vertical hydraulic gradients across a clayey-till layer.

The objective of this study was to demonstrate the strength and capability of a 3D
numerical solute transport model to quantitatively characterize the contaminant leaching and
spreading from a contamination source in a water-saturated, low-permeability geological layer
(aquitard) into an underlying groundwater aquifer. In particular, the study aims to (1)
demonstrate the use of a 3D solute transport model combined with depth-discrete concentration
measurements to investigate transport processes in an aquitard/aquifer system; (2) apply a 3D
model to determine CMD, as well as the relation between source concentrations, hydraulic
properties and the CMD; and (3) demonstrate the effects of the specific conceptualization of the
source zone in the aquitard (fractures, sorption properties) on the temporal development of the
contamination in the aquifer.

We applied and extended the approach presented in Rosenberg et al. (2023) to quantify
the CMD based on the measurement of vertical concentration profiles in a contaminant plume
and numerical modeling. In Rosenberg et al. (2023), 2D modeling was applied, and a screening
method was developed. Here, we included a more comprehensive set of hydrogeological and
contaminant data in a detailed 3D model encompassing both the source zone and plume in an
aquitard/aquifer system. The calibrated solute transport model was used to simultaneously
determine the infiltration rate, vertical hydraulic conductivity in the aquitard, and CMD from the
source to downgradient locations in the aquifer. The 3D model, in combination with submodels
of the source zone, also demonstrated the potential effect of fractures in the aquitard on source
depletion, plume evolution, and CMD.

2 Materials and Methods

2.1 Field site, hydrogeological and contaminant data

The extensive field and laboratory investigations of a trichloroethylene (TCE)
contaminated site located in an industrial area about 30 km north of Copenhagen, Denmark
(Figure 1a), were used as background for the 3D solute transport modeling in this study. At the
site, a Styrofoam factory hall was completed in 1971. TCE was released close to the factory hall
to the subsurface, likely caused by handling a pre-polymer containing TCE. The release resulted
in a source zone with high TCE concentrations (> 3000 pg/L) in the clayey till. It led to the
evolution of a long and relatively narrow contaminant plume in the underlying sandy aquifer
(Figure 1b-d), which passed by underneath the factory building. The handling of the pre-
polymer stopped in 1996 and the storage barrels for the pre-polymer were removed. Thus, the
period of TCE input to the subsurface was assumed to have happened over approximately 26
years (1971-1996).
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2.2 Geological and hydrogeological setting

The geological setting considered in this study consists of a clayey-till aquitard overlying
a confined sandy aquifer with strong hydraulic conductivity contrast. The thickness of the
saturated clayey-till layer is 4-5 m, while the sandy aquifer is more than 35 m thick, underlain by
a limestone aquifer. A thin sand layer and sandy inclusions can be found on top of the saturated
clayey till. In the center of the factory hall and in the source zone in front of the factory building,
multilevel wells with screens in the sand layer on top of the clayey till and in the aquifer were
used to determine vertical hydraulic gradients below and around the building. The flow field was
determined in synchronous monitoring well soundings in a larger area around the source zone.
Infiltrating water caused predominantly vertical flow in the clayey-till aquitard, while horizontal
flow prevailed in the aquifer. The average horizontal hydraulic gradient and the average flow
direction at the site were determined with the spreadsheet tool described in Devlin (2015).

The cross-section of the studied field site in the flow direction (Figure 1d, transect T1)
gives an overview of the considered geological setting, with a transition zone between clayey till
and sandy aquifer with a varying thickness of 1-2 meters. The interpretation of the geological
setting at the site was based on a rich set of measurements, including borehole logs, analysis of
soil core samples, slug tests, soil samples, and MiHPT logs (see Sl for details of the methods).
The latter include electrical conductivity (EC), photoionization detector (PID), flame ionization
detector (FID), halogen-specific detector (XSD), and HPT measurements. The MiHPT logs can
be found in the Supporting Information (SI).

2.3 Determination of hydraulic properties

The piezometric head was measured in monitoring wells at the site and a larger area
around it. The groundwater table was about 8 to 9 m below the ground surface (bgs.) in the
source zone (Figure 1d) in 2022. The temporal change of the hydraulic head was recorded with
pressure transducers, which had been installed in several monitoring wells over approximately
1.5 years. The long-term monitoring showed an annual variation of the groundwater table by
+0.25 m and a relatively stable flow direction. The vertical hydraulic gradients between sandy
inclusions/layer in the upper region of the clayey till and the aquifer and the source zone geology
have been characterized in an earlier study (Rosenberg et al., 2022). The surface sealing by the
factory building led to a lower vertical hydraulic gradient across the clayey-till aquitard (sand
lenses to aquifer) below the building than in the source zone in front of the building. The
existence of a vertical gradient below the building indicates lateral flow in the unsaturated zone
and sand layer above the clayey till.



205
206

207

209
210
211

212
213
214

Manuscript submitted to Water Resources Research

Elevation

Q
m asl. =
44 Q

43
42
41
40
39
38
37
36
35
34
33
32
31
30
29
28
27
26
25
24

NNE  (d) Transect T1 '

GWP2
GWP3
GWP6

[ Fine sand/silty sand
[—"1 Sand and gravel!
23 e Boundaries of transition zone

22
0 10 20 30 40 50 60 70 80 90

Figure 1: (a) Location of the study site. (b) and (c) Map showing the location of monitoring wells (green triangles), direct-push
GWP measurements (red dots and numbers), and the plume (black concentration contour lines for 1000, 500 and 100 pg/L). The
brown rectangle in (b) indicates the transport model domain. The dashed dark-blue line shows transect T1 in the flow direction
and transect T2 perpendicular to the flow. (d) Transect T1 with interpreted geology and TCE concentration isolines (in pg/L)
based on measurements. The approximate location of the groundwater table is shown with a blue line at 35.5 m asl. The dotted
lines show the interpreted top and the bottom of the transition layer.

The hydraulic conductivity in the aquifer was determined using falling head vacuum slug
tests (Hinsby et al., 1992). The change of the hydraulic head was measured at a high frequency
(10 Hz) in 56 well screens located primarily within the sandy aquifer. One slug test was
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conducted in the transition zone. Furthermore, grain size analysis (GSA) was conducted on 71
soil samples from below the groundwater table, representing the main hydrogeological units at
the site. Due to the low hydraulic conductivity of the clayey till, it was considered very difficult
to conduct reliable slug tests in a reasonable time frame; hence the hydraulic conductivity in this
hydrogeological unit was estimated based on the GSA. The porosities of soil samples from the
clayey till, the transition layer, and the aquifer were determined based on oven-drying of the
initially water-saturated soil samples. For a detailed description of the methods mentioned above,
see Sl.

Values considered typical for the hydraulic fracture apertures and spacings in clayey till
were selected based on a comprehensive review of glacial clayey tills from eight field sites
(Aamand et al., 2022). In the review, fractures with hydraulic apertures larger than 25 pum were
hardly observed at depths larger than 5 m bgs. The fracture spacing showed a tendency to
decrease with depth. Below 5 m bgs, fracture spacings from several cm to more than 2 m were
observed. In this study, a spacing of 0.5 m was chosen as representative spacing for connected
fractures in the upper 10 meters of a fractured glacial clayey till.

2.4 Contamination

Comprehensive site investigations were conducted involving MiHPT logs, sampling of
single- and multilevel monitoring wells, determination of pore air concentrations, and analyses of
soil samples throughout the field site. The measurements were used to determine the spatial
extent of the source, as well as to get an initial image of the vertical distribution of the
contamination. In previous site investigations, the CMD was determined with a traditional
transect method in a balance plane perpendicular to the groundwater flow approximately 50 m
downgradient of the source zone.

The source zone extent in the clayey till was determined as 20 m in the flow direction and
16 m in the transverse direction. A part of the source zone was located below the factory
building, and the plume passed by underneath the building. Peak concentrations of up to 4900
Ma/L were measured in water samples from the deeper part of the source zone. In 2021, the
concentration measurements of the pore water and soil samples did not indicate the presence of a
separate TCE phase, as the concentrations were far below TCE solubility in all measurements
(Pankow & Cherry, 1996). The contamination in the source zone and the plume consisted mainly
of TCE, and sequential degradation, potentially happening under anaerobic conditions, was
hardly observed under the redox conditions at the site (Ottosen et al., 2021). For this study, the
sum of chlorinated ethenes as TCE equivalents was used for the comparison between model
simulations and concentration data, as only very low concentrations of degradation products
were detected.

Distribution coefficients, Kq, were determined on soil samples to characterize the sorption
behavior of TCE in the different geologic units (clayey till, transition zone, and aquifer), using
linear sorption isotherms. The Kq values of TCE determined in the laboratory were considered in
the upper range compared to actual field conditions, which usually provide less contact surface
and have rate-limited mass-transfer processes between stagnant zones and zones with advective
flow (Ball & Roberts, 1991; Brusseau et al., 1989). The lowest Kq values determined in the
laboratory in each unit were used in the numerical modeling. Soil samples collected from the
source zone were analyzed for the total TCE concentration. The measured total concentrations,
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the determination of the total organic and a detailed description of the data mentioned in this
section content can be found in the SI.

