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Introduction 1
This thesis aims to develop a procedure for solute transport modeling in porous media
with multiple flow domains using complex tracer data. The results from the procedure
will then be compared to models of pollution and geology at one of the most polluted sites
in the United States of America.

The project location of this thesis is the Hidden Lane Landfill Superfund Site, referred to
as the HLLSS. Superfund Sites are defined as some of the most polluted sites in the United
States of America [EPA]. The site was an unpermitted landfill during the early ’70s and was
closed in the mid-’80s. In 1989 trichloroethylene (TCE) was found in drinking wells near
the HLLSS [Field, 2020]. Concentration was measured, which was 24000 times higher than
the legal maximum contaminant level [Field, 2020]. TCE is harmful to humans and can
cause life-threatening illnesses such as kidney cancer [Minnesota Department of Health].
As part of the United States Environmental Protection Agency’s remedial strategy, a tracer
test was conducted to obtain more knowledge of the movement of fluids at the HLLSS. The
main aquifer at the HLLSS is located within a fractured bedrock layer, which makes the
movement of fluids more complex due to its multi-domain properties [Field, 2020]. This
resulted in some relatively complex tracer data with a significant amount of peaks and
fluctuation.

Polluted sites are a major problem in both the United States of America and Denmark,
as they can pose serious threats to the health of the surrounding environment and its
inhabitants [EPA]. Currently, 133 Superfund Sites are assessed as "not under control"
in terms of the Human Exposure Environmental Indicator set by the United States
Environmental Protection Agency, meaning a potential for humans to be exposed to unsafe
levels of contamination [EPA, d]. According to U.S. Census data, in 2007, more than 25
million people lived within 10 miles of sites assessed as "not under control", according to
the Center for Public Integrity, more than a 100 schools were located within 1 mile; back
then, 114 sites were assessed as "not under control" [The Center for Public Integrity]. In
2022 the United States Environmental Protection Agency added an additional 12 sites to
the Superfund National Priorities List. Furthermore, 3.5 billion USD was invested into the
Superfund Remedial Program, and the Superfund chemical excise taxes were reinstated,
making it one of the biggest investments into legacy pollution in American history [EPA,
a]. In 2020 the Danish government announced that it would invest approximately 90
million USD into a cleanup of the 10 most polluted sites in the country. This was only the
estimated cost of the first phase of the cleanup [Miljøstyrelsen].
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1.1. Objectives

Some of these sites also have soil types with multi-domain properties, like the HLLSS, and
will therefore have similar complex fluid movement; an example is the GMH Electronics
EPA Superfund Site [EPA, b] or the Hanford Site [Martin, 2011]. Aquifers within fractured
media are especially challenging cause the fracturing is not continuous. A monitoring
well may intersect multiple significant fractures for water and solute transport. However,
another well a meter away may not intersect any, and these wells can be quite expensive
to establish. Furthermore, fracture size can vary from a human hair to sizes which can
clearly be spotted in samples [Delvin, 2020] and [Field, 2020].

Tracer tests are therefore often used for these complex soil types, such as fractured
bedrock, due to the high variations in soil properties within the soil type. Thereby,
an average estimate of the hydrogeology over the scale of the tracer test is described
instead [Enviroforensics]. Due to the velocity variations caused by these discontinuous
fractures, the tracer data may lead to multiple peaks and fluctuations. Hydrogeologists
are then tasked with the complex challenge of evaluating this tracer data and using it to
obtain solute transport parameters, which are then used for a remediation strategy for
these pollution sites. Therefore, a simple tool for data treatment, assessing the number of
domains required to describe the tracer data, and solute transport modeling of it, would be
valuable to hydrogeologists when dealing with complex tracer data from fractured media.

1.1 Objectives

Four main objectives were identified for this Master’s thesis.

To identify the most promising wells and screens for tracer data analyses by making a
geohydrological overview of the Hidden Lane Landfill Superfund Site (HLLSS) and using
the available experimental data to identify governing flow direction and estimate levels of
tracer recovery.

Develop a robust, rapid, objective, and semi-automated procedure (FAST-MD) for
analyzing tracer data focusing on identifying dominating individual flow domains and
their key transport parameters.

To use literature values for unimodal soil systems as an initial validation of the concept
by comparing with the parameter values obtained by FAST-MD.

Apply the obtained network of parameter values within the main tracer recovery area of
the HLLSS to evaluate existing models for geology and TCE concentrations.
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The Hidden Lane Landfill
Superfund Site 2

The Hidden Lane Superfund Site (HLLSS) is a pollution site located in the United States
of America. The HLLSS is part of the United States Environmental Protection Agency’s
(EPA) fund program that aims to clean up some of the most contaminated sites in the
United States of America [EPA].

2.1 Site Description and Landfill History

The HLLSS is located in Virginia in Loudoun County, approximately 70 kilometers
northwest of the nation’s capital, Washington, D.C. The HLLSS covers 59.56 ha and
borders the Potomac River to the north, the residential areas Broad Run Farms and
Countryside to the west and east, respectively, and more residential areas to the south. In
figure 2.1 the location of the HLLSS is shown.

Figure 2.1: Location of the HLLSS.
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2.1. Site Description and Landfill History

The site was an unpermitted landfill during the early ’70s storing construction debris, cars,
scrap metal, and more. In 1973 the Bureau of Solid Waste and Vector Control investigated
the landfill, noting that garbage and hazardous material were also being brought [Field,
2020]. A picture of the landfill in 1973 is shown in figure 2.2.

Figure 2.2: Edge of the HLLSS in 1973 [EPA, 2015a].

Multiple fires also occurred at the landfill, an example of which is shown in figure 2.3.

Figure 2.3: Fire at the HLLSS, date unknown [EPA, 2015a].
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2.2. EPA Remedial Investigation

In 1976 another inspection was done where containers marked "poison and toxic" were
found.
In 1984 the landfill was closed by court order.
In 1986 the landfill was covered by a 61 cm thick clay cover intended to make the surface of
the landfill impermeable and thereby minimizing the movement of possible contaminants
located in the landfill [Field, 2020].
In 1989 trichloroethylene (TCE) was found in drinking water wells of the Broad Run Farms
community, located west of the HLLSS, with concentrations way higher than the maximum
threshold set by the EPA.
In 2005 local water treatment systems were installed at private wells, particularly exposed
to the TCE [Field, 2020]. Prolonged exposure to TCE can cause kidney and liver cancer,
affect fetal development during pregnancy, and more [Minnesota Department of Health],
which is why the EPA conducted an remedial investigation so a remediation plan for the
TCE can be developed.

2.2 EPA Remedial Investigation

TCE is a chemical solvent used for cleaning metal parts, and does not naturally occur
in the environment. It has, however, been found in both underground and surface water
due to improper disposal [Wexler, 2014]. TCE is a DNAPL, dense non-aqueous phase
liquid. Dense refers to it having a higher density than water, meaning it will usually
sink until it reaches an impermeable or low permeability surface, and non-aqueous liquid
means it will not dissolve in water. TCE can be found in three forms DNAPL, dissolved,
and gas. This makes it difficult to determine its fate and transport compared to single-
phase chemicals. The DNAPL plume of the TCE is especially problematic, in terms of
groundwater pollution. This is because the DNAPL plume is not quickly dissolved in
the groundwater; instead, it will slowly be dissolved and spread through dispersion and
dilution. This causes the TCE to act as a long-term source of contamination, which is very
problematic due to the already described consequences of prolonged exposure [Huling and
Weaver, 1991].

In 2018 the EPA conducted measurements of TCE at the different monitoring wells
at the HLLSS and, based on these measurements, estimated the TCE’s movement and
concentration through the aquifer. The results are shown in figure 2.4.

The TCE plume is moving from the southeast corner of the landfill northwest towards the
Broad Run Farms and the Potomac River, indicating that the general flow direction is
northwest from the landfill, which is also shown by the dashed black arrow on the figure.

The EPA defined a Source Area and Treatability Study Area based on these results. The
Source Area is located at the southeast corner of the landfill. High concentrations of TCE
were found in both the soil and groundwater in this area. Over the years, samples have
been taken at the monitoring well RI-27S, established by the EPA, within the Source area.
The concentrations were 120 000µg/L in 2018, 42 000µg/L in 2019, and 41 000µg/L in
2020 [Field, 2020].
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2.2. EPA Remedial Investigation

Figure 2.4: Aerial overview of TCE concentrations based on measurements in 2018. The black arrow is an
estimated flow path based on the TCE concentration distribution. Modified from [EPA, 2019].

The Treatability Study Area is located in the eastern part of the Broad Run Farms
community on the border of the landfill property line. This area was chosen as the
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2.2. EPA Remedial Investigation

Treatability Study Area based on its proximity to affected drinking water wells and being
seemingly located within the main transport path of the TCE based on measurements. The
EPA installed five remedial investigation wells within the Treatability Study area named
RI-21 through to RI-25 [EPA, 2019].

In 2019 the EPA conducted groundwater samples for contaminating chemicals, TCE being
the primary concern. In total, 68 samples were taken, and out of those 64 detected TCE
concentrations, of those 40 had concentrations higher than the MCL [EPA, 2019]. The
MCL is defined as the maximum contaminant level, a standard set by the EPA for drinking
water quality. It is the legal threshold for the concentration allowed in public water systems,
as defined by the Safe Drinking Water Act. The MCL for TCE is 5µg/L[Field, 2020]. The
maximum concentration found through sampling was 75 000µg/L.

A cross-sectional profile from the Treatability Study area to the Source area, based on
groundwater measurements in 2018, is shown in figure 2.5.

Figure 2.5: Cross-sectional profile of the TCE concentration from the Source area to the Treatability Study
Area based on measurements in 2019. The blue square indicates the Treatability Study Area, and the red
square indicates the Source Area. The abbreviations BRF and CS are Broad Run Farms and Countryside,
respectively. Modified from [EPA, 2019].

From the cross-sectional profile in figure 2.5, it is shown that the TCE spreads mainly
horizontally towards the Treatability Study area from underneath the landfill, following
the orientation of the key bedding units identified by the red line. The key bedding units
are located within a fractured bedrock layer, which will be further described in section 2.3.
The TCE plume is mainly being transported through the wells with shallower screenings
at the Treatability Study area, which are RI-21 and RI-23.

This project will mainly focus on the area from the Source Area to the Treatability Study
Area since understanding the transport path in this area will be essential for stopping
the pollution of the affected residential area, Broad Run Farms. The transport of TCE is
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2.3. Geology at the HLLSS

dependent on the hydrogeological conditions of the HLLSS; these will be further explored
in the following sections.

2.3 Geology at the HLLSS

The site’s geology mainly consists of an overburden layer and bedrock. A geological
cross-sectional profile was created in both the estimated flow direction (Source area to
the Treatability Study area) in figure 2.6, as well as perpendicular to it in 2.7. These
figures were created from geological boring logs [EPA, 2015b] near the Source area and the
Treatability Study area and topographical data using the software QGIS [QGIS].

