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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

viii



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.
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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.
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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
Carbon dioxide

o i Y Y ™\
NN W

PCE Tce /" 14-DCE N\ vC Ethene Ethane
0. — 00 — 0Q. — 00 = 0Q — o0C
A A
N Nocst2oce |
Acetylene :
P o o Anaerobic
OO0 <= (). ™ oxidation
[
: Cl O:c ‘' H :O0  — :Abiotic — : Biotic

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

15



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
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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