2.5 Groundwater Profiler tool (GWP)

Of particular interest for this study, we performed high-resolution measurements with the
direct-push tool Groundwater Profiler (GWP, Geoprobe ®) (Dutta et al., 2021), which yielded
the concentration distribution of TCE and its degradation products at a high vertical resolution.
The profiles were obtained at seven locations (Figure 1c), aiming for five profiles at the
centerline and two at the outer edges of the plume. Four of the profiles (GWP4-GWP7) were
placed in a plane perpendicular to the flow direction, close to the downgradient transect where
the CMD had been determined with a transect method. Water samples were extracted with a
syringe pump located in the head of the probe right above the ports. The samples were analyzed
at a certified laboratory (ALS Danmark).

The combined information from the monitoring wells and the direct-push measurements
was used to create a transect in the flow direction (T1, Figure 1d). Interpreted isolines of the
sum of dissolved chlorinated concentration based on measurements in sampling wells, MiHPT
and GWP measurements are presented in top view in Figure 1b/c and in cross-section view in
Figure 1d.

3 Flow and transport modeling

A numerical 3D solute transport model was set up to simulate flow and transport in the
aquitard and aquifer. The model extends from the groundwater table (ca. 35.5 m asl, bounded by
a sandy layer on top of the clayey till in the source zone) down to a limestone layer located
below the sandy aquifer. The model was implemented in COMSOL Multiphysics v6.1
(COMSOL AB, 2022), using Darcy’s law and the transport of diluted species interfaces. The
model solved a steady-state equation for saturated groundwater flow based on the typical (time-
average) flow conditions at the site, assuming a stationary flow field. The transient solute
transport model used the flow field to calculate advective and dispersive transport.

The water fluxes were described by Darcy’s law in combination with a mass balance:

V-q=V-(-KVh) =0
with the anisotropic hydraulic conductivity tensor K and the hydraulic head h (primary variable).

Solute transport was described by a transient transport equation, which accounts for
advection, dispersion, and sorption:

dc

qu% + V- (¢pcv) =V - (¢pDegVc) =0
with the porosity ¢, the retardation factor R = 1 + p, K;/¢, the bulk density p, = (1 — ¢)ps
and the density of the dry soil material p;, the concentration of TCE equivalents ¢ (primary
variable), the distribution coefficient K; assuming linear sorption (sorbed concentration ¢, =
K, * c), the seepage velocity v = q/¢, and the effective hydrodynamic dispersion tensor D, as
defined in Burnett & Frind (1987) and assuming the tortuosity to be equal to the porosity.
Degradation was not included, and the sum of chlorinated solvents was considered, as discussed
in section 2.4.
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A first-order Finite Element method with linear shape functions on an unstructured
tetrahedral mesh was used as a discretization scheme for both flow and transport. The nonlinear
system of equations was solved with a dampened Newton algorithm and Pardiso (Bollhofer et
al., 2020) as solver for the linearized system of equations. The time discretization used variable-
order variable-step-size backward differentiation formulas to adaptively determine time-step
sizes.

3.1 Nested 3D model setup

Relatively stable flow conditions were assumed, supported by the long-term hydraulic
head monitoring at several locations within the model domain at the site. This allowed for the
delineation of the flow model domain based on observed isopotential lines and streamlines and
the use of a steady-state flow model. The focus for delineating the model domain was on
obtaining a good representation of the hydraulic gradient and the overall flow direction in the
aquifer at the location of the source zone and in the direction of the plume propagation. The 3D
flow model was approximately 550 m long, 400 m wide, and 51 m deep (Figure 2a). A nested
setup of the flow and transport domain was chosen, where a larger-scale flow model
encapsulated a smaller-scale transport model to limit the computational efforts without losing
accuracy in areas relevant to transport. The model geometry can be found in the data repository.

The vertical composition of four hydrogeological units formed the model domain: a
clayey-till aquitard layer on top, followed by a 1-3 m thick transition zone, then a sandy aquifer
layer, which is underlain by a limestone layer (Figure 2b). The transition zone was included as a
layer with interpolated top and bottom surfaces based on the geologic characterization (data from
HPT logs and borehole logs, Figure 1c). The values of the hydraulic parameters in the transition
zone were determined to be in between the ones from the two adjacent hydrogeological units.
This composed model domain is an idealized setup that does not resolve all small-scale
heterogeneities and conductivity variations in the different hydrogeological units. It represents
the strong hydraulic conductivity contrast between major hydrogeological units, particularly
between clayey-till aquitard (source zone) and aquifer.

At the top model boundary (upper bounding surface of the saturated clayey till), a
constant water flux was set to accommaodate the vertical water influxes (infiltration). As the
hydraulic head measurements had shown a stronger vertical hydraulic gradient outside the
building (0.4) than below the building (0.3), the geometry of the building was included on the
top boundary. A lower infiltration rate was set at the location of the building, calibrated to the
vertical gradients around and below the building with a ratio of the vertical water fluxes (g;,s) of
approximately 4:3 (120 and 88 mm/yr). Two fixed hydraulic head boundaries on the up- and
downgradient sides of the sandy aquifer and limestone layer established the horizontal
groundwater flow according to the local flow conditions (time-averaged horizontal hydraulic
gradient and flow direction) at the side. All other boundaries of the flow model were set to no-
flow (Figure 2c).
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Figure 2: (a) 3D model setup of the flow and transport model. (b) Simplified geological transect in the flow direction (T1, Figure
1), as used in the model. (c) top view of the 3D flow model with boundary conditions for flow. (c) Top view of the transport model
nested in the flow domain with respective boundary conditions and location of the building, source zone, and of transects.

The nested transport model domain had a length of approximately 220 m, a width of
180 m, and a depth of approximately 32 m (Figure 2d). The chlorinated solvent source (TCE
equivalents) was in a first step realized as an initial concentration distributed uniformly
throughout the thickness of the clayey-till layer (ca. 4 m) in a rectangular area of 20x16 m?
according to the observed extent of the source zone. The TCE concentration in the inflowing
water from the top boundary and the upstream side boundary was set to 0 pg/L (clean water). An
outflow condition was assigned to the downgradient boundary of the transport model, and all
other boundaries were set to no flux of TCE across these boundaries. The employed model
parameters are summarized in Table 1.

The travel time for TCE through the clayey till (both the saturated and the unsaturated
parts) until leaching from that layer to the aquifer had started was estimated based on simulations
of transport through the clayey till with a 2D submodel and a distribution coefficient of

10
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0.55 L/kg. The simulations showed a travel time of about 20 years after the likely start of the
spill of TCE in 1971 (see Fig. S1 in the SI). Thus, 1991 was used as a starting point for the
models with an initially uniform concentration distribution in the source zone throughout the
clayey till.

Table 1: Overview of model parameters in the base case with an initial concentration in the source zone.

Compartment / Parameter Symbol Value  Unit Source

Initial source concentration Co 1000°  pg/L Initial guess

Soil material density Ps 2650  kg/m® Freeze & Cherry (1979)
Source extent Ls 20x16  m? This study

Infiltration rate I 120/88 mm/yr  Calibrated

Free diffusion coefficient TCE (10°C) D 7.1-10° m?s Wilke & Chang (1955)
Aquitard (clayey till)

Vertical head gradient iv 0.4/03 m/m Measured

Vertical conductivity Ky 9.6-10° m/s Calibrated
Anisotropy KJ/Kn 0.25 Chapuis & Gill (1989)
Porosity Nelay 0.25 Measured
Longitudinal dispersivity a 0.01 m Estimate™

Transverse dispersivity a 0.002 m Estimate™

Vertical dispersivity a 0.001 m Estimate™

Thickness Telay 4-6 m Measured

Sorption coefficient TCE Kaclay 0.55  L/kg Measured

Transition zone (silty sand)

Horizontal conductivity Khn 6.9-107 m/s Measured

Anisotropy KJ/Kn 0.25 Chapuis & Gill (1989)
Porosity Ntz 0.31 Measured
Longitudinal dispersivity a 0.5 m Estimate™

Transverse dispersivity a 0.02 m Estimate™

Vertical dispersivity ay 0.005 m Estimate™

Thickness Telay 1-2 m Measured

Sorption coefficient TCE Ka.clay 0.3 L/kg Measured

Aquifer (sand)

Horizontal head gradient in 2.0 %0 Measured

Horizontal conductivity, upper Kn 3.5-10% m/s Measured

Horizontal conductivity, lower Kn 2.3-10° m/s Measured

Anisotropy K/Kn 0.25 Chapuis & Gill (1989)
Porosity Nag 0.32 Measured
Longitudinal dispersivity a 0.5 m Estimate™

Transverse dispersivity o 0.02 m Estimate™

Vertical dispersivity ay 0.005 m Estimate™

Sorption coefficient TCE Kd.aq 0.11 L/kg Measured

“The initial source concentration was readjusted according to the concentrations in the vertical profiles.

** Chosen within an interval of literature values (Chambon et al., 2010; e.g., Locatelli et al., 2019; Mosthaf et al., 2021;
Prommer et al., 2006; Schulze-Makuch, 2005).