Figure 2.6: Geological cross-sectional profile in the estimated flow direction (Source Area to the Treatability
Study Area). The blue square indicates the Treatability Study Area and the red square indicates the Source
Area. Data from [EPA, 2015b] and [QGIS].

The top layer of the HLLSS either consists of the landfill or a silty clay layer. The silty clay
layer is approximately 5 meters thick. The geology of the landfill will be further described
below. Underneath the top layers, a small saprolite layer of 1-2 meters in thickness occurs.
Finally, underneath the saprolite layer, the previously mentioned bedrock layer occurs.
The layers are relatively constant in elevation and thickness except for the landfill.
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2.3. Geology at the HLLSS

Figure 2.7: Geological cross-sectional profile perpendicular to the estimated flow direction (main flow path)
halfway between the Source Area and the Treability Study Area. The blue square indicates the Treatability
Study area and the red square indicates the Source Area. Data from [EPA, 2015b] and [QGIS].

The geology at the landfill is a bit more complex consisting of many discontinuous layers.
A cross-sectional area of the source area is shown in figure 2.8.

Figure 2.8: Geological cross-sectional profile of the Source area [EPA, 2019].

The geology in the landfill varies a lot with many different soil types and a significant
amount of leftover debris. However, it mainly consists of different clay types. These types
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2.3. Geology at the HLLSS

of soils generally have a low permeability [EPA, 2015a].

In figure 2.9 a topographical map of the HLLSS is shown as well as the bedrock elevation
near the Source area and Treatability Study area; the layers are based on the same data
as the geological cross-sectional profiles [EPA, 2015b] and [QGIS].

Figure 2.9: Topography and bedrock elevation for the HLLSS. Data from [EPA, 2015b] and [QGIS].

The landfill is identified with a high increase in elevation from the topographical map. The
elevation, in general, is higher in the south and decreases to the north towards the Potomac
River. The bedrock is located approximately 5-10 meters below the surface and seemingly
decreases in elevation towards the Potomac River. The bedrock layer mainly consists of
a fluvial and lacustrine layer separated by a fault. This fault has created fractures in the
bedrock, which is significant for water and chemical transport. The fractures are significant
because they are very permeable, creating pathways for fast water and chemical movement
than their non-fractured counterparts. While the fault does not directly intersect the
HLLSS, it is close to it, causing fractures in the underlying bedrock of the HLLSS. [Field,
2020] In figure 2.10 samples of the bedrock at HLLSS are shown, which clearly illustrates
the fractures in the bedrock.
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2.3. Geology at the HLLSS

Figure 2.10: Bedrock samples from the HLLSS illustrating the fractures [Field, 2020].

These fractures are paramount for chemical and water transport and, thereby, TCE
movement at the HLLSS. The EPA conducted gamma logging measurements at the site to
determine the location and orientation of major fractures. In figure 2.11 a cross-sectional
profile of stratification’s based on these measurements is shown and in figure 2.11 the
transect line used to develop this cross sectional profile is shown.

Figure 2.11: Aerial overview of the HLLSS. The dashed gray line is the transect line used to develop figure
2.12. The location of the landfill is clearly indicated by the change in elevation.
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2.4. Hydrogeology at the HLLSS

Figure 2.12: Cross-sectional profile of the different stratifications in the bedrock from the Source Area to
the Treatability Study Area. The cross-sectional profile is based on the dashed gray transect line shown
in figure 2.11. Modified from [Field, 2020].

The figure shows that the fracture orientation from the Source Area is mainly horizontal.
The horizontal movement fits fairly well with the concentration measurements of TCE
shown in the cross-sectional profile in figure 2.5. The dark blue stratification is connected
to the Source area and Treatability Study area. Furthermore, comparing the cross-sectional
profile of the TCE measurements, the high concentrations of TCE in the Treatability Study
area are within the area of the dark blue layer, indicating that this may be a significant
layer for transport of TCE.

2.4 Hydrogeology at the HLLSS

The aquifers at HLLSS can generally be divided into two parts, upper and lower. The
upper aquifer is located within the overburden, and the lower aquifer is in the bedrock
[EPA, 2015a].

The upper aquifer is present seasonally in periods with high precipitation and only in areas
with low permeability, such as the landfill. The water movement in the upper aquifer tends
to follow the topographic gradient generally northbound towards the Potomac River.

The lower aquifer is located within the fractured bedrock. The movement of the water in
the lower aquifer is dominated by second porosity such as fractures and bedding planes.
This aquifer is essential as the TCE is transported through the bedrock layer, as shown in
figure 2.5.
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2.4. Hydrogeology at the HLLSS

Measurements from 2011 and 2012 of the potentiometric surface in the lower aquifer are
shown in figure 2.13 and 2.14.

Figure 2.13: Potentiometric surface measurements for the HLLSS, June 2011. The red square indicates
the Source area, and the blue square indicates the Treatability Study area. The dashed black arrow
indicates an assessed overall flow direction of the groundwater of the entire mapped area based on both
potentiometric maps. Modified from [EPA, 2015a].
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2.4. Hydrogeology at the HLLSS

Figure 2.14: Potentiometric surface measurements for the HLLSS, June 2012. The red square indicates
the Source area, and the blue square indicates the Treatability Study area. The dashed black arrow
indicates an assessed overall flow direction of the groundwater of the entire mapped area based on both
potentiometric maps. Modified from [EPA, 2015a].

Through the measurements of the potentiometric surface, a flow direction for the HLLSS
and the surrounding area was assessed. The arrow on the figures indicates it. The flow
direction was based on the assumption that the flow direction is perpendicular to the
potentiometric surface measurements. The direction of the groundwater movement is
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2.4. Hydrogeology at the HLLSS

assessed as northwest, which is towards the Broad Run Farms and the Potomac River
from the Source area. This flow direction is similar to the direction based on the TCE
concentrations previously described in the chapter, however slightly more northward. An
average hydraulic gradient, dh/dx, for the HLLSS and the surrounding area is assessed
based on the two measurement points furthest away from each other (RI-12 and RI-10)
and their distance. The results are shown in table 2.1

Table 2.1: Estimated distance between measurement points, dx, change in potentiometric surface, dh, and
hydraulic gradient.

dh [m change in head] dx [m porous media] dh/dx [m change in head
m porous media ]

3.1 1637 0.002

Summary

A general overview of the HLLSS and its contamination problems was introduced
throughout this chapter. The TCE movement was found to be through mainly horizontally
oriented fractured bedrock. Based on the information collected above, some considerations
regarding the transport processes that affect the dissolved TCE phase are made. These
are sorption, biodegradation, and vapor migration.
Vapor migration was assessed as unlikely by the EPA since the TCE is being transported
in a fractured bedrock layer, where the fractures have very low porosities causing little
chemical exchange [EPA, 2015a].
Biodegradation within the interested transport path from the Source area to the
Treatability Study area is assessed to be negligible due to the high concentrations, causing
toxic conditions for the microorganisms that would cause biodegradation.
TCE is a non-polar volatile organic compound [NIST]. Because of this, the degree of
adsorption of TCE is dependent on the amount of organic matter in the soil since
organic matter is generally less polar than water [Loll and Moldrup, 2000]. Through
a correspondence with EPA, it was found that groundwater measurements showed
concentrations around the detection limit for most measurements of total organic carbon.
Therefore, it is assessed that the sorption of TCE would be low. Based on these
considerations, it is expected that the dissolved TCE plume is largely controlled by
groundwater movement, further emphasizing that the hydrogeological conditions at the
HLLSS are essential for understanding the movement of the TCE.

An average hydraulic gradient for the HLLSS was defined based on potentiometric surface
measurements and is 0.002. A Source area and a Treatability Study area were defined. Flow
directions were estimated based on both TCE, and potentiometric surface measurements
were also established. Figure 2.15 shows the defined areas and flow directions.
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2.4. Hydrogeology at the HLLSS

Figure 2.15: Source area and Treatability Study area, and estimated flow directions based on TCE and
potentiometric surface measurements. The location of the landfill is clearly indicated by the change in
elevation.

Both flow directions are northwest-trending towards the Treatability Study area, the TCE
flow direction being slightly more westward. The bedrock at the HLLSS showed clear
fracture tendencies in soil samples. These fractures will cause multiple transport paths
for water and chemical transport. This information is not enough to obtain a detailed
overview of the complex fractured bedrock system underneath the HLLSS. Therefore,
the EPA conducted a tracer experiment, which will be further described in the following
chapter.
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Tracer Experiment 3
In 2019 the EPA initiated a tracer test to gain more knowledge of the groundwater
movement through the fractured bedrock from the Source area of the TCE contamination
to the Treatability Study Area.

3.1 Experimental Setup

A tracer test aims to have a fluid containing a tracer in a solution, then have it displaced
through a porous medium by the same fluid but without the tracer. This leads to a
concentration distribution versus time of the tracer at a given measurement point [Nielsen
and Biggar, 1961]. This distribution is also called a breakthrough curve. A breakthrough
curve is a plot of the duration of a given test as a function of an effluent concentration of
the chemical being tested [Gao, 2022] and is frequently used for solute transport in porous
mediums [Biggar and Nielsen, 1962].

The tracer test was a natural gradient test. The test usually provides the most
representative solute-transport parameters as the movement in the aquifer remains
unaffected, however, it requires an extensive monitoring network and a long sampling
time. The alternative would be a forced gradient test with a pump, but those are not
allowed at Superfund Sites [Field, 2020].

As described in chapter 2 TCE is quite a complex chemical, and therefore a tracer will not
be able to mimic its movement entirely due to its distinct multi-phase properties. However,
the movement of the dissolved TCE was assessed in chapter 2 as being mainly controlled
by groundwater movement. The goal of the tracer is therefore to describe the groundwater
movement from the Source area to the Treatability Study area so that it can be used to
describe hydrogeological conditions within this area, which is then beneficial information
for evaluating the fate and transport of the dissolved TCE.

Therefore an evaluation of which injection well to use must be considered. The injection
well and screening for the tracer test was RI-27S. It is located within the approximated
Source area, and showed very high concentrations of TCE as mentioned in chapter 2. It
has a screening in the bedrock just below the landfill, which, as described in chapter 2 is
the main transport layer for the TCE contamination [Field, 2020].
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3.1. Experimental Setup

The tracer chosen for the test was sodium fluorescein, also known as uranine. This tracer
dye was chosen as it is significantly more fluorescent than typical tracer dyes. The more
fluorescent the tracer is, the lower the detection limit becomes, meaning more reliable
measurements at lower concentrations. Furthermore, the tracer also has a small sorption
compared to most tracers [Field, 2020]. Vapor migration is deemed unlikely for the same
reasons as described for TCE in chapter 2. The tracer was also found to not be readily
biodegradable, meaning biodegradation of the tracer is unlikely to occur [ECHA]. Both
the low sorption and biodegradation is beneficial since the goal is to mimic groundwater
movement. The tracer is also almost nontoxic and easy to use since its available in liquid
form [Field, 2020]. The tracer is highly water-soluble and has a bright yellow hue, and
has been used in several tracer studies such as [Kresic and Stevanovic, 2009], [Pan et al.,
1991], and [Cascarano, 2018].