A tetrahedral mesh was used, with a higher mesh resolution within the transport domain
than in the surrounding part of the flow domain. The hydraulic conductivity in the sandy aquifer
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was more than two orders of magnitude higher than in the clayey till. To resolve the strong
conductivity contrast and to minimize the influence of numerical dispersion, the mesh was
refined particularly at the interfaces between clayey till, transition zone, and aquifer and at the
surfaces that delineate the source zone (resolution of several cm). The mesh elements were
vertically scaled, with a ten times higher vertical mesh resolution than in the horizontal direction.
The mesh had a total of 17.6 million tetrahedral mesh elements.

3.2 Calibration of the 3D model and data integration

A series of simulations with different parameter combinations showed that the location of
the maximum concentration in the vertical profiles was mainly controlled by the interplay of the
infiltrating vertical water flux and the horizontal groundwater flow, as confirmed by a global
sensitivity analysis with a similar 2D model setup (Rosenberg et al., 2023). Determining the
vertical hydraulic conductivity in clayey tills, which restricts the water fluxes and the advective
contaminant transport, can be tedious and requires special measurement techniques (Chapman et
al., 2018; Jargensen et al., 2019; Sidle et al., 1998). The hydraulic conditions in the sandy aquifer
were considered more accessible and more accurately identifiable than in the clayey till.

Thus, the measured aquifer hydraulic conductivity and head gradient were used as fixed
values in the calibration process, whereas the vertical water fluxes through the aquitard (net
infiltration q;,, ) were used as the main calibration parameter for the 3D model (Figure 2) to
match the measured and simulated depths of the maximum concentration in the profiles. Once
the net infiltration was calibrated, an average vertical hydraulic conductivity in the clayey till
could be determined using the measured vertical hydraulic gradient.

The calibration process of the 3D flow and transport model entailed the following steps:

1. Setup of the steady-state 3D flow model, using the measured/estimated hydraulic
conductivities in all units (Table 1), the horizontal hydraulic gradient in the aquifer, and a
first realistic estimate of the infiltration rate to the clayey till (e.g., 200 mm/year)

2. Simulation of the contaminant transport and variation of infiltration rate to calibrate the
depth and the shape of the simulated concentration profiles to the measured ones

3. Calculation of the vertical hydraulic conductivity of the clayey till to match the measured
vertical hydraulic gradient across the clayey till around and below the building for the
infiltration rate determined in step 2

4. Determination of the ratio of the concentrations in the simulated and measured
concentration profiles that lead to a good fit at most profiles

5. Calculation of the initial concentration in the source zone and of the CMD by
multiplication by the ratio determined in step 4, exploiting the proportionality between
concentrations in the downgradient profiles and the initial source zone concentration

The TCE concentrations in the downgradient profiles and the rest of the plume were
linearly proportional to the average initial concentration co in the source zone. The simulated
concentrations in the profiles were based on an average initial concentration of 1000 pg/L. The
concentrations in the model could thus be multiplied by a conversion factor that gives the
relation between measured and simulated concentrations in the vertical profiles, e.g., the average
maximum concentration in the measured profile divided by co. This factor was also used to
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calculate the average initial concentration in the source zone in the clayey till at the beginning of
the leaching process and determine the CMD.

3.3 Clayey-till submodels as input functions from source and link to 3D model

3.3.1 Setup and calibration of clayey-till source submodels

A 2D submodel was developed (Figure 3) to study the possible temporal development of
the contaminant leaching using different source-zone conceptualizations with and without
fractures while limiting the computational efforts. The submodel simulated a 6 m deep and 2.5 m
wide vertical cross-section of the source zone in the aquitard (clayey till) extending from the
water table in a 1 m thick sandy layer (saturated conditions) down to 1 m below the clayey-till
bottom, with vertical transport of TCE through 4 m of clayey till. This setup was simulated with
different distribution coefficients and fracture patterns to generate contaminant input functions
for the 3D model based on the effluent concentrations at the bottom of the clayey till in the 2D
submodel. The submodel was used as a proxy for the larger source zone in the clayey till (20 m x
16 m x 4 m) and determined the input concentrations to the top boundary of the transition zone
in the larger-scale 3D model (Figure 2a/b).

Three different source-zone conceptualizations were simulated to study the influence of
the conditions in the aquitard on the CMD:

1. no fractures, variation of the distribution coefficient of TCE (0 to 0.8 L/Kkg),

2. five vertical fractures in the clayey till with uniform apertures (values of 8, 12, 15, and
18.5 um were simulated), and a distribution coefficient of 0.55 L/kg,

3. five vertical fractures in the clayey till with an aperture distribution (apertures of 20, 5,
25, 5, and 20 um), and a distribution coefficient of 0.55 L/kg.

3.3.2 Discrete fracture-matrix model (DFM) as source zone submodel

In the fractured setups, a uniform and periodic distribution of the fractures with a spacing
of 0.5 m in the source zone was assumed (Figure 3), and different aperture distributions between
0 um (no fractures) and 25 um were included, which corresponds to fracture conditions
considered typical at a depth below 5 m below ground surface (bgs.) in similar clayey tills
(Aamand et al., 2022). The inclusion of vertical fractures in the DFM submodel was used to
study their effects on the leaching from the source zone in the aquitard under the influence of
fracture transport, matrix diffusion and sorption.

For the simulation of flow in fractures, the local cubic law was used to calculate the
fracture hydraulic conductivity

K. = dfzpwg
=
12py,
and Darcy’s law was used to describe the fluxes in the discrete, lower-dimensional fractures
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with the hydraulic fracture aperture dg, the density p,, and dynamic viscosity u,, of water at
10°C (the approximate temperature of the groundwater in Denmark), the gravity constant g, and
the gradient tangential to the fracture V.

The mass balance of TCE in the fractures was implemented as in Mosthaf et al. (2021)
dc

with the retardation factor R, and the hydrodynamic dispersion coefficient in the fracture Dy.
The DFM model ensures the continuity of hydraulic heads, concentrations, and fluxes at the
fracture-matrix interface.

Contaminant input

5L J Infiltration
Unsaturated zone /
451 sand layer & & & @
aF
-
L]
3.5 * Sub model for source
3r _ : :zone in clayey till
o5l B ydrauli .
oL E .'_‘“ Transition layer
© E s =
L o= c=c(t —
15 3 ) 5
1+ <
- Groundwater flow g
0.5+ =
of - :
Larger scale 3-D aquifer MODEL )
-0.5+ 4
) Aquifer

0 2 m
TCE input function c(t)

Figure 3: Setup of the 2D DFM submodel (left) to simulate the contaminant depletion from the source in a low-permeable layer
with and without fractures. The submodel is used to create input functions for the larger-scale 3D aquifer model (simplified setup
figure on the right), in which the clayey till is replaced by the submodel input, assuming a periodic fracture system in the
aquitard.

To resolve occurring strong concentration gradients at the fracture-matrix interfaces and
matrix diffusion correctly (Weatherill et al., 2008), the mesh of the submodel was strongly
refined with a very fine boundary layer mesh next to the fractures, and at the interface to the
aquifer and the sand layer above. For each fracture aperture setup, the matrix hydraulic
conductivity was calibrated so that the average vertical hydraulic gradient across the clayey till
still matched the measured gradient when applying the same infiltration rate as in the calibrated
3D model (see SI, Table S7). This was done using an automated, derivative-free Bound
Optimization by quadratic approximation (BOBY QA) optimization algorithm. The same low
dispersivities as in the clayey till were used in this thin layer. The sandy layer ensured a correct
redistribution of the flow into the fractures and matrix in the clayey till according to the
hydraulic conductivity in the fractured scenarios. A constant influx of TCE equivalents through
the top boundary was simulated over a period of 26 years, which covers the time in which a
TCE-containing substance was handled in the Styrofoam factory. This period was followed by
clean water infiltration without further TCE input into the clayey till from the top boundary. The
development of the average concentration right below the clayey till was determined with a
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boundary probe as space-averaged concentrations relative to the input concentration at the top of
the clayey till (dimensionless), varying between 0 and 1.

3.3.3 Source submodel integration in 3D model and CMD determination

As the water-fluxes from the clayey till to the aquifer remained unchanged, the same
calibrated 3D flow model as for the simulations with an initially uniform concentration
distribution in the clayey till (Figure 2c) was used. In the transport model, the clayey-till layer
was deactivated, and the TCE input was realized by a time-dependent flux condition on the upper
boundary of the transition layer in an area corresponding to the source zone (20x16 m?), as
schematically shown in Figure 3. The flux condition applied the dimensionless input functions
from the submodels to control the TCE input to the transition layer, using a maximum input
concentration co of 1000 pg/L in the base case. The approach of integrating input functions from
a submodel to a larger scale model presumes that the flow and transport through the aquitard is
not restricted by the hydraulic conditions in the aquifer, which is justified by the given
comparably high hydraulic conductivity in the aquifer.

Again, proportionality between input concentrations and concentrations in the
downgradient profiles was exploited. The concentrations in the model domain based on a co of
1000 pg/L were, as in the case of an initially uniform distribution in the source zone before,
multiplied by a conversion factor to obtain a good match with the measured concentration values
from the vertical GWP profiles. To determine the conversion factor, the shape and maximum
concentration at the vertical concentration profiles, mainly at GWP6, were used, and the
concentration levels were calibrated to the observed ones. This allowed determining the
inflowing average source concentration and, ultimately, the CMD for the different source
conceptualizations.