A research projected on uranine as a tracer in the vadose zone was conducted, where it
was concluded that the tracer is promising based on the following characteristics [Gerke
et al., 2013]:

• Good water solubility
• Visibility under UV light that is easily discernible in any soil and has no background

concentrations
• Low toxicity
• Inexpensive compared to other fluorescent dyes (factor of 10)
• Sorption characteristics for forest soils comparable to brilliant blue (BB FCF)

(one of the most common tracers [Jarai Mon and B.Harsh, 2006])

A successful tracer test requires an adequate mass to ensure detection at the furthest
downgradient monitoring well while still minimizing the chances of visible water
colorization. The sampling of the tracer test was done in situ with Cyclops-7 sensors
collecting data every 30 minutes. The concentration detection limit was 0.01µg/L.
[Field, 2020] The software EHTD [Field, 2003] was used to estimate the tracer mass
using estimated input parameters such as porosity, discharge, retardation, distance,
concentration, and decay rate. The tracer mass was estimated to 5.37 kg [Field, 2020].

For each monitoring well and screening, a background concentration of the tracer dye was
estimated based on the measurements’ mean concentration before the tracer test, while
considering potential faulty measurements and outliers, which is then subtracted from the
eventual tracer data.
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3.1. Experimental Setup

For the tracer injection, water was injected prior to the actual tracer to minimize the
change in flow behavior when the tracer was injected. First, water was injected at a
slow rate of 0.0360 L

min for 6 minutes. Afterward, continuous water injection at a rate of
2.69 L

min for two hours was conducted. After this, the diluted tracer dye was released as
quickly as possible to mimic an instantaneous injection [Field, 2020]. Post-water flush was
done to ensure that the water flow through the aquifer was unchanged, so the tracer was
transported as naturally as possible into the aquifer. Post-water flush was conducted until
the tracer was no longer visible in the well and lasted approximately three days [Field,
2020]. In figure 3.1 the injection of tracer is shown.

Figure 3.1: Injection of the diluted tracer [Field, 2020].

Using the sampled data from the Cyclops-7 sensors, breakthrough curves were developed
for each monitoring well and screening. Data was collected over a 233 days sampling period
leading to approximately 11000 data points for each screening.
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3.2. Tracer Data Overview

3.2 Tracer Data Overview

No tracer data was collected at the actual injection screening (RI-27S (I)), but data were
collected in the other screenings within the same casing. The wells named RI were installed
as part of the remedial investigation and use slotted screens [EPA, 2015a]. The well called
OB-3 is an open hole with no screening. The last letter after its assigned number in the
RI screen names (e.g., RI-27S) is based on the location of the screening in terms of depth;
there are four different screening depths:

• O: Open hole
• S: Shallow
• I: Intermediate
• D: Deep

The screenings with intermediate or strong tracer recovery have been given more relatable
names in parenthesis. These abbreviations are based on the distance and depth from the
injection screening and are as follows:

• I: Screening where the injection of tracer occurred
• E: Early
• M: Middle
• L: Late
• F: Final
• Numeration relates to the depth of the screening and is from shallow to deep

An aerial and cross-sectional profile of the location of the monitoring wells and screenings
is shown in figures 3.2 and 3.3
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3.2. Tracer Data Overview

Figure 3.2: Aerial overview of the tracer test. The dashed gray line is a transect line used to develop figure
3.19. The location of the landfill is clearly indicated by the change in elevation.

Figure 3.3: Cross-sectional overview of the tracer test. The cross-sectional profile is based on the dashed
gray transect line shown in figure 3.18. For the screenings not assigned more relatable names the following
order always applies from most shallow screening to deepest: O (Open hole), S (Shallow), I (Intermediate),
D (Deep).
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3.2. Tracer Data Overview

In table 3.1 the depth and distance from the injection screening to each screening is shown.
The relative location to the injection screening, is based on the estimated flow directions
defined in chapter 2.

Table 3.1: Depth and distance from the screenings to the injection screening. The parameters in order
from left to right is: The distance from injection to monitoring well, the change in depth from injection to
screening (using the center of the screening), and location relative to the injection screening. The depth
of the injection screening is 16-22 meters.

Location L ∆depth Relative location
RI name Given name [m] [m] [-]
RI-28O - 34 -9.4 Upgradient
RI-28S - 34 -3 Upgradient
RI-28I - 34 8 Upgradient
RI-28D - 34 20 Upgradient
OB-3 - 23 -11 Upgradient
RI-27O - 0 -7 Same casing
RI-27I - 0 13 Same casing
RI-27D - 0 24 Same casing
RI-01S - 132 1.3 Downgradient
RI-01D - 132 11 Downgradient
RI-26O - 142 - Downgradient
RI-26S - 142 5 Downgradient
RI-26I E 142 17 Downgradient
RI-26D - 142 25 Downgradient
RI-7S M1 211 0.42 Downgradient
RI-7D M2 211 24 Downgradient
RI-25D L1 271 10 Downgradient
RI-21S L2 277 17 Downgradient
RI-21I L3 277 29 Downgradient
RI-21D L4 277 45 Downgradient
RI-22S L5 283 68 Downgradient
RI-22I L6 283 87 Downgradient
RI-22D L7 283 100 Downgradient
RI-23S F1 317 36 Downgradient
RI-23I F2 317 45 Downgradient
RI-23D F3 317 55 Downgradient
RI-24S F4 308 69 Downgradient
RI-24I F5 308 80 Downgradient
RI-24D F6 308 91 Downgradient
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3.2. Tracer Data Overview

3.2.1 Tracer Recovery Types

The tracer test results were categorized into three tracer recovery types:

• Strong tracer recovery
• Intermediate tracer recovery
• Weak tracer recovery

The categorization of the tracer recovery was based on two main factors.

1. If the tracer did not have a continuous tracer concentration after the first
breakthrough, the tracer recovery is considered weak.

2. The magnitude of the tracer concentration is also considered.
Three different scenarios are used to describe the different recovery types:

a) If the tracer concentration is 100 times above the detection limit, which is equal
to a concentration of 1µg/L, for the majority of the tracer test, the tracer
recovery is considered strong.

b) If the tracer recovery is 10 times above the detection limit, which is equal to a
concentration of 0.1µg/L, for the majority of the tracer test, the tracer recovery
is considered intermediate.

c) If the tracer recovery is lower than 10 times the detection limit for the majority
of the tracer test, the tracer recovery is considered weak.

An example of a strong tracer recovery is shown in figure 3.4.

Figure 3.4: Tracer data results for well RI-21S (L2), as an example of a strong tracer recovery. An aerial
and cross-sectional overview of the screening locations and tracer recovery is shown in figures 3.18 and
3.19.

The concentrations recovered are way above the detection limit of 0.01µg/L; hence it being
assessed as a strong tracer recovery.

An example of an intermediate tracer recovery is shown in figure 3.5.
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3.2. Tracer Data Overview

Figure 3.5: Tracer data results for well RI-7D (M2), as an example of a intermediate tracer recovery. An
aerial and cross-sectional overview of the screening locations and tracer recovery is shown in figures 3.18
and 3.19.

The concentrations recovered are somewhat low, presumably causing some of the significant
fluctuation seen, due to measurement uncertainty. However, after approximately 150 days,
the data reaches a somewhat high concentration that exceeds the detection limit by more
than a factor 10 for a substantial amount of time. Therefore the tracer recovery is assessed
as intermediate.

An example of a weak tracer recovery is shown in figure 3.6.

Figure 3.6: Tracer data results for well RI-26S, as an example of a weak tracer recovery. An aerial and
cross-sectional overview of the screening locations and tracer recovery is shown in figures 3.18 and 3.19.

The concentrations recovered at this screening were very low. At no point did the
concentrations exceed the detection limit of 0.01µg/L, meaning the reliability of these
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3.2. Tracer Data Overview

results is questionable at best and is therefore considered a weak tracer recovery.

In the following sections, the tracer data for each well is shown. First, the tracer data from
the screenings within the same casing as the injection screening will be shown. After that,
the wells will be shown in the order of furthest upstream to furthest downstream well.

RI-27

As mentioned above, the tracer data for RI-27 are from screenings located within the same
casing as the injection screening, RI-27S (I). The recoveries are shown in figure 3.7.

Figure 3.7: Tracer data results for well RI-27. An aerial and cross-sectional overview of the screening
locations and tracer recovery is shown in figures 3.18 and 3.19.

The tracer data for the open hole shows a relatively rapid decrease in concentration after
injection. The intermediate and deep screenings still have high concentrations of tracer
when the tracer test was ended, indicating that a longer sampling period may have been
ideal.

RI-28

RI-28 is located south of the injection well and is the furthest upstream monitoring well,
located 34 meters from the injection well. Therefore, good tracer recoveries were not
expected. The breakthrough curves for RI-28 are shown in figure 3.8

25



3.2. Tracer Data Overview

Figure 3.8: Tracer data results for well RI-28. An aerial and cross-sectional overview of the screening
locations and tracer recovery is shown in figures 3.18 and 3.19.

Almost no tracer was collected, except a few peaks and low concentration just above the
detection limit of 0.01µg/L was found. Therefore, as expected, are all screenings within
well RI-28 assessed as weak tracer recoveries.

OB-3

OB-3 is located between RI-27 and RI-28, upstream of the injection well and within the
overburden, as it is a open hole. Therefore, good tracer recoveries were not expected either.
The breakthrough curve for OB-3 is shown in figure 3.9.

Figure 3.9: Tracer data results for well OB-3. An aerial and cross-sectional overview of the screening
locations and tracer recovery is shown in figures 3.18 and 3.19.
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3.2. Tracer Data Overview

Almost no tracer was recovered, and only a few brief peak concentrations were measured.
Therefore, the tracer recovery is considered weak.

RI-1

RI-1 is located a bit upstream and west of the injection well. Based on the estimated flow
directions, strong tracer recoveries were not expected. The breakthrough curves for RI-1
are shown in figure 3.10.

Figure 3.10: Tracer data results for well RI-1. An aerial and cross-sectional overview of the screening
locations and tracer recovery is shown in figures 3.18 and 3.19.

Very little tracer was collected at RI-1. Except for a few spikes in concentration, the
concentration was 0 for most of the sampling period. Also, a few data loss periods occurred
for screening RI-1S. Therefore, the tracer recovery was assessed as weak.

RI-26 (E)

RI-26 (E) is the closest downstream monitoring well. It is located 142 meters northwest
of the injection well. It is located more west than the estimated flow directions, so strong
recoveries were not expected; however, stronger recoveries than the upstream monitoring
wells were expected. The breakthrough curves for RI-26 (E) are shown in figure 3.11.