4 Results

The following sections present the measured hydrogeological data and the depth-discrete
concentration profiles. The data integration into the 3D model, the model calibration, and the
determination of CMD are discussed. Furthermore, the effects of different source
conceptualizations, represented by input functions in the 3D model, on the temporal evolution of
the CMD are presented. The results are assessed together with a discussion of the combination of
high-resolution vertical concentration profiles with 3D modeling of the contaminant source zone
and plume.

4.1 Integration of hydrogeological data and concentration data in the 3D model

4.1.1 Hydraulic gradients and properties

The overall horizontal hydraulic gradient in the aquifer was evaluated at different times
in the year. It was relatively stable in a range between 1.6 and 2.4 %o with an average of 2 %0 and
a main flow direction towards the south-southwest. The 58 slug tests and 71 GSAs from the
saturated zone yielded hydraulic conductivity values, which were, based on the geological
characterization, location of the screen, and description of the soil samples, classified into three
hydrogeological units (Table 2): clayey till, transition zone, and aquifer. The hydraulic
conductivities in the aquifer were two orders of magnitude higher than in the aquitard.
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Table 2: Geometric mean (Kg) of hydraulic conductivities (K) determined by slug tests and GSA. The results are classified
according to the hydrogeological layers/intervals. The following parameters are given: the number of performed tests (Nk), the
geometric mean (Ky), the interval of the estimated hydraulic conductivity (Interval), and the variance of In(K) (o In(K)). For
some of the soil samples, the porosity was determined. The number of samples (N,), the average porosity, and the observed
porosity intervals are listed.

Method and geological unit Nk Kq K interval o In(K) Porosity
(level in m asl.) (m/s) (m/s) Ng [interval]
Slug tests

Upper aquifer (24.2-31.4) 52 3.52:10° 8.00-10°-1.30-10* 0.45
Lower aquifer (21.1-23.2) 6  2.26-10° 1.20-10°-4.11.10° 0.16

GSA

Aquifer (sand) 33  1.81.105 1.05-107-8.17-105 3.73 15 0.32[0.25-0.42]
Transition zone (silted sand) 11  6.90-107  8.22.10%-3.82-10%  3.63 12 0.31[0.27-0.37]
Sandy clayey till 27 187107 5.27-108-6.44.107 056 21 0.25[0.22-0.33]

The hydraulic conductivities determined by slug tests in the sandy aquifer were further
classified into two depth intervals, one comprising the upper 7 m of the aquifer (where the plume
mainly spread) and the other interval covering the lower part of the sandy aquifer. The geometric
mean hydraulic conductivities in the upper 7 m were slightly higher than in the lower part of the
aquifer. Despite the different determination methods, the GSA and the slug tests yielded similar
conductivities in the aquifer. The values obtained from the slug tests were used in the modeling,
as they were considered a more direct measurement under in-situ conditions, had a lower
variance, and comprised a larger sampling volume. The determined porosities (Table 2) were in
a typical range for clayey tills and sandy aquifers.

4.1.2 High-resolution vertical concentration profiles

The depth-discrete GWP sampling resulted in high-resolution vertical concentration
profiles (symbols in Figure 4a-f, see also data repository). The highest concentrations were
measured at the source zone, with concentrations up to 5500 pg/L (SP16) and 2600 pg/L (GWP).
The profiles show a downward dislocation of the maximum concentrations within the aquifer
with distance from the source zone, which can also be seen in the cross sections sown in Figure
4g. The distances of GWP2 and GWP3 from the downgradient edge of the source zone were 22
m and 37 m. GWP5 and GWP6 were in a transect perpendicular to the flow direction 48 m from
the source zone. The location of the maximum concentration shifted from about 30 m above sea
level (asl.) at GWP2 to about 28 m asl. in GWP5 and GWP6, driven by water infiltration from
the aquitard. GWP5 and GWP6 were only 6.7 m apart, and they were expected to be both in the
centerline of the plume, thus having similar concentrations. However, with around 2000 pg/L
TCE equivalents, the maximum concentration in GWP6 was about twice as high as in GWP5.
The lower concentrations in GWP5 could be caused by local heterogeneities or indicate that the
plume center was closer to GWP6.
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Despite being closer to the source zone, the concentrations measured at GWP2 were
lower than at some GWPs further downgradient of GWP2. The lower concentration can be
explained by the location of GWP2, which was not in the plume centerline. A more central
placement was impossible due to the factory building. The concentrations at the other GWPs
decreased from the source zone in the downgradient direction. The continuous decrease shows
that the source zone was not yet depleted and still actively contributed TCE to the plume. The
vertical plume extent increased with distance from the source zone from about 4 m at GWP3 to
5 m at GWP6.

4.1.3 Model calibration to vertical profiles

The 3D flow and transport model was calibrated to the observed vertical concentration
profiles from the GWP measurements, as described in Section 3.2. The match between simulated
and measured profiles in the year 2021 (when the GWP measurements were conducted) was
manually evaluated and found to compare very well for an infiltration rate of 120 mm/year
outside the building and 88 mm/year below the building. These infiltration rates led to a
consistent simulated plume depth at most vertical concentration profiles in 2021. With the
infiltration rate and vertical hydraulic gradients fixed, the average vertical hydraulic conductivity
in the clayey till could be determined as 9.6-10° m/s.

4.2 CMD determination from model simulations

Determining the CMD was the ultimate goal of the simulations and depth-discrete
concentration measurements. As the concentrations in the simulated profiles were proportional to
the initial source concentration co, the simulated concentrations were recalculated using the ratio
between measured and simulated concentrations in the vertical profiles in 2021 as a conversion
factor to obtain a consistent match at the GWPs. Initial concentrations in the source zone
between 2400 and 4300 ug/L yielded a suitable match at the six presented GWPs (Figure 4a-f).
The lowest value of 2400 pg/L led to a good fit only at GWP5, which is likely not located in the
centerline of the plume. According to visual comparison, a co of 3400 to 4300 pg/L, which is in
the range of maximum concentrations measured in the source zone in 2021, led to a good fit of
the maximum values and shapes in the other profiles. A co of 4300 pg/L was considered an upper
limit for co for the selected infiltration rate and chosen as the base case, which was used to
compare different setups in the sequel. The CMDs, obtained originally with an initial model
concentration of 1000 pg/L, were multiplied by the conversion factor of 4.3, respectively.

With uniform initial TCE concentrations in the source zone of 3400 to 4300 pg/L, a
CMD of 117 to 148 g/year was determined. This is in good agreement with a CMD estimate of
143 glyear based on the determination with a traditional transect method (NIRAS, 2019) at
transect T2 with a similar distance from the source zone as GWP5 and GWP6. The simulations
did not lead to notable TCE concentrations at GWP4, while the measurements showed low TCE
concentrations (see Sl). These can possibly be attributed to an additional contaminant source that
was detected west of the modeled source, which was not included in the model and was not
investigated further here.

The simulated temporal development of the CMD in the downgradient transect T2
(Figure 5, base case, red dashed line) showed increasing concentrations in 2002, around 31 years
after the assumed start of the TCE spill in 1971. The maximum CMD of 160 g/year occurred
after 58 years (2029), followed by a period of 40-50 years with a relatively constant discharge
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until the CMD shows a stronger decrease after about 90 years. According to the presented
simulations, the CMD would not decrease considerably until several decades after 2021.

250 F 80% flow

- — —base case

200 1 120% flow

150

CMD (g/yr)

=
(=]
o

(%4
o

Initial spreading in aquitard

2021

o
N
1
1

Time (yr)

Figure 5: Breakthrough curves at the downgradient transect T2 for the base case and the vertical and horizontal flow scaled by
80% and 120%. Time 0 corresponds to the start of the spill (1971). The vertical dashed line shows approximately the year 2021
(GWP measurements). The first 20 years of initial spreading in the clayey till were not simulated, and the simulation started with
uniformly distributed TCE in the source zone in the clayey till.

The sensitivity of the CMD to the infiltration rate and the hydraulic conductivity in the
aquifer was investigated. For this purpose, the hydraulic conductivity in the aquifer, which is
proportional to the groundwater flux, was varied by £20%. A constant ratio between infiltration
rate and horizontal groundwater flow maintained the simulated depth of the maximum
concentrations in the plume. Thus, the infiltration rate was changed at the same time as the
groundwater flux by +20% to keep the ratio between infiltrating water and horizontal
groundwater flux constant, leading to 96 mm/yr, K, ,, =2.8:10 m/s in the case of 80% flow and
144 mm/yr, Kp, 44 = 4.2:10 m/s for 120% flow. Then, the initial source concentrations were
readjusted with individual conversion factors to match the measured profiles. An initial source
zone concentration of 5600 pg/L for 80% flow and 4000 ug/L for 120% flow led to almost
identical vertical profiles as in the base case.

With 80% flow, a CMD of 87 to 116 g/yr in 2021 was determined (Figure 5), while it
was 138 to 178 g/yr with a 20 % stronger infiltration rate and groundwater flow. Thus, the
determined CMD differed by £15-25 %. The maximum concentration was reached earlier for
stronger flow (159 ug/L after 74 years with 80% flow vs. 173 ug/L after 54 years with 120%
flow). The determined CMD scaled almost linearly with the water fluxes, mainly because a
steady-state discharge had not yet been reached at transect T2 in 2021; however, the simulated
concentration profiles used to determine the conversion factors and the CMD were almost
identical. The depth of the maximum concentration and the shape of the simulated profiles
showed only very minor differences in the three scenarios. The differences in the determined
CMD would be smaller in a period with a relatively constant TCE discharge. The duration of the
TCE discharge through transect T2 was longer for the 80% flow scenario. The higher initial
source concentration co in the 80 % flow scenario compared to the base case resulted in more
contaminant mass in the system (CMD integrated over time).
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4.3 Plume evolution with different source zone conceptualizations

Contaminant input functions for the 3D model were created with the 2D submodels
described in Section 3.3, following the goal of investigating the effects of the source zone
conceptualization in the aquitard (fractures, sorption properties) on the temporal development of
the plume and CMD. The simulated concentration distributions in 2021 in the vertical clayey-till
cross sections without fractures, applying different distribution coefficients, are shown in Figure
6a. With a K; of 0.8 L/kg, which is the average value determined in laboratory experiments on
clayey till samples from the site, the TCE was in a narrow depth interval in the aquitard in 2021.
The TCE had not yet arrived at the bottom of the clayey-till layer in 2021, about 50 years after
the first release of the contaminant. Lower distribution coefficients led to a faster and deeper
migration of the TCE and spreading over a greater vertical distance in the clayey till. In the case
of no sorption (K; = 0 L/kg), the TCE had been entirely washed out from the clayey-till profile
by 2021, which is opposed to field observations.

The TCE breakthrough curves for the clayey till with different linear distribution
coefficients (Figure 6b) demonstrate the retarding effect of the sorption on the simulated
concentrations at the bottom of the clayey till. The first arrival of TCE at the clayey-till bottom
varies significantly, between 10 years for Kd =0 L/kg and 50 years for K; = 0.8 L/kg.

Kd =0.4 Kd = 0.55 Kd=0.8

(b) Inputfunctions from submodels
10 |

— PM kd0
—— PM kd0.2
~———PM kd0.4
----- PM kd0.55
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g
o PM kd0.8
04 }
- 0.2
0.0 —
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\ —— Ap=12
Ap=15
—— Ap=18.5
J ——— Ap=5-25
o
----- PM kd0.55
. e —— ]
0 2 0 2 0 2 0 2 0 2 m 100 150
| T -
0 0.2 0.4 0.6 0.8 1 C/C Time (years)

Figure 6: Concentration profiles in clayey till without fractures and different distribution coefficients in L/kg (a) and with
fractures with different hydraulic apertures in um (c) after 50 years of leaching. (b) Input functions of the concentration relative
to the input concentration on top of the clayey till from an unfractured porous medium (PM) submodel with different distribution
coefficients (Ka in L/kg), and (d) from a fractured submodel with different apertures (Ap in um). The result from the scenario
without fractures (PM kd0.55) is shown as a reference. The dashed vertical lines indicate the year 2021, about 50 years after the
spill had begun.

The concentration plots after 50 years with the different simulated fracture aperture
realizations are depicted in Figure 6¢. A constant Kq value of 0.55 L/kg and TCE input with
concentration co over 26 years were used in these simulations. Hydraulic fracture apertures of 8
and 12 um led to relatively uniform leaching through the profile and TCE transport mainly
through matrix advection, with a minor influence of the fractures on the TCE distribution. The

20



647
648
649
650
651
652
653
654

655
656
657
658
659
660
661
662
663

664
665
666
667
668

669
670
671
672
673
674
675
676

677
678
679
680
681
682
683
684
685

686
687
688
689
690

Manuscript submitted to Water Resources Research

concentration plot resembled the scenario with no fractures and a Kq value of 0.55 L/kg. At
apertures of 15 to 18.5 um, the transport was shifted more and more from the matrix towards the
fractures. Preferential flow and fracture transport gained importance, with co-occurring matrix
diffusion and slow advective transport through the matrix. The large fracture apertures of up to
25 pm in the mixed case (Ap5-25) showed the most decisive impact on the TCE transport in the
2D concentration plots. The contaminant spread quickly along the major fractures while
diffusing into the matrix, followed by back-diffusion when the concentrations in the inflowing
water decreased.

Fractures with small apertures, here smaller than 8 pm and a fracture spacing of 0.5 m,
revealed almost no effect on the TCE breakthrough curves at the bottom of the 4 m clayey-till
profile (Figure 6d) compared to the unfractured scenario. Larger fractures, however, lead to a
significantly earlier arrival and to tailing in the breakthrough curve. Note that, in contrast to the
unfractured scenarios and the scenarios with small-aperture fractures, the concentrations relative
to the input concentration co do not reach 1 for the setups with fractures larger than 8 um, i.e., the
effluent concentrations are not reaching the maximum influent concentrations. The relative
effluent concentrations smaller than 1 are due to the retarding effect of the matrix diffusion,
sorption, and slow transport through the matrix.

The input functions from the submodels were applied as a boundary condition at the top
of the transition layer in the 3D model, replacing the uniform concentration co throughout the
source zone in the clayey till. This led to a difference in the concentration profiles at GWP1 in
the source zone (Figure 7a). However, the depth and shape of the downgradient concentration
profiles did not change (GWP6, Figure 7b).

The simulated breakthrough curves (Figure 7¢) demonstrate the transient evolution of the
CMD in the downgradient transect T2 approximately 50 m from the source zone. In the
unfractured scenario, a Kq value of 0.55 L/kg led to a strong and unrealistic delay in the plume
arrival at the downgradient transect. According to the simulation, the plume would not have
arrived 50 years after the spill started. A lower distribution coefficient of 0.20 L/kg led to an
earlier arrival at T2 and a CMD comparable to the base case after 50 years with an initial
concentration in the source zone. In that case, the simulated CMD increased further in the years
after 2021.

The input from the fractured setups with relatively large apertures (18.5 pum or 5-25 pum)
led to plausible CMDs 50 years after the start of the TCE spill and to a good fit of the vertical
concentration profiles at GWP1 and GWP6 (Figure 7a and Figure 7b). The peak CMD of
160 gl/year could be observed after 45-50 years (2016-2021) using an input concentration to the
top of the submodel of 6500 pg/L. The breakthrough curves with the large apertures (5-25 pum)
show a considerable influence on the contaminant fluxes at the downgradient transect and led to
an earlier increase and a long tailing of the CMD curves. The effect of fractures with apertures
smaller than 18.5 um was not further evaluated in the 3D model, as the results would resemble
those from the model without fractures according to the input functions (Figure 6d).

The comparison of the CMD evolution in the different submodel scenarios with the setup
with an initially uniform TCE distribution (Figure 7c) showed that assuming an initially uniform
distribution of TCE throughout the depth of the clayey till would lead to a longer estimated
duration of the period with a high CMD in the downgradient transect. In the fractured scenarios,
the breakthrough curves at the downgradient transect show a long tailing. In contrast to the
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691  scenarios without fractures, the CMD after 150 years (around the year 2121) would still not be
692  close to O g/year. The value of the CMD in the year of the GWP measurements (2021) is,
693  however, in a narrow range in the different scenarios.
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696 Figure 7: Measured and simulated profiles after 50 years with an initially uniformly distributed concentration in the source zone
697 (REF) and different input functions from the fractured/non-fractured submodels at (a) GWP1 (source zone) and. (b) GWP 6. Note
698 that the simulated curves in (b) are on top of each other. (c) Evolution of the CMD at transect T2 over time in the different

699 scenarios.
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4.4 Discussion and perspectives

4.4.1 Comparison of field-derived parameters with model-calibrated parameters

This study demonstrated that the concept of calibrating a 3D numerical transport model
to high-resolution vertical concentration profiles could be successfully applied to determine
fluxes and the CMD of a dissolved chlorinated hydrocarbon plume in an aquitard/aquifer system.
We found that the interplay between vertical water fluxes through the aquitard and the horizontal
groundwater fluxes in the aquifer controlled the vertical plume dislocation, thus defining the
depth of the concentration maximum. Identifying a setup that integrated the hydrogeological data
and reproduced the plume sinking with distance from the source led to consistent results at the
locations of the vertical profiles (GWPs) and allowed for the determination of the CMD. Based
on the model and the measurements, the CMD at the considered field site to the underlying
aquifer was 117-148 g/year, which is in good agreement with the CMD determined with a
traditional transect approach (NIRAS, 2019) and in Rosenberg et al. (2023).

The most important measurements for using this concept were the horizontal conductivity
in the aquifer, the horizontal gradient in the groundwater, the source zone extent, and the high-
resolution concentration profiles downgradient of the source, as well as the geological
characterization of the site. The horizontal groundwater fluxes could be constrained by the
hydraulic gradient and the hydraulic conductivity in the aquifer, quantities that can be easier
determined than the fluxes and hydraulic properties in the clayey till.