RI-26S and RI-26D have very low concentration recoveries, and the data primarily consists
of spikes in concentration. Therefore, these screenings are considered weak recoveries. RI-
26O has a period of approximately 40 days where concentrations above 0.1µg/L were
measured, which was the criterion for an intermediate tracer recovery. However, it is over
a relatively short period, and the tracer recovery is considered weak. RI-26I (E) shows
concentrations higher than the 0.1µg/L threshold from around 180 days to the end of
the tracer test. Furthermore, small concentration recoveries were found from the start of
the tracer test until around 100 days into the tracer test, where the concentration then
becomes 0. While the tracer recovery is not entirely continuous, and the concentrations
are somewhat low, the tracer is still assessed as an intermediate recovery. Partly also due
to its unique location compared to other monitoring wells.
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3.2. Tracer Data Overview

Figure 3.11: Tracer data results for well RI-26 (E). An aerial and cross-sectional overview of the screening
locations and tracer recovery is shown in figures 3.18 and 3.19.

RI-7 (M1-M2)

RI-7 (M1-M2) is located 211 meters downstream from the injection well. Based on the
estimated flow directions, it is located somewhat close to the expected flow direction.
Therefore, moderately strong recoveries were expected. The breakthrough curves for RI-7
(M1-M2) are shown in figure 3.12.

Figure 3.12: Tracer data results for well RI-7 (M1-M2). An aerial and cross-sectional overview of the
screening locations and tracer recovery is shown in figures 3.18 and 3.19.

The concentration for both screenings was above the threshold of 0.1µg/L for intermediate
tracer recoveries during most of the sampling time. However, the concentrations were also
below the criterion of 1.0µg/L for strong tracer recoveries except for a few sporadic peaks.
Therefore, the tracer recovery for both screenings was considered intermediate.
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3.2. Tracer Data Overview

RI-25 (L1)

RI-25 (L1) is located just inside the eastern part of the Treatability Study area. It is
therefore located within the estimated flow directions. However, its screenings are relatively
shallow, especially when considering the distance to the injection well, which is 271 meters.
The deepest screening is located only 10 meters below the injection screening. Therefore,
both strong and weak recoveries could be found at RI-25 (L1). The breakthrough curves
for RI-25 (L1) are shown in figure 3.13.

Figure 3.13: Tracer data results for well RI-25 (L1). An aerial and cross-sectional overview of the screening
locations and tracer recovery is shown in figures 3.18 and 3.19.

For the two more shallow screenings, RI-25S and RI-25I, the recoveries were below
the 0.1µg/L threshold for almost the entirety of the tracer test, and are therefore
considered weak recoveries. RI-25D (L1) had almost no tracer recoveries except a few
peak concentrations until approximately 100 days, when tracer recovery started to occur.
The concentrations after 175 days until the end of the tracer were above the 0.1µg/L
threshold. An unfortunate data loss occurred between days 150-175. Presumably, the
tracer concentration were gonna increase during this period towards the levels detected
after the data loss. The recovery for RI-25D (L1) is considered intermediate.

RI-21 (L2-L4)

RI-21 (L2-L4) is also located within the eastern part of the Treatability Study area just
north of RI-25 (L1). It is located within the estimated flow directions and with deeper
screenings than RI-25 (L1). Therefore, strong recoveries were expected. Furthermore, this
was one of the wells showing high concentrations of TCE in the cross-sectional profile
shown in chapter 2 figure 2.5. The breakthrough curves for RI-21 (L2-L4) are shown in
figure 3.14.
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3.2. Tracer Data Overview

Figure 3.14: Tracer data results for well RI-21 (L2-L4). An aerial and cross-sectional overview of the
screening locations and tracer recovery is shown in figures 3.18 and 3.19.

All screenings had concentrations way above the 1.0µg/L threshold and are therefore
considered strong recoveries. For RI-21D (L4), a small data loss is shown. The
concentration was seemingly declining during the data loss, so the data loss is not assessed
as being that significant.

RI-22 (L5-L7)

RI-22 (L5-L7) is located within the Treatability Study area, north of RI-21 (L2-L4), but
with deeper screenings. Therefore, strong recoveries were expected. The breakthrough
curves for RI-22 (L5-L7) are shown in figure 3.15.

Screenings RI-22S (L5) and RI-22I (L6) had concentrations above the 1.0µg/L threshold
and are therefore considered strong recoveries. It should be noted that the concentrations
are, in general, not as high as for RI-21 (L2-L4), indicating that the main tracer mass
may have passed the screenings due to their depth, as was also the tendency for the
TCE concentrations in the cross-sectional profile. Screening RI-22D (L7) had lower
concentrations than the 1.0µg/L threshold except for very brief periods. This is also
the deepest screening used for the tracer test, and therefore indicates that the main
tracer mass was transported above the screening. The concentration was still above the
threshold of 0.1µg/L, and it is therefore assessed that the tracer recovery at RI-22D (L7)
was intermediate.
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3.2. Tracer Data Overview

Figure 3.15: Tracer data results for well RI-22 (L5-L7). An aerial and cross-sectional overview of the
screening locations and tracer recovery is shown in figures 3.18 and 3.19.

RI-23 (F1-F3)

RI-23 (F1-F3) is located within the western part of the Treatability Study area. Therefore,
it is located within the estimated flow directions. It has screenings somewhat close to the
same depth as RI-21 (L2-L4) and showed the same tendencies in terms of the TCE cross-
sectional profile. Therefore, strong recoveries were expected. The breakthrough curves for
RI-23 (F1-F3) are shown in figure 3.16.

The concentrations for screenings RI-23S (F1) and RI-23D (F3) had recoveries above the
1.0µg/L threshold and are therefore considered strong recoveries. RI-23D (F3) had an
unfortunate data loss after 175 days which lasted approximately 25 days. Much like RI-
21D (L4), the concentration was seemingly declining during the data loss, so the data loss
is not assessed as being that significant. For RI-23I (F2), surprisingly low concentrations
were found. At no point did the concentration exceed the threshold of 1.0µg/L, but it was
above the threshold of 0.1µg/L and is therefore considered an intermediate tracer recovery.
Interestingly when comparing with the TCE cross-sectional profile a dip in concentration
is also seen around RI-23I (F2), indicating that perhaps some fracture orientations are
causing a significant amount of mass of both TCE and tracer to bypass the screening.
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Figure 3.16: Tracer data results for well RI-23 (F1-F3). An aerial and cross-sectional overview of the
screening locations and tracer recovery is shown in figures 3.18 and 3.19.

RI-24 (F4-F6)

The final well, RI-24 (F4-F6), is located next to RI-23 (F1-F3) but with deeper screenings.
Therefore, it is expected to obtain strong recoveries, however, following the same tendency
as RI-21 (L2-L4) and RI-22 (L5-L7), being that the deeper screenings, in general, have a
lower tracer recovery. The breakthrough curves for RI-23 (F1-F3) are shown in figure 3.17.

Figure 3.17: Tracer data results for well RI-24 (F4-F6). An aerial and cross-sectional overview of the
screening locations and tracer recovery is shown in figures 3.18 and 3.19.
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The recoveries for RI-24I (F5) and RI-24D (F6) follow the expected tendency of high
recoveries but are lower than the recoveries found at RI-23 (F1-F3) (excluding RI-23I
(F2)). They are both considered strong recoveries. RI-24S (F4) has somewhat surprisingly
high tracer concentrations but also a significant data loss from approximately days 110 to
150. The data loss is during the peak concentration, which is quite unfortunate as it could
continue increasing or start to decrease. The screening is still considered a strong recovery.

3.3 Tracer Recovery Overview

A general tendency seen in the tracer data for the intermediate and strong recoveries is that
the breakthrough curve was still developing when the tracer test was ended. Indicating
that the tracer was still being transported, which was also indicated by the screenings
within the injection well. This introduces some uncertainties in interpreting the tracer
data after the sampling period, for the models introduced in the following chapter. A few
screenings had some unfortunate data losses, but most of the data losses were not that
significant. Either because a clear tendency in the data was shown, or the data was a weak
tracer recovery.

A summary of the tracer test recoveries based on their breakthrough curves is shown in
figures 3.18 and 3.19.

Figure 3.18: Aerial overview of the tracer test recovery assessment. The dashed gray line is a transect line
used to develop figure 3.19. The location of the landfill is clearly indicated by the change in elevation.
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Figure 3.19: Cross-sectional overview of the tracer test recovery assessment. The cross-sectional profile
is based on the dashed gray transect line shown in figure 3.18. For the screenings not assigned more
relatable names the following order always applies from most shallow screening to deepest: O (Open hole),
S (Shallow), I (Intermediate), D (Deep).

As shown in the figures, the monitoring wells located within the Treatability Study Area
almost all had a strong recovery, while those outside it had an intermediate or weak
recovery. This indicates that the tracer had a similar transport path as expected based on
the estimated flow directions from the TCE and the potentiometric surface measurements
described in chapter 2. The screenings inside the Treatability Study area without a strong
recovery are the ones that are either shallow or deep screenings (with the exception of
RI-23I (F2)), indicating that the tracer may have mainly been transported between the
two. This was also the case when comparing these results to the cross-sectional profile of
the TCE measurements in chapter 2.

It should be noted that no monitoring wells east or straight north of the injection well
were used for the tracer test, leaving little knowledge as to whether or not the tracer may
have been transported in those directions. It would not be expected that the tracer were
to travel east due to no significant TCE concentrations being found in the Countryside
drinking wells [Field, 2020]. However, a monitoring well placed within the landfill northeast
of the injection well, would be of interest to have further confirmation, or the opposite, in
the estimated flow direction.

The breakthrough curves with weak tracer recoveries will not be used for further analysis, as
they have already fulfilled their purpose in indicating where the tracer was not transported.
Furthermore, the measurements’ magnitude is too small, approaching the detection limit,
making the uncertainty too big to be used for further analysis.

Some of the breakthrough curves with a strong recovery were shaped like a typical
breakthrough curve, which is a right-skewed histogram [Gao, 2022]. However, some were
quite different from a typical breakthrough having many peaks in concentration. This was
also expected because of the fractured bedrock layer, which the tracer was transported
through. Some tracer will end up in fractures; some will not be transported through
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the fractures, and some will do a combination of both. This causes multiple peaks in
concentration, due to different properties in the soil causing velocity variations. This is
also known as a multi-domain soil system, which means that very different soil properties
can be found within the same characterized soil [Grenier et al., 2005].

An illustration of a dual and multi-domain breakthrough curve is shown in figure 3.20.

Figure 3.20: Breakthrough curve for RI-21S (L2) showing a dual-domain breakthrough curve, and RI-22I
(L6) showing a multi-domain breakthrough curve. An aerial and cross-sectional overview of the screening
locations are shown in figures 3.21 and 3.22.

The dual-domain breakthrough curve (RI-21S (L2)) has a steep slope from its initial
breakthrough, around 15 days until 50 days. After the slope decrease until it reaches
its peak at around 125 days. These two concentration tendencies are considered caused
by two different domains. A small dip in concentration is shown afterward, which may be
considered a third domain but is hard to assess.

The multi-domain breakthrough curve (RI-22I (L6)) tracer shows a high amount of
fluctuation, and it is hard even to assess the number of domains, but it is clearly a multi-
domain breakthrough curve.

As already illustrated by these two tracer recovery curves, assessing the number of domains
for a given tracer data set quickly becomes subjective. Therefore, a more objective way of
categorizing the tracer data’s complexity was desired. This was developed in the FAST-MD
procedure, further explained in chapter 5.

Summary

An overview of the tracer test experiment conducted by the EPA was described. From the
tracer test, three categories for tracer recovery were chosen. The strong and intermediate
tracer recoveries will be used for further analysis, while the weak recoveries will not be
used further. In figures 3.21 and 3.22 an aerial and cross-sectional overview of the wells
and screenings used for further analysis is shown.
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Figure 3.21: Aerial overview of wells chosen for further analysis after evaluation of tracer recoveries. The
dashed gray line is a transect line used to develop figure 3.19. The location of the landfill is clearly indicated
by the change in elevation.

Figure 3.22: Cross-sectional profile of screenings chosen for further analysis after evaluation of tracer
recoveries. The cross-sectional profile is based on the dashed gray transect line shown in figure 3.18.

These tracer recoveries matched the estimated flow directions based on TCE and
potentiometric surface measurements.

An overview of the tracer data used for further analysis is shown in figure 3.23
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Figure 3.23: Overview of the tracer data used for further analysis. The 7 screenings with the highest
concentrations are marked. An aerial and cross-sectional overview of the screening locations is shown in
figures 3.21 and 3.22.

Based on the overview screening group L2-L4 and F1-F3 have the highest concentrations,
having 3 and 2 of its screenings within the 7 highest concentrations respectively. These
were the shallow screenings within the Treatability Study area. This fits with the tendency
seen for the TCE cross-sectional profile shown in chapter 2 figure 2.5 where the highest
concentrations were seen in approximately the same depth.

Furthermore, an evaluation of the different breakthrough curves showed that multiple
domains may be contributing to some of the more complicated breakthrough curves. To
describe these breakthrough curves, a model that can describe a multi-domain soil system
is required. This model will be further discussed in the following chapter.
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Transport Models and
Geostatistics 4

The transport models for dealing with the complex tracer data introduced in the previous
chapter will be presented in this chapter. It is assumed that 1-dimensional flow occurs
between the injection screening and the monitoring screenings, even though the transport,
in reality, is 3-dimensional. Furthermore, the geostatistical models used to analyze the
goodness of fit between the transport models and the tracer data will be introduced. The
models introduced in this chapter are applied using the software Microsoft Excel [Microsoft]
unless otherwise implied.

4.1 Advection-Dispersion Equation

The transport of solutes in porous mediums is primarily controlled by the movement of
the water in the medium. This means that solute transport is basically the replacement of
solute-free water, with water including solute, and eventually replaced by solute-free water
again. The concept is shown in figure 4.1. This section is based on [Loll and Moldrup,
2000] unless otherwise indicated.

Figure 4.1: Illustration of the change in concentration in a volume of water due to the replacement of
water, using the continuity equation.
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4.1. Advection-Dispersion Equation

The transport processes advection and dispersion mainly control the replacement or
transport of water and thereby solute. Furthermore, diffusion can, in some soil systems,
play a role in the transport of solutes, such as fractured bedrock, which is present at the
HLLSS [CLU-IN].

Advection is the solute transport due to water movement, also known as mass transport
or convection. The advective flux of a given solute is given by equation (4.1).

Ja = v · θ · C (4.1)

Ja Advective flux [g/(m2 s)]
v Pore-water velocity [m/s]
θ Volumetric water-content

[
m3 water−filled pores

m3 soil

]
C Concentration of solute [g/m3]

Diffusion is the solute transport due to concentration gradients; basically, the solute is
trying to distribute itself equally. This concept is also known as Fick’s first law. The
diffusive flux of a given solute is given by equation (4.2).

Jdif = −θ ·Ddif
∂C

∂x
(4.2)

Jdif Diffusive flux [g/(m2 s)]
Ddif Diffusion coefficient [m2/s]
x Transport direction [m]

Dispersion is the transport or spreading of solute due to inhomogeneity in the soil. The
inhomogeneity in the soil causes velocity variations and different flow paths for the water
and solute. This concept is also known as mechanical dispersion. The dispersive flux of a
given solute is given by equation (4.3).

Jdisp = −θ ·Ddisp
∂C

∂x
(4.3)

Jdisp Dispersive flux [g/(m2 s)]
Ddisp Mechanical dispersion coefficient [m2/s]

Dispersion and diffusion are two very different transport processes. They are, however,
often when using the advection-dispersion equation combined into one term. This is
because both transport phenomena yield a normal distribution of the mean velocity of the
solute. The diffusive and dispersive flux added will be defined as the effective dispersion
coefficient, D.
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When combining the three transport processes, the total solute flux is found, which is
shown in equation (4.4).

Js = −θ ·D∂C
∂x

+ v · θ · C (4.4)

Js Total solute flux [g/(m2 s)]
D Effective dispersion coefficient (D = Ddisp +Ddif ) [m2/s]

As mentioned earlier in the section, the transport of solutes can be described as replacing
water within a given volume. For a concentration change to occur within this volume, the
concentration going into the volume must differ from the one going out. This also applies
to the volumetric water-content within a given volume.

This concept is also known as the continuity equation and is illustrated in figure 4.1, and
in equation (4.5).

∂θC

∂t
= −∂Js

∂x
(4.5)

Other processes can also affect solute transport; in the case of the tracer, the following
assumptions were made. It is assumed that the tracer does not decay or is produced during
the tracer test and that no sorption occurs.

Combining equations (4.4) and (4.5) yields what is known as the advection-dispersion
equation and is shown in equation (4.6).

θ
∂C

∂t
= D

∂2C

∂x2
θ − v∂C

∂x
θ (4.6)

The main objective of this chapter, as mentioned earlier, is to obtain a model which can
describe the complex tracer data obtained from the EPA investigation. This tracer data
is a so-called "window" into water and solute transport behavior from the injection well
to the monitoring well. The tracer behavior from injection to monitoring wells is therefore
left to interpretation based on the results of the monitoring wells. Therefore, it is assumed
that the water and solute behavior described through the tracer data is the same from
injection to monitoring well. In other words, steady-state water flow is assumed to occur
between the injection and monitoring wells meaning that the volumetric water-content,
pore-water velocity, and effective dispersion coefficient are constant. By dividing with the
volumetric water-content the advection-dispersion equation can be simplified to equation
(4.7) for steady-state flow conditions.

∂C

∂t
= D

∂2C

∂x2
− v∂C

∂x
(4.7)
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4.2. Mobile and Immobile Domain Model

A 1-D and 3-D numerical approach using Modflow [Aquaveo] was considered using the
advection-dispersion equation. However, much for the same reason as described for the
steady-state conditions, to fully capitalize on the strength of the modflow model, an
extensive data set of hydrogeological data would be required. It was assessed that the
data for the HLLSS was not sufficient for such complex models, and a more simple model
approach would be more appropriate. In appendix B the considerations for the modflow
model is further explored.

In the following sections, different models of the advection-dispersion equation are explored.

4.2 Mobile and Immobile Domain Model

The mobile and immobile domain model is a semi-dual-domain model of the advection-
dispersion equation, as it includes exchange between two domains, an immobile and mobile
domain. In the model, it is assumed that no solute transport occurs within the immobile
zone, so the only process occurring in the immobile zone is the exchange with the mobile
zone.

CXTFIT2 is a software used for solving steady-state one-dimensional transport problems
using the advection-dispersion equation [Simunek et al.], including the mobile and
immobile domain model. The software fits solute transport parameters such as pore-water
velocity, mechanical dispersion coefficient, and mass transfer coefficient by minimizing the
objective function, which is the sum of squared differences between observed and fitted
concentrations [Toride et al., 1999].

The mobile and immobile domain advection-dispersion equation is shown in equation (4.8)
and (4.9).

θm
∂Cm

∂t
= θmDm

∂2Cm

∂x2
− vθm

∂Cm

∂x
− α(Cm − Cim) (4.8)

θim
∂Cim

∂t
= α(Cm − Cim) (4.9)

m Mobile domain [−]
im Immobile domain [−]
α Mass transfer coefficient [s−1]

If equation (4.9) were to be removed and thereby also the mass transfer coefficient term
in equation (4.8) the advection-dispersion equation introduced in equation (4.6) is then
reobtained.
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4.2. Mobile and Immobile Domain Model

For simplification, the model introduces some dimensionless parameters for the input file.
These are introduced in equations (4.10) and (4.11).

β =
θm
θ

(4.10)

β Partitioning factor between the mobile and immobile domain [−]

ρ =
αζ

θv
(4.11)

ρ Dimensionless mass transfer coefficient [−]
ζ Characteristic length [m]

Since the model assumes no movement in the immobile domain, the effluent concentration,
ce, becomes equal to the mobile concentration, cm.

A conceptual model for the mobile and immobile domain model is shown in figure 4.2.

Figure 4.2: Conceptual model for the mobile and immobile domain model. It should be noted that while
it appears that the two processes are happening at different locations in the model, this is not the case
in reality and is just illustrated as such for easier visualization. Also, the exchange process occurs at
pore-scale but is shown at field-scale for easier visualization.

The tracer was injected as quickly as possible to emulate an instantaneous injection.
However, that is very hard to achieve, and it is assessed that a pulse release is a more
reasonable representation of the tracer release and will be used for the CXTFIT2 software.
For the initial input parameters for the CXTFIT2 software, the model QTRACER2 was
used [Field, 2002]. QTRACER2 is a model that estimates transport parameters solely
based on statistical analysis. By using QTRACER2 as an initial estimator of transport
parameters, the likelihood that the CXTFIT2 software achieves the global minimum
solution is increased [Field, 2020].
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4.3. Dual-domain Model

4.3 Dual-domain Model

The dual-domain model of the advection-dispersion equation uses the dual-advection
dispersion equation (DADE) to combine different property domains to describe soils with
multiple domains [Leij et al., 2012b], similarly to the mobile and immobile domain model.
In the dual-domain model, movement occurs in the immobile domain, where the dual-
domain model differs from the mobile and immobile domain model. Therefore, both
the advection and dispersion processes occur in the immobile domain; hence, it is not
an immobile domain in the dual-domain model. Therefore the terms fast and slow flow
domains are used when referring to the dual-domain model.

The dual-domain advection-dispersion equation is shown in equation (4.12).

θi
∂Ci

∂t
= θiDi

∂2Ci

∂x2
− θivi

∂Ci

∂x
+ α(Cj − Ci)(i = 1, 2; j = 2, 1) (4.12)

i and j Fast and slow domain [−]

The output concentration, which should match the tracer test as much as possible, is
defined. It is unknown if the tracer test concentrations were measured in the fast or slow
domain, so the effluent concentration is no longer equal to the concentration in one domain.
The effluent concentration is defined as the flux-average concentration in a flowing fluid
across both domains and is defined in equation (4.13) [Leij et al., 2012b].