The simultaneous variation of the infiltration rate and the hydraulic conductivity in the
aquifer by £20% led to similar profiles at the GWPs, while the determined CMD differed by
+15-25 %. An independent and reliable determination of the groundwater fluxes (hydraulic
conductivity and gradient) in the aquifer is thus crucial for a good CMD approximation using the
presented approach, particularly if the CMD is not at a steady state at the location of the CMD
evaluation. Furthermore, the shape of the simulated vertical concentration profiles can be
influenced by the vertical dispersivity in the aquifer. With low values of the transverse and
vertical dispersivities, as often determined for plumes in relatively homogeneous sandy geologies
(Cirpka et al., 2006; Garabedian & LeBlanc, 1991; Jensen et al., 1993; Prommer et al., 2006), the
influence of the vertical dispersivity on the determined CMD is considered small. This is
supported by the results of the global sensitivity analysis presented in Rosenberg et al. (2023).

We used a simplified hydrogeological setup with four uniform layers to limit
computational costs. The possible influence of thin inclusions/lenses in the clayey till was tested
(results not shown here), and it was found that isolated higher-permeability heterogeneities had a
minor effect on the vertical transport and the determined CMD. The contrast between aquitard
and aquifer was considered more influential for the contaminant leaching than the variations and
small-scale heterogeneities within the clayey till. Future studies could further explore the impact
of heterogeneous conductivity distributions in the clayey till on the contaminant leaching, similar
to L. Yang et al. (2018), who modeled heterogeneous DNAPL source zones using geostatistically
generated hydraulic permeability fields.

The model calibration with the simplified hydrogeological setup allowed for the
determination of an average vertical hydraulic conductivity of the aquitard. The hydraulic
conductivity is close to the value obtained in Rosenberg et al. (2022) and in the medium range of
hydraulic conductivities found in similar clayey tills in the literature (Chapman et al., 2018;
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Ferris et al., 2020; Fredericia, 1990; Jgrgensen et al., 2002; Jargensen, McKay, et al., 2004).
However, it is by a factor of about 20 lower than the geometric mean of the values determined by
GSA methods. GSA can be useful to determine the hydraulic properties of coarse and relatively
uniform soils like sands or gravels (Devlin, 2015) but may give poor estimates of in-situ
conditions for fine-grained, heterogeneous materials like clayey tills (Van der Kamp, 2001). A
GSA typically determines the isotropic hydraulic conductivity values for a disturbed sample and
does not account for pore connectivity, small-scale heterogeneities and fractures, and possible
anisotropy. Hydraulic tests like slug tests or pumping tests cover a larger sampling volume but
may represent more the horizontal hydraulic conductivity in the case of an application in
traditional vertical wells. In addition, the low conductivity in the aquitard may complicate
conducting slug or pumping tests (Butler, 2019). The average vertical hydraulic conductivity
determined by the model calibration is considered representative of in-situ conditions relevant to
the contaminant leaching from the aquitard.

4.4.2 Influence of fractures on contaminant transport

The model simulations without fractures and with a sorption coefficient in the clayey till
of 0.55 L/kg or higher did not reproduce the observed spreading of the TCE contamination in the
aquifer, as the contamination had just arrived at the bottom of the clayey till and not yet reached
the downgradient GWPs. This indicates that the applied sorption coefficient was too high, the
infiltration rate was too low and/or the presence of preferential flow paths like fractures or
textural heterogeneities in the aquitard. Discrete-fracture simulations with a simple fracture
geometry and constant spacing demonstrated the effects of fractures on the evolution of the
CMD. With fractures, the current distribution in the aquifer could be reproduced. The influence
of more complex fracture geometries and aperture distributions (also along a fracture) and of
macropores (Makedonska et al., 2016; Mosthaf et al., 2021; Rosenbom et al., 2009), as well as
textural heterogeneities (Kessler et al., 2013), on the leaching could be further investigated. This
was, however, outside the scope of this paper.

Moreover, the simulations in this study demonstrated that fractures in an aquitard with
small hydraulic apertures (<10-15 um) had a minor to negligible influence on the TCE
distribution and leaching from the clayey till. In contrast, larger fracture apertures showed a
substantial impact on the arrival times of TCE at the bottom of the clayey till and on the duration
of the leaching period, influenced by matrix diffusion and sorption. The study outcomes
highlight the value of developing and using advanced characterization methods to analyze the
nature of the source zone (e.g., hydraulic fracture properties, matrix hydraulic conductivity,
sorption characteristics) for a good approximation of the source depletion and the temporal
development of CMD. For the determination of the CMD in 2021 with the presented concept, the
hydraulic conditions in the source zone were, however, less influential, as the determined CMD
was the same for the different fracture scenarios and the base case without fractures.

4.4.3 Transient conditions and varying concentrations

In the presented simulations, a steady-state flow field was considered as observed
variations in the hydraulic heads were small. However, groundwater table variations can be more
pronounced and the groundwater flow direction can show spatial patterns. Such patterns could
lead to temporal variations in the contaminant input and more mixing in the aquifer, thus
widening the plume. These temporal variations were small at the considered study site, and the
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model with a steady-state flow field yielded a good agreement between simulated and measured
profiles and plume extend. Strong temporal variations of the flow field can complicate the
determination of the CMD as presented in the study, as they would require, e.g., using a transient
flow model.

The modeling used knowledge of the source location and extent and assumed uniform
concentrations in the source zone instead of a spatially variable concentration distribution. This
assumption can be justified by the age of the contamination of about 50 years, in which diffusion
has led to the spreading of the contaminant and a decrease of steep concentration gradients over
time. However, a more random distribution of the concentrations in the source zone was
observed. Therefore, a model setup with higher concentrations in the source center in the
horizontal plane and a circular source was also tested in supplementing simulations. A more
complex source concentration distribution led to only slight differences in the downgradient
vertical concentration profiles and determined CMD. A long horizontal distance compared to the
source zone extent makes the exact entry point of the contaminant from within the source zone to
the aquifer less important for the determined CMD as long as the input area and the average
source zone concentration are roughly the same. Integrating a more detailed vertical
concentration distribution in the source zone in the model could result in a more accurate
determination of the possible future development of the CMD. In this study, a uniform
contaminant source setup based on the determined source extent was considered better suited to
study the influence of the individual parameters and processes.

Despite the simplifications of the source zone and geology, the computational time and
effort to run the 3D solute transport model were high. Thus, the fit of the simulated results to the
measured vertical concentration profiles was manually evaluated. In future studies, calibration or
inverse modeling methods similar to those used in Yin et al. (2015) and Essouayed et al. (2021)
could be applied to optimize the goodness of fit and quantify uncertainties.

4.4.4 Reactive transport and application to other compounds

At the considered field site, no substantial degradation of TCE was observed. When
degradation happens, it must be included in the model to obtain realistic CMD estimates. For
TCE, sequential degradation by reductive dechlorination (Chambon et al., 2010) could be
considered under anaerobic conditions. Sequential degradation in the source zone would lead to
lower TCE concentrations and a lower CMD with time and could shorten the duration of the
contaminant leaching from the source zone. However, it would lead to increased concentrations
of the degradation products (dichloroethylene, vinyl chloride).

The presented approach can also be beneficial for investigations with substances other
than chlorinated solvents, such as BTEX/PAHs (Prommer et al., 2009), PFAS (Gerardu et al.,
2023), or pesticides (Mosthaf et al., 2021), in aquitard-aquifer systems with a similar
hydrogeological setting. For aerobically degrading compounds, aerobic degradation in the
aquifer could lead to a decrease in the concentrations at the top of the plume (in the upper areas
of the aquifer). Additionally, if unsaturated conditions are investigated, the transfer and transport
of volatile substances in the soil air must be accounted for. A mixture of simultaneously
occurring processes could, however, make it more difficult to calibrate a model and determine
the CMD in such systems.

25



828

829
830
831
832
833
834
835
836
837
838

839

840
841
842
843
844
845
846
847
848
849
850
851

852
853
854
855
856
857
858
859
860
861

862

863
864
865
866
867
868
869

Manuscript submitted to Water Resources Research

4.4.5 Final remarks

Field datasets of contaminated sites are often not as comprehensive as presented in this
study for a contaminated site, preventing the development of a complex 3D model to determine
the CMD. In cases with less data availability, the concept described in Rosenberg et al. (2023)
could be instrumental for practical application and screening purposes. It employs a simplified
2D model setup in combination with vertical concentration profiles. It also exploits the
characteristic sinking of the plume and a limited number of measurement points to obtain an
estimate of the CMD from a contaminated site in an aquitard-aquifer system. Fractures in the
aquitard, however, are not considered, so exploring the effects of fractures as done in this study
adds crucial new conceptual understanding of the leaching out of the aquitard, the corresponding
vertical profiles in the underlying aquifer and the temporal development of breakthrough curves.