Ce =
θiviCi + θjvjCj

θivi + θjvj
(4.13)

Ce Effluent concentration [g/m3]

A conceptual model of the dual-domain model is shown in figure 4.3.
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4.4. Comparison of Mobile Immobile Domain and Dual-domain Models against Tracer
Data

Figure 4.3: Conceptual model for the dual-domain domain model. It should be noted that while it appears
that the two processes are happening at different locations in the model, this is not the case in reality and
is just illustrated as such for easier visualization. Also, the exchange process occurs at pore-scale but is
shown at field-scale for easier visualization.

4.4 Comparison of Mobile Immobile Domain and
Dual-domain Models against Tracer Data

The mobile and immobile domain and dual-domain models were tested on the tracer data,
showing some limitations. The models were excellent for fitting dual-domain tracer data,
but as established in chapter 3 some of the tracer data is relatively complex, requiring a
multi-domain model to obtain a decent fit. An example of this is shown for the tracer data
from well RI-22S (L5) in figure 4.4

Figure 4.4: Raw tracer data, reduced and smoothed tracer data, and results from the two models. The
models were fitted to the reduced and smoothed tracer data. The method for reduction and smoothing of
tracer data is further explained in chapter 5. Results are from RI-22S (L5).
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Neither model could obtain a decent fit for the raw tracer data or the reduced and smoothed
tracer data. Both models are trying to obtain an average fit to the overall data since
the amount of flow domains represented is more than the two domains each model uses.
Therefore, a multi-domain approach had to be used to try and describe these complex
tracer data sets.

4.5 Multi-domain Model

To describe these complex tracer data sets, a multi-domain model is required. For this, a
streamtube approach was decided. To understand the concept of streamtubes, the term
streamlines first has to be identified. Streamlines are lines tangential to the instantaneous
velocity direction. These streamlines can be used to determine the movement of a particle
through a given system. The concept of streamlines is further explained in appendix A.

A streamtube is an impermeable tube consisting of these streamlines. In the case of
a steady one-dimensional system, the mass flow rate is constant [eFluids]. Therefore,
each streamtube is considered an individual flow domain with unique properties, and no
exchange will occur between the different flow domains.

The release of tracer is modeled as an instantaneous injection with a constant concentration
throughout the injection period and, afterward, a concentration of zero. The injection
period is assumed equal to 1 h for all screenings; this was also assumed for modeling in
[Field, 2020] at the HLLSS. When dealing with a very short injection period relative to
the sampling period of approximately 233 days, the exact value of the injection period is
not that important as the variation between the screenings is instead expressed through
the inlet concentration.

Since the background concentration is already implemented in the tracer data output, as
described in chapter 3, the initial concentration is set to 0. The general analytical solution
for such a boundary problem of the advection-dispersion equation introduced in equation
(4.7) is shown in equations (4.14) and (4.15) [Leij et al., 2012a].

C(t) =
c0

2

([
erfc

(L− vt√
4Dt

)
+ exp

(vL
D

)
erfc

(L+ vt√
4Dt

)])
(4.14)

for 0 < t ≤ t0

C(t) =
c0

2

([
erfc

(L− vt√
4Dt

)
+ exp

(vL
D

)
erfc

(L+ vt√
4Dt

)])
(4.15)

−c0

2

([
erfc

(L− v(t− t0)√
4D(t− t0)

)
+ exp

(vL
D

)
erfc

(L+ v(t− t0)√
4D(t− t0)

)])
for t > t0

45



4.5. Multi-domain Model

v Pore-water velocity [m/s]
D Effective dispersion coefficient [m2/s]
C Concentration [µg/L]
c0 Inlet concentration [µg/L]
t Time [s]
t0 Injection time [s]
L Distance between injection and monitoring well [m]

Equation (4.14) describes the concentration while the tracer is still being injected, while
equation (4.15) describes the concentration after the tracer has been injected.

This solution is set up to describe each individual flow domain. Then a so-called combined
domain function will be used to describe a final effluent concentration.

A weight factor, ω, is introduced to combine these flow domains into the combined domain
function. The weight factor is used to partition each domain. It, therefore, describes
the influence each domain has on the overall combined domain function. The sum of the
weight factors is always 1 so that mass balance is preserved. The pore-water velocity and
effective dispersion coefficient vary with each domain, while the remaining parameters are
not domain-dependent. The combined domain function is shown in equations (4.16) and
(4.17).

C(t) =
n∑

i=1

((c0

2

([
erfc

(L− vit√
4Dit

)
+ exp

(viL
Di

)
erfc

(L+ vit√
4Dit

)]))
ωi

)
(4.16)

for 0 < t ≤ t0

C(t) =
n∑

i=1

((c0

2

([
erfc

(L− vit√
4Dit

)
+ exp

(viL
Di

)
erfc

(L+ vit√
4Dit

)])
(4.17)

−c0

2

([
erfc

(L− vi(t− t0)√
4Di(t− t0)

)
+ exp

(viL
Di

)
erfc

(L+ vi(t− t0)√
4Di(t− t0)

)]))
ωi

)
for t > t0

i ith flow domain [−]
ω Weight factor [-]

Exchange between the domains is not included in this solution of the advection-dispersion
equation. However, while it is not directly implemented into the model, it is still present
in the tracer data and, therefore, also affects the model output. This means that the value
of the model parameters pore-water velocity and effective dispersion coefficient indirectly
expresses this exchange between domains.

A conceptual model of the multi-domain model is shown in figure 4.5.
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4.6. Dispersivity as a Validation Tool

Figure 4.5: Conceptual model for the multi-domain model. It should be noted that while it appears that
the two processes are happening at different locations in the model, this is not the case in reality and is
just illustrated as such for easier visualization.

An illustration of the model is shown in both chapters 5 and 6.

4.6 Dispersivity as a Validation Tool

Dispersivity describes the relationship between solute spreading due to velocity variations
and the average velocity experienced by particles in the pore-water. In other words,
dispersivity describes the relationship between the mechanical dispersion coefficient and the
pore-water velocity, as shown in equation (4.18) [Loll and Moldrup, 2000]. Dispersivity
is, therefore, a relevant parameter to use as a validation tool because it describes the
relationship between two of the main transport concepts in the advection-dispersion
equation, which are advection and dispersion.

Diffusion and mechanical dispersion were described as one transport type in the effective
dispersion coefficient for the multi-domain model. It is assumed that the relationship for
dispersivity is still valid even though the effective dispersion coefficient is used instead of
the mechanical dispersion coefficient. This is also quite common practice due to dispersion
often outweighing diffusion [Loll and Moldrup, 2000].

τ =
D

v
(4.18)

τ Dispersivity [m]

In [Gelhar and Collins, 1992] 59 different field site results were evaluated in terms of both
longitudinal and transverse dispersivities as a function of scale, scale meaning the travel
distance. The data were classified into two types of soil: porous (unimodal) and fractured
media. The data was also divided into three types of solute transport events: naturally
occurring uncontrolled contamination, human-induced uncontrolled contamination, and
controlled tracer tests. The results are shown in figure 4.6 [Gelhar and Collins, 1992].
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4.6. Dispersivity as a Validation Tool

A tendency shown in the data is that at scales 10-1000 meters, the fractured media had
higher dispersivity values than the porous (unimodal) media. The data were categorized
into three reliability categories, high, intermediate, and low. These were based on factors
such as knowledge of mass input history, non-conservative effects of tracer not accounted
for, and limited geological knowledge. In cases where the concentration data collected was
of high reliability, but other factors could be improved, a reanalysis was conducted, and
a new dispersivity value was found [Gelhar and Collins, 1992]. The results are shown in
figure 4.7.

Figure 4.6: Longitudinal dispersivity as a function of distance from injection to detection well. The data
is classified by soil type and solute transport event [Gelhar and Collins, 1992].

The site assessed as having high reliability with the largest distance between injection and
detection well had, a distance of 250 meters. Most screenings used for analysis were within
the Treatability Study area, located approximately 270-320 meters from the Source area,
where the tracer was injected. Therefore, having a slightly larger scale than most of the
high-reliability data, as also indicated by the scale of the HLLSS, which is shown in figure
4.7.

The results from [Gelhar and Collins, 1992] was also used in [Spitz and Moreno, 1996].
Based on the results, a rule of thumb was estimated that the longitudinal dispersivity
is approximately a factor 10 lower than the travel distance. Furthermore, an interval of
factor 10 above and below this rule of thumb was added and used as an expected range for
dispersivity values. The figure is shown in appendix C figure C.1. This range was added
to figure 4.6 and the results are shown in appendix C figure C.2.

As mentioned earlier, the fractured dispersivity values were seemingly higher than for
the unimodal soil types. Most of the fractured values are located between the middle and
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4.6. Dispersivity as a Validation Tool

upper limits of the expected range. Therefore, this interval is defined as typical dispersivity
values for fracture media. The lower to the middle limit is defined as typical values for
unimodal media. This expected range was also added to figure 4.7 and are the solid and
dashed blue lines.

These results were obtained from models primarily using single-domain models of the
advection-dispersion equation. This means that for the fractured media soil types, the
dispersivity becomes an average of the multi-domain properties within that soil. It is
nearly impossible to have a homogeneous fractured media when working with field-scale
sizes. This will cause a higher estimated spreading and higher dispersivity, as each domain
and the exchange between these domains contribute to more velocity variations, meaning
more spreading. This is also indicated by the high dispersivity values for the fractured
media as seen in figure 4.6. Therefore, when using the multi-domain model introduced
earlier in the chapter, the dispersivity is expected to decrease, especially for the domains
representing significant fracture transport.
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Figure 4.7: Longitudinal dispersivity as a function of distance from injection to detection well. Arrows
indicate reported values at tails and corresponding values from reanalyses at heads. The dashed black line
connects two dispersivity values determined at the same site; the dashed gray line is the minimum and
maximum scale for the screenings used for further analysis at the HLLSS. The solid and dashed blue lines
indicate an expected interval when using a single-domain model. The expected interval is divided into two
soil types fractured and unimodal. Modified from [Gelhar and Collins, 1992].

This figure will be revisited in chapters 5, 6 and 8 where the results from the FAST-MD
procedure will be evaluated to confirm the hypothesis that an increase in domains lowers
the dispersivity.

The transverse dispersivity was also investigated in [Gelhar and Collins, 1992]. The results
indicated that the longitudinal dispersivity was approximately 10 times higher than the
horizontal transverse dispersivity and vertical transverse dispersivity was even lower. This
indicates that the spreading of solute is mainly in the main-flow direction, further justifying
the implications of using a 1-dimensional model of the advection-dispersion equation.

50



4.7. Pulse Peak with Power Term Model

4.7 Pulse Peak with Power Term Model

The pulse peak with power term model is an empirical model used in the PeakFit software
to describe individual peaks identified in the tracer data [Systat Software Inc.]. This is
done as part of the FAST-MD procedure to identify the number of domains, their location,
and shape. This process is further explained in chapter 5. This specific empirical model
was chosen based on an evaluation of the different models offered by PeakFit. The pulse
peak with power term model yielded the best results. This is because its shape is similar
to that of the right-skewed histogram, which is the typical shape of a breakthrough curve
described in chapter 3. This empirical model is quite similar to some of the basic transfer
functions introduced in [Jury and Roth, 1990] used for solute transport modeling, further
validating its usage. The equation for this model is shown in (4.19).

C =
a0[1− exp (− t−a1

a2
)]a3 exp (− t−a1

a2
)

aa3
3 (a3 + 1)−a3−1

(4.19)

C Concentration [g/m3]
t Time [d]
a0 Amplitude [g/m3]
a1 Pulse initiation [s]
a2 Width [s]
a3 Shape [-]

Each of these variables was investigated to understand how they are related to the solute
transport parameters from the advection-dispersion model. The variation in output for
three different values of each variable is shown in figure 4.8

The amplitude, a0, changes the concentration peak, meaning it is the equivalent to the
inlet concentration, c0, in the advection-dispersion equation. The pulse initiation, a1,
and shape, a3, change the breakthrough time of the peak, which would be equivalent to
the pore-water velocity. The width, a2, describes the peak’s spreading, which would be
equivalent to the effective dispersion coefficient.
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Figure 4.8: Value variation for the 4 variables in the pulse peak with power term model. For the variables
kept constant a value of 10 is used.

4.8 Geostatistical Models

Two geostatistical models will be used to evaluate the goodness of fit achieved with the
transport models and, thereby, the reliability of the estimated transport parameters.

4.8.1 Nash–Sutcliffe Model Efficiency Coefficient

The Nash–Sutcliffe model efficiency coefficient, hereon referred to as NSE, is widely used
a statistical tool to assess the goodness of fit in hydrologic models [McCuen et al., 2006].
In comparison to the more standard coefficient of determination, R2, the NSE takes into
account systematic model bias [Nielsen et al., 2018]. In equation (4.20) the NSE model is
shown.

NSE = 1−
∑n

i=1(yi − ci)∑n
i=1(ci − c̄i)

(4.20)

NSE Nash–Sutcliffe model efficiency coefficient [−]
yi Modeled results at time i [g/m3]
ci Observed results at time i [g/m3]
c̄i Mean observed value [g/m3]

An NSE value of 1 means the model perfectly fits the observed data. An NSE value of 0
means that the model fit is just as good as using the average value of the observed data.
Finally, a negative NSE value means that using the average value of the observed data is
better than the model fit [Nielsen et al., 2018].
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A limitation of the NSE model is that it does not consider the number of model parameters,
which is why another geostatistical model is also used.

4.8.2 Akaike’s Information Criterion

As mentioned at the end of the NSE model description, the model does not consider the
number of model parameters. This is one of the strengths of using Akaike’s information
criterion, hereon referred to as AIC. It is important to consider the number of model
parameters during statistical analysis. In general, the more parameters, the better the
overall fit; however, this may cause overconditioning of the model due to too many model
parameters [Nielsen et al., 2018]. In equation (4.21) the AIC model is shown.

AIC = n(ln(2π) + ln

[∑n
i=1(yi − ci)2

n− k

]
+ 1) + k (4.21)

AIC Akaike’s information criterion [−]
n Number of observations [−]
yi Modeled results at time i [g/m3]
ci Observed results at time i [g/m3]
k Number of model parameters [−]

The AIC value varies between −∞ and ∞, where the smaller or more negative the value,
the better model prediction [Nielsen et al., 2018].

A limitation in the AIC model is that the output is of relative scale. This means that
an isolated AIC value does not say anything about the goodness of fit. Therefore, the
AIC model is instead used to compare the goodness of fit between models with the same
observation data.

Both the NSE and AIC models are used as they give valuable information about the
goodness of fit of the models in different ways that complement each model’s limitations.

4.8.3 Residual Sum of Squares

The residual sum of squares is used as a parameter to optimize the goodness of fit between
the model and tracer data and is shown in equation (4.22).

E =
n∑

i=1

((yi − ci)2) (4.22)

E Sum of squared residuals [(g/m3)2]
yi Modeled concentration at i’th time [g/m3]
ci Tracer data concentration at i’th time [g/m3]
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By optimizing the residual sum of squares, the solute transport parameters such as pore-
water velocity, effective dispersion coefficient, and inlet concentration are found. The sum
of squared residuals is used as the calibration goal, while the solute transport parameters
are used as the calibration variable. This method is used in both the initial and final
parameter estimation of the FAST-MD procedure introduced in chapter 5.

Summary

In this chapter, different models for describing the tracer data were introduced. It
was deemed necessary to use a model of the advection-dispersion equation, which could
describe multiple domains. The model used was a streamtube approach where each
domain is described individually and then combined with a weight factor in a combined
domain function. Exchange between domains is indirectly included in the solute transport
parameters; however, the model does not include direct mass transfer between the domains.
An empirical model called the pulse peak with power term model was also introduced. The
purpose of which is to describe identified peaks in the software PeakFit [Systat Software
Inc.]. An application example of both models will be shown in the following chapter and
chapter 6.

A validation tool was also introduced using literature values of dispersivity from [Gelhar
and Collins, 1992]. A hypothesis was developed that the dispersivity of the multi-domain
model would be lower than the literature values because those were mainly obtained with
a single-domain model. This validation tool will be used to evaluate the solute transport
parameters found with the FAST-MD procedure, which will be introduced in the following
chapter.

Two geostatistical models were also introduced. The NSE model was introduced to describe
the overall goodness of fit of the data. The AIC model was introduced as a parameter to
compare the goodness of fit between models with a different number of model parameters.
These model applications will also be introduced in the following chapter and chapter 6.
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Development of the Flow
And Solute Transport -

Multi Domain procedure
(FAST-MD) 5

In this chapter, an introduction to the Flow And Solute Transport - Multi Domain
procedure, also known as the FAST-MD procedure, will be conducted. The FAST-
MD procedure was developed to analyze complex breakthrough curves resulting from
transport in porous media with multiple flow domains to obtain water and solute transport
parameters.

As illustrated in chapter 2 a more objective way to analyze the tracer data was desired in
terms of the number of domains, location, and shape. In chapter 4, it was illustrated that
a multi-domain model would be required to handle some of the more complex tracer data
sets. With these motivations, the FAST-MD procedure was developed. A short overview
of the FAST-MD procedure is shown in figure 5.1.

Figure 5.1: Overview of the three procedure parts in the FAST-MD procedure, including tools and purpose.

Process diagrams for each procedure part were made. The results from screening RI-22S
(L5) will be used as an example in the process diagrams.

5.1 Part 1. Data reduction and Peak Identification

The purpose of procedure part 1 is to use data reduction and peak identification to obtain
a more objective way to analyze the tracer data in terms of the number of domains,
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their location, and shape. The software PeakFit is used for procedure part 1 [Systat
Software Inc.]. PeakFit is an analysis software used for peak identification in data sets; its
application has mainly been used in the scientific fields of spectroscopy, chromatography,
and electrophoresis [Systat Software Inc.]. The usage of PeakFit within the hydrogeological
field is limited. In [Andreo et al., 2015] and [Groten and E. Calvin Alexander, 2015],
PeakFit was used as a tool to separate tracer recoveries when multiple tracer tests were
conducted within a short time span of each other in karst systems. PeakFit was also used
in [Goldscheider and Drew, eds] for the separation of tracers in laboratory experiments.

Data reduction is conducted due to computational limitations and simulation time
optimization concerns. The amount of data points for each monitoring screen is around
11,000. The algorithm used to reduce these data points is the Gaussian weight function.
The function calculates a given data point based on an average of surrounding points,
where points closer to the given data point is weighted higher than data points further
away [Brubaker].
The tracer data is reduced with equal distribution, so the distance between each data
point is the same. 100 data points were chosen as it is assessed as an adequate amount of
data points so that the results of modeling the tracer data are not changed significantly.
This amount of data points significantly reduces computational time when modeling.
Furthermore, the number of data points was chosen based upon an evaluation of minimizing
data while still retaining the quality of the data set.

Additional data smoothing was done to reduce the amount of variance in the tracer data,
removing outliers and noise from the data. In principle, this could be done in one step
with the data reduction method, but it has been deemed more effective to do a separate
smoothing function afterward [Systat Software Inc.]. This makes identifying peaks more
reliable so that the chance that variance in data is mistakenly identified as a peak is
minimized. The data was smoothed using the Savitzky-Golay algorithm, which generates
local polynomials based on nearly located data points to obtain a local value [Whittaker,
1924]. The degree of smoothing is evaluated by the PeakFit software AI expert, which
aims to minimize the noise in the data while still not adversely changing the overall data
set [Systat Software Inc.].

Peaks are identified for the reduced and smoothed tracer data set. The shape and position
of the peaks are optimized within the PeakFit software using a sum curve of the identified
peaks, which is fitted to the reduced and smoothed data set. Furthermore, an optimization
of the number of peaks required is conducted by evaluating the importance of the identified
peaks. A process diagram of procedure part 1 is shown in figures 5.2, 5.3, and 5.4.
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Figure 5.2: Process diagram for procedure part 1, Data reduction and peak identification (1/3).
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Figure 5.3: Process diagram for procedure part 1, Data reduction and peak identification (2/3).
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5.2. Part 2. Initial Parameter Estimation

Figure 5.4: Process diagram for procedure part 1, Data reduction and peak identification (3/3).

5.2 Part 2. Initial Parameter Estimation

The purpose of procedure part 2 is to give an initial estimate of the parameters for the
multi-domain model so that the optimization routine in procedure part 3 is more likely to
achieve the global minimum solution. Each peak identified in procedure part 1 is fitted
with the advection-dispersion solution presented in chapter 4 equations (4.14) and (4.15)
to obtain initial estimates of the pore-water velocity and effective dispersion coefficient.
Furthermore, an initial estimate of the inlet concentration and the weight factors are also
obtained. A process diagram of procedure part 2 is shown in figures 5.5
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Figure 5.5: Process diagram for procedure part 2, initial parameter estimation (1/1).

5.3 Part 3. Final Parameter Estimation

The purpose of procedure part 3 is to use these initial parameters to obtain the optimized
parameters for the tracer data. This is done by minimizing the sum of squared residuals
between the combined domain function, obtained from the multi-domain model of the
advection-dispersion equation, and the reduced and smoothed tracer data set. The
calibration variables are the domain-dependent weight factors, pore-water velocities,
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effective dispersion coefficients, and one inlet concentration, which is the same for all
domains. A process diagram of procedure part 3 is shown in figures 5.6 and 5.7

Figure 5.6: Process diagram for procedure part 3, final parameter estimation (1/2).
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Figure 5.7: Process diagram for procedure part 3, final parameter estimation (2/2).

The validation tool from procedure part 3 is presented again in figure 5.8
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5.3. Part 3. Final Parameter Estimation

Figure 5.8: Longitudinal dispersivity as a function of distance from injection to detection well. Arrows
indicate reported values at tails and corresponding values from reanalyses at heads. The dashed black line
connects two dispersivity values determined at the same site. The solid and dashed blue lines indicate an
expected interval when using a single-domain model. The expected interval is divided into two soil types
fractured and unimodal. Results are from RI-22S (L5). Modified from [Gelhar and Collins, 1992].