5 Summary and conclusions

This work demonstrated the strength and capability of a 3D model to quantitatively
characterize the contaminant leaching and spreading from a contamination source in a water-
saturated, low-permeability geological layer (aquitard) into an underlying groundwater aquifer.
The high-resolution concentration profiles obtained from direct-push measurements revealed a
vertical dislocation of the dissolved TCE plume with distance from the source. The observed
depth-discrete concentration profiles and plume sinking could be reproduced in the model using
vertical water fluxes through the clayey till as the main calibration parameter. Based on the
calibration of the 3D model and knowledge of the average hydraulic conductivity and hydraulic
gradient in the aquifer, the CMD from the point source in the clayey-till aquitard could
successfully be determined. Additionally, the presented approach allowed for the determination
of an average vertical hydraulic conductivity and the vertical water fluxes (net infiltration) in the
clayey-till aquitard.

The results of 3D modeling integrating source input functions from a 2D submodel
demonstrated the effects of the specific conceptualization of the source zone (sorption, fractures)
on the temporal development of the TCE leaching in the aquifer. The differences in CMD
determined for the year of the measurements (2021) were small for the tested source
conceptualizations. However, different sorption properties in the source zone and fractures with
hydraulic apertures larger than 10-15 um led to very different temporal developments of the
CMD. Thus, a correct source conceptualization is key for evaluating the possible future CMD
evolution from a contaminated site. This also highlights the need for elaborate characterization
methods for the aquitard, e.g., regarding the transport and hydraulic properties and the presence
and properties of fractures and macropores.
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The measured concentration profiles and the model geometries are available in a data
repository (https://doi.org/10.11583/DTU.22884035). Relevant model parameters are provided in
the manuscript. Total organic carbon and hydraulic conductivity data, the data from sorption
capacity experiments, coordinates of the GWP measurements, and the logs from MiHPT
measurements can be found in the supporting information (SI).

Temporary link to the data repository: https://figshare.com/s/6aac3a72643dba3874bf
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Supplementary information with a comprehensive description of the field site investigations,
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- Site history, investigations, timeline
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A table listing depth-discrete values of the concentrations measured in the profiles with the
Groundwater Profiling tool (GWP) and the concentration measurements from multilevel samplers at
the site can be found in the data repository (https://doi.org/10.11583/DTU.22884035).
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Text S1: Field site investigations

Site history and investigations

Field site investigations included groundwater samples (with screen lengths between 6 cm and
2 m), soil samples, membrane interface probe hydraulic profiling tool (MiHPT), slug tests, and
monitoring of the hydraulic head. The geology at the site consists of a clayey till layer of a varying
thickness of 10-13 m with embedded sand lenses. Depth-discrete soil samples have shown through
grain size analysis and the determination of the fraction of organic carbon that the clayey till
consists of two separate packages; an upper clayey till and a lower clayey till, with an embedded
sand layer in between. The upper clayey till is unsaturated (above the groundwater table), whereas
the lower clayey till is saturated. Below the lower clayey till is a transition zone with a varying
thickness of 1-2 meters and a sandy aquifer. A timeline of activities at the site, along with the
timeline used for the modeling, is shown in Figure S1.

5 O

| | i i i i >
1962 1970/72 1996 2015 2023

-

Figure S1. The top part of the figure depicts the contaminant activities at the contaminated sites using the
knowledge of when the TCE was released at the site and when the input was stopped. The exact time is unknown,
but the time interval in which the spill happened is known. The bottom part depicts the timeline used for the
modelling of the contaminant spill.

T
"

Hydrogeology
The geology at the site was interpreted based on 43 borehole logs and 26 hydraulic profiles

determined by the Hydraulic Profiling Tool (HPT) and performed across the site (plume scale).
Furthermore, grain size analysis and fraction of organic carbon have been analyzed at six selected
locations in the source and plume area.

Slug tests in groundwater wells

In 56 of the screened groundwater wells falling head slug tests were performed to estimate
the hydraulic conductivity of the aquifer. A pressure transducer was submerged into the well and
the hydraulic head was recorded every 0.1 s (at 10 Hz). After the system had reached equilibrium,
the water table was raised by approximately 1 m applying a vacuum. The vacuum was released and
the falling hydraulic head was recorded (Hinsby et al. 1992) twice for each screen. The falling head
curves were analyzed with the software AQTESOLYV, using the Hvorslev method (Hvorslev 1951).
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The estimated hydraulic conductivities based on the slug tests are shown in Table S1. The
results have been analyzed as a total and divided into five levels. Generally, the hydraulic
conductivities varied between 0.80-10” and 13.0-10 m/s with a total geometric mean (Kg) of
3.42:10° m/s. The interval of the geometric mean in the five levels is narrow, varying between
2.02:10” and 6.13-10 m/s. The variance of the samples, both total and divided into the five levels,
is small as it does not exceed 0.5. However, the variance is generally smaller when the results are
divided into the five levels than the total variance, indicating a somewhat layered hydraulic
conductivity, though the interval of the geometric mean between the layers is small.

Table S1. Geometric mean (K ;) of estimated hydraulic conductivities (K) from slug tests. The results are divided

into five different levels as well as a summarization of all 56 slug tests. For each level, the following parameters
are given: the number of performed slug tests (N), the geometric mean (K ), the interval of the estimated

hydraulic conductivity (Interval), and the variance of In(K) (62 In K).

Level N K, Interval of K o?InK
(m above sea level) (10° mi/s) (10° m/s)
30.05-31.35 18 3.83 0.80-7.93 0.25
26.69 — 27.51 17 6.13 0.82 -13.0 0.49
24.21 - 25.16 15 2.53 1.05-3.55 0.13
22.95-23.16 4 2.02 1.93-2.69 0.13
21.11 - 21.16 2 2.82 1.93-4.11 *)
Total 56 3.42 0.80-13.0 0.44

*Too few slug tests to perform statistics on

Grain size analysis

The grain size distributions of 116 samples were analyzed, representing different geologic
units at the site. First, approximately 100 g sample was sieved to divide the sample into two
subsamples: with fractions larger and smaller than 0.063 mm. The subsample larger than 0.063 mm
was sieved through 9 different sieves varying in mesh size from 0.063 — 2.0 mm. For the subsample
smaller than 0.063 mm a laser diffraction particle size analyzer (Mastersizer2000) was used. The
Mastersizer2000 could measure grain sizes down to 0.0002 mm (Switzer and Pile 2015). The results
from the grain-size analysis were used to get an estimate of the hydraulic conductivity for the
different geological units. This was done using the HydrogeoSieveXL tool (Devlin 2015), an Excel
spreadsheet that uses 15 different equations to estimate the hydraulic conductivity based on grain-
size analysis. For all 116 samples, three of the 15 equations were applicable: Sauerbrei (from
(Vukovic and Soro 1992); Alyamani and Sen 1993; Barr 2005). However, for some of the samples
more than the three equations were applicable, but only the same three equations were used for all
samples to keep consistency. Applicable conditions for Sauerbrei are for sand and sandy clay with a
d10<0.05 cm, where d4, corresponds to the grainsize of which 10 % of the sample was smaller. For
Alyamani and Barr the applicable conditions are unspecified however, both of the articles are
focused on hydraulic conductivities in the interval 10 - 10 m/s, which is expected to be much
higher than what is found in a clayey till. Therefore, caution on the results must be taken for the
samples within the clayey till. With this in mind, the reported hydraulic conductivities for the 116
samples are a geometric mean of the result from the three equations.

In Table S2, the results for the 116 samples have been divided into five different layers based
on the geological description of the samples: Three of them within the clayey till, one in the
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transition zone, and one in the aquifer. The hydraulic conductivity found for the sand/silt in
between the clayey tills is higher than those found for the two different clay packages. The upper
clayey till has a lower hydraulic conductivity than the lower, however, they are relatively close to
each other. The upper clayey till has a much higher interval and variance than the lower one,
indicating that the lower clayey till is more homogenous than the upper. Note that the
groundwater table was at the sand/silt between the two clayey till layers, and the upper clayey till
was not included in the modeling. The high variance of the sand/silt within the till, the transition
zone and the aquifer indicates some heterogeneities. However, the hydraulic conductivity of the
aquifer from the grain size analysis (1.81-10° m/s) and that found from the slug tests (3.42:10®° m/s)
are fairly similar considering the different sampling sizes and techniques.

Table S2. Geometric mean (K ;) of estimated hydraulic conductivities (K) from grain size analysis using three
different equations. The results are divided into five different geologies, three for the till, one for the transition
zone and one for the aquifer. For each geology, the following parameters are given: the number of samples (N),
the geometric mean (K ), the interval of the geometric mean (Interval) and the variance of In(K ) (6% InK).

Geological description N K, Interval of K o?InkK
(107 mis) (m/s)
Upper clayey till 24 0.82 5.71-10%° —3.22.10° 4.65
Sand/silt within the till 21 4.52 4.09-10°% —3.26-10° 4.51
Lower clayey till 27 1.87 5.27-10% —6.44-107 0.56
Sandy silt (transition zone) 11 6.90 8.22-108 —3.82-10° 3.63
Silty sand/sand (aquifer) 33 181 1.05-107 —8.17-10° 3.73

Fraction of organic carbon

The fraction of organic carbon (f,.) was analyzed for 62 samples representing the different
geologic units at the site. Firstly, the samples were crushed and cleaned for inorganic carbon using
phosphoric acid. Secondly, the samples were analyzed in a carbon determinator (LECO Induction
furnace CS-230). The LECO heats the sample to 850 °C while adding oxygen to burn the sample
completely. The gas from the combustion chamber was analyzed for the carbon content. Triplicates
were made for each sample. In Table S3, the results have been summarized by being divided into
five different geological units, as described in the section “Grain size analysis”.

Table S3. Content of organic carbon divided into five different geological layers, three in the clayey till, one in
the transition zone, and one in the aquifer. For each layer, the following parameters are given: the number of
samples (N), the mean of the content of organic carbon (TOC), the interval of the content of organic carbon, and
the variance (a?).

Geological description N TOC Interval of TOC o?
(%) (%)
Upper clayey till 14 0.084 0.039 - 0.240 0.237
Sand/silt within the till 10 0.068 0.027 -0.121 0.189
Lower clayey till 11 0.180 0.111-0.219 0.193
Sandy silt (transition zone) 7 0.114 0.026 —0.087 0.161
Silty sand/sand (aquifer) 20 0.045 0.011-0.145 0.188
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Contaminant status

To investigate the contaminant status at the site, both soil and groundwater concentrations
have been measured. All samples were analyzed at an accredited laboratory, either Eurofins or ALS
Denmark A/S.

Initially, three volumes of standing water were purged from the screened wells and multilevel
samplers (MLS) before the groundwater sampling. Furthermore, for all three types of groundwater
samples, electrical conductivity (EC), redox potential, pH, oxygen, and temperature were monitored.
When all parameters stabilized, the groundwater samples were taken as described in Rgnde et al.
(2017).

Groundwater samples from screened wells

The screened wells were sampled in November 2017. The screen length for most of the wells
is two meters, however, some are one meter. In total, 35 screens were sampled. Furthermore, in
June 2018, 32 samples were taken using the GeoProbe SP16 with a screen length of 1 meter,
covering nine different locations. One SP16 was placed in the source zone (shown on figures in the
main paper). The screen length of this SP16 was reduced to 14 cm. A description of the SP16
system is available from (Geoprobe 2023).

Multilevel samplers (MLS)

Three MLS were designed in the source zone area as a part of the investigation of the bottom
of the clay, the transition zone and upper aquifer (approximately 29.5-32.5 m above sea level). Each
MLS consisted of 12 16 mm @ pipes attached to the outside of a 63 mm @ pipe (Figure S2). Each
pipe had a screen with a length of 6 cm with a fine masked sock outside the screen in order to
prevent the fine silt and clay particles from clogging the screens. The distance between the screens
was 25 cm, covering a depth of three meters. Each MLS was installed in individual boreholes. In
total, 39 groundwater samples were taken from the three MLS in December 2020. Groundwater
was sampled using an intertie pump. The results can be found in Table S7 (data repository).

Figure S2. Multilevel samplers.
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Groundwater Profiler (GWP)

We performed high-resolution measurements with the direct-push method Groundwater
Profiler tool (GWP) (Geoprobe ®), which yielded the concentration distribution of TCE and its
degradation products at a high vertical resolution. The profiles were obtained at seven locations,
aiming for five profiles at the centerline and two at the outer edges of the plume. Four of the
profiles were taken in a plane perpendicular to the flow direction. A GWP 1.75 Groundwater Profiler
Geoprobe ® system (Dutta et al., 2021) was employed. Water samples were extracted in 10 cm
intervals by pushing a probe into the ground and circulating water through 20 ports (four rows
with five ports on each side of the probe, spanning over 10 cm). While lowering the probe into the
ground, deionized water was pumped through a low-density polyethylene tube into the formation
through the ports. This was done to avoid clogging of the ports. Water samples were extracted
with a syringe pump, which is located in the head of the probe right above the ports. Field
measurements of pH, electrical conductivity (EC), oxygen content, redox parameters and
temperature of the extracted water were performed. When the EC signal had stabilized (deionized
water has a different electric conductivity than the formation water), the final groundwater samples
were extracted. The samples were analyzed at a certified laboratory (ALS Danmark) for the
concentrations of TCE and its degradation products. The results can be found in table S7 in the
data repository.

Soil samples

Soil samples were taken every half meter from 3 m below ground level while drilling the
boreholes B301-B303 in the source zone. The soil samples used for analyzing the soil
concentrations were stored in Rilsan® bags; the samples used for grain size analysis were stored in
regular plastic bags.

Porosity
Prior to the grain size analysis, the soil samples were dried to remove all of the water in the

soil sample. The samples were weighed before and after the drying to investigate the mass of
water, m,q¢er iN €ach sample:

Myater = Myet — Mary
where m,, is the mass before the drying and mg,, is the mass after the drying. The percentage of
the water in the sample, ¢y g¢er 9 is found as:

Mwater 100%

Cwater, v —
mwet

For soil samples in the saturated zone, the porosity ¢, can be found from c,q¢er9, as:

Cwater %
¢ = Pw
100 — Cwater % + Cwater %
Psoit Psoit

where p; is the density of the dry soil material 2.65 kg/L, p,, is the density of water.
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Sorption
To investigate the retardation of the contaminant transport through the clayey till, transition

zone and aquifer, the sorption capacity was tested for 17 different soil samples, covering the
different soil types at the site. The experiment was carried out in a two-phase system following the
OECD guidelines, as summarized in Lu et al. (2011). Initial aqueous concentrations were 4, 10 and
20 mg/L, using a stock solution with a mix of TCE and cis-DCE. 4 mg/L is in the range that showed
linearity in a previous sorption experiment with TCE, and 10-20 mg/L were within the fairly linear
range in Lu et al. (2011). The higher concentrations are needed to accommodate the risk of
remaining contamination in the clayey till. 30 g of soil was added to each 42.3 mL vial. The
soil:water ratio is based on a desirable sorption of around 50 % (+30 %) that covers the expected
Kd range for sand to clayey till. The samples were rotated for 4 days at 10 °C. Triplicates were taken
for each concentration level. When fitting the concentration levels, four of the samples were taken
out, hence, only duplicates were used for four of the samples (see Table S4). The water phase was
analyzed for TCE and cis-DCE on a GC-MS using the regular 85 °C program.

As there were issues with sample S2, no results were obtained from that.
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Table S4. The results of the sorption capacity experiments for 17 soil samples at the contaminated site, including the linear sorption coefficient (K,), the claye

content and the TOC.

Sample Depth

no.
s1
s2
s3
s4
S5
s6
s7
s8
s9
510
s11
s12
s13
S14
s15
S16
s17

[m bgl]

4.5
5
6
6.5
7
7.5
9
9.5
10
11.5
11.5
12
12
12.5
13
14
14

Soil type

Clayey till
Clayey till
Clayey till
Sandy till
Sandy silt
Silt

Clayey till
Clayey till
Clayey till
Sandy silt
Sandy silt
Sandy silt
Silty sand
Silty sand
Silty sand

Sandy aquifer
Sandy aquifer

Points for

fitting

3
3
3
3
3
3
3
3
2
3
3
3
3
3
2
3
3

K, [L/kg]

TCE [R?] cis-DCE [R?]
0.34[0.99]  0.21[0.97]
0.37[0.92]  0.34[0.95]
0.41[0.99]  0.31[0.99]
0.42[0.92]  0.14[0.79]
0.66[0.98]  0.35[0.91]
1.10[0.88]  0.54[0.89]
0.96 [0.96]  0.47 [0.99]
0.55[0.99]  0.46 [0.98]
0.30[0.96]  0.20[0.93]
0.80[0.99]  0.49 [0.98]
0.62[0.99]  0.37[0.99]
0.35[0.94]  0.14 [0.64]
0.67[0.94]  0.58[0.97]
0.26[0.99]  0.08 [0.74]
0.11[0.87]  0.08 [0.96]
0.34[0.99]  0.26[0.98]

Comments

Duplicates for middle cis-DCE

Duplicates for middle cis-DCE

Duplicates for middle for both

Clay content
[%]
7.22

12.3
7.15

5.82
6.2
7.28
9.4
9.2

2.65
6.1
10.8
3.5
0.95
0.92

TOC
[%]
0.039

0.098
0.042
0.108
0.121
0.214
0.198
0.181
0.137
0.105
0.105
0.095
0.145
0.044
0.021
0.016



Coordinates important for the model set-up
Important coordinates used in the model are given in Table S5. The source area is
16 m wide and 20 m long and placed with a rotation of -28.2 degrees.

Table S5. Coordinates used in the model for placement of the source zone and the two transects.
X[m]  Y[m]

Source center  1212.5 2235.5
Transect A 1220.4 2257.6
Transect A’ 1182.4 2160.1
Transect B 1131.8 2207.3
Transect B’ 1222.3 2161.3

Hydraulic conductivities and apertures used in the DFM models

In the discrete fracture-matrix models, the matrix hydraulic conductivity was
calibrated to obtain the same bulk vertical hydraulic conductivity and hydraulic gradient
as in the setup without fractures.

Table S6. Vertical hydraulic matrix conductivities used in the DFM models.
Aperture [um] Kv,mat [10° m/s]

8 8.88
12 7.38
15 5.34
18.5 1.70
5-25 1.65

10
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