The results show a high dispersivity value for the single-domain solution. The value is
similar to the literature values for the fractured soil systems (upper end of the expected
range), as was also expected. Lower values of dispersivity were found for the multi-domain
solution. Three of the dispersivity values are in the lower end of the expected range, similar
to the literature values for the porous media (unimodal) soil systems.
One dispersivity value was lower than the expected range. This is expected for this domain
as it is domain 3, as shown by the results in the process diagram. This is because
domain 3 is the rapid, occurring peak with little tailing after approximately 100 days;
hence, low dispersivity was expected. Therefore, the results confirm the hypothesis of
lower dispersivity values when increasing the number of domains, validating the FAST-
MD procedure. A further discussion of the validation tool using all the results from the
FAST-MD procedure will be conducted in chapter 8.
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5.3. Part 3. Final Parameter Estimation

Summary

In this chapter, an overview of the FAST-MD procedure was presented through process
diagrams. In figure 5.9 a summary of the procedure is shown.

Figure 5.9: Summary of the FAST-MD procedure.

Using the FAST-MD procedure, an example of its usage on a dual-domain and multi-
domain tracer data set will be conducted in the following chapter.
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Analysis of Tracer Data
with the FAST-MD

Procedure 6
In this chapter, the FAST-MD procedure shown in chapter 5 will be shortly illustrated
on a dual-domain and multi-domain tracer data set. The screenings used are RI-21S (L2)
and RI-22I (L6) for the dual-domain and multi-domain tracer data set, respectively. An
overview of the screening location of the dual and multi-domain tracer data sets are shown
in figures 6.1 and 6.2.

Figure 6.1: Aerial overview of the chosen screenings in relation to the injection well. The dashed gray line
is a transect line used to develop figure 6.2. The location of the landfill is clearly indicated by the change
in elevation.
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6.1. Dual-domain Tracer Data Set

Figure 6.2: Cross-sectional profile showing the screenings location in relation to the injection well. The
cross-sectional profile is based on the dashed gray transect line shown in figure 6.1.

6.1 Dual-domain Tracer Data Set

Screening RI-21S (L2) was chosen for the dual-domain tracer data set. The FAST-MD
procedure was divided into three procedure parts. Procedure part 1 was data reduction
and peak identification, and a short illustration of this procedure part will be shown in the
following.

The raw tracer data set is shown in figure 6.3.

Figure 6.3: Raw tracer data for well RI-21S (L2).

As shown in the figure, the tracer is relatively simple. The fluctuation is very low compared
to most of the tracer data collected. Furthermore, there are seemingly only 2-3 peaks in
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6.1. Dual-domain Tracer Data Set

the data set. The steep slope from around 20 to 50 days could be assessed as a peak. The
concentration peaks around 125 and 150 days could also be considered one or two peaks.

The raw tracer data set was reduced to 100 data points and smoothed. The smoothing
degree was 20.2%. The reduced and smoothed tracer data is shown in figure 6.4.

Figure 6.4: Raw and the reduced and smoothed tracer data, for well RI-21S (L2).

The reduced and smoothed tracer data is close to identical to the raw tracer data. This is
due to the low fluctuation discussed earlier.

In procedure part 1, step 4 (Initial number of peaks estimation), 2 local maxima peaks and
1 residual peak were identified. At the end of procedure part 1, it was concluded that only
2 peaks were needed to describe the tracer data. The peaks and the sum curve generated
by these peaks are shown in figure 6.5.

Figure 6.5: Results from procedure part 1 for well RI-21S (L2). The results included are the reduced and
smoothed tracer data, the identified peaks, and the sum curve generated by the peaks.
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6.1. Dual-domain Tracer Data Set

The peaks identified are in good correlation with the assessment of the tracer data. The
first peak describes the steep slope data from approximately 20-50 days, while the second
peak describes the peak around 125-150 days.

Using the results from procedure part 1, the initial parameter estimation (procedure part
2) was conducted. The results are summarized at the end of this section, together with
results from the final parameter estimation (procedure part 3).

The combined domain function using the final estimated parameters from procedure part
3 is shown with the reduced and smoothed tracer data and the raw tracer data in figure
6.6.

Figure 6.6: Results from the FAST-MD procedure. Figure part A shows the raw tracer data, reduced
and smoothed tracer data, and combined domain function using the final parameter estimations. NSE
values are between the combined domain function and the two tracer data sets. Figure part B shows
the individual domains used for the combined domain function. Results are for screening RI-21S (L2).
Dispersivity, τ , is in units m, the inlet concentration, c0, is in units µg/L.

The combined domain function almost perfectly fits both the raw tracer data and the
reduced and smoothed tracer data. The exception is the slight dip in concentration around
125 days. This is also reflected in the NSE values obtained using the estimated parameters.
The geostatistical values are summarized in table 6.1.
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6.1. Dual-domain Tracer Data Set

The domain 1 function is the main contributor to the combined domain function from
the start of the tracer test to around 125 days. During those 125 days, the slope of the
tracer data changes multiple times. This is due to multiple flow domains contributing
to tracer transport during this period, and these are mainly being described through one
domain, domain 1. Furthermore, exchange between these flow domains also occurs. These
processes are therefore causing a high dispersivity.

Table 6.1: Geostatistical results for the initial and final parameter estimation for the raw tracer data and
the reduced and smoothed tracer data for RI-21 (L2).

Initial parameter estimation
Raw tracer data Reduced and smoothed tracer data

NSE [-] 0.984 0.986
AIC [-] -1330 -11.3

Final parameter estimation
Raw tracer data Reduced and smoothed tracer data

NSE [-] 0.994 0.996
AIC [-] -12374 -133

The overall fit is good when comparing the NSE values for both the initial and final
parameter estimations with both tracer data sets. The worst fit is the initial parameters
fitted to the raw tracer data. The best fit is the final parameters fitted to the reduced and
smoothed tracer data, which is expected. The AIC values can only be compared between
identical data sets as the value is a relative measure [Nielsen et al., 2018]. The AIC value
is more negative for the final parameters than the initial, meaning a better fit using the
final parameter estimation even though more model parameters are used.

The initial and final parameter estimations are shown in table 6.2.

Table 6.2: Initial and final parameter estimations for screening RI-21S (L2). A * indicates that the value
is valid for all domains.

Initial parameter estimation
Domains 1 2
v [m/d] 2.76 1.12
D [m2/d] 156 41.6
τ [m] 56.4 37.0
ω [-] 0.33 0.67
c0 [µg/L] 41341*

Final parameter estimation
Domains 1 2
v [m/d] 1.43 1.11
D [m2/d] 204 48.6
τ [m] 143 44.0
ω [-] 0.47 0.53
c0 [µg/L] 44252*

The parameters for the initial and final parameter estimation are somewhat similar. The
most significant change is the pore-water velocity and the effective dispersion coefficient,
which increases the dispersivity for domain 1.
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6.2. Multi-domain Tracer Data Set

The dispersivities obtained from the parameter estimation for RI-21S (L2) are shown in
the validation tool introduced in chapter 4 are shown in figure 6.12.

6.2 Multi-domain Tracer Data Set

For the multi-domain tracer data set well, RI-22I (L6) was chosen. The raw tracer data
set is shown in figure 6.7.

Figure 6.7: Raw tracer data set for well RI-22I (L6).

The tracer data show significant fluctuation, some of which are clearly measurement errors.
It is difficult to clearly describe the tracer data in terms of identifying peaks or tendencies
in sloops hence the data set being chosen as the multi-domain data set. Data treatment
is, therefore, especially important for multi-domain data sets.

The raw tracer data set was reduced to 100 data points and smoothed. The smoothing
degree was 20.2%. The reduced and smoothed tracer data is shown in figure 6.8.

Figure 6.8: Raw and the reduced and smoothed tracer data for well RI-22I (L6).
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6.2. Multi-domain Tracer Data Set

The tracer data after reduction and smoothing is significantly altered. A much clearer
tendency in the tracer data is shown. A fairly steady increase in concentration is shown
throughout the tracer test until the concentration reaches its highest at around 160 days.
Then the concentration stabilizes into a somewhat constant value. During the steady
increase, 4 somewhat clear peaks are seen.

In procedure part 1, step 4 (initial number of peaks estimation), 5 local maxima peaks
and 4 residual peaks were identified. At the end of procedure part 1, it was concluded
that only 5 peaks were needed to describe the tracer data. The peaks and the sum curve
generated by these peaks are shown in figure 6.9.

Figure 6.9: Results from procedure part 1 for well RI-22I (L6). The results included are the reduced and
smoothed tracer data, the optimized peaks, and the sum curve generated by the peaks.

The 4 peaks in the reduced and smoothed tracer data are represented by one peak each.
Furthermore, the final peak represents the somewhat constant concentration at the end of
the tracer test.

Using the results from procedure part 1, the initial parameter estimation (procedure part
2) was conducted. The results are summarized at the end of this section, together with
results from the final parameter estimation (procedure part 3).

The combined domain function using the final estimated parameters from procedure part
3 is shown with the reduced and smoothed tracer data and the raw tracer data in figure
6.10.
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6.2. Multi-domain Tracer Data Set

Figure 6.10: Results from the FAST-MD procedure. Figure part A shows the raw tracer data, reduced
and smoothed tracer data, and combined domain function using the final parameter estimations. NSE
values are between the combined domain function and the two tracer data sets. Figure part B shows
the individual domains used for the combined domain function. Results are for screening RI-22I (L6).
Dispersivity, τ , is in units m, the inlet concentration, c0, is in units µg/L.

The combined domain function is close to identical to the reduced and smoothed tracer
data, indicating a nearly perfect fit, which is also shown in the NSE value obtained between
them. The fit between the combined domain function and the raw tracer data is less good
due to the significant fluctuations. The geostatistical values are summarized in table 6.3.

The first four domains have very similar tendencies; they describe a rapid increase and
decrease in concentration. This is also reflected in the shape of the peaks having slight
tailing and dispersivity values ranging from 0.6-7m. The contribution of these peaks to the
overall tracer mass recovered is low and is also reflected in their combined weight factors
being 0.1. The last domain describes the stabilizing concentration starting from around
day 180 and lasting until the tracer test is ended. This is the highest contributing domain
with a weight factor of 0.9.
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6.2. Multi-domain Tracer Data Set

Table 6.3: Geostatistical results for the initial and final parameter estimation for the raw tracer data and
the reduced and smoothed tracer data.

Initial parameter estimation
Raw tracer data Reduced and smoothed tracer data

NSE [-] 0.936 0.988
AIC [-] 30348 137

Final parameter estimation
Raw tracer data Reduced and smoothed tracer data

NSE [-] 0.951 0.9997
AIC [-] 27517 -236

The geostatistical parameters for the multi-domain tracer data set show the same
tendencies as the dual-domain tracer data set.

The initial and final parameter estimations are shown in table 6.4.

Table 6.4: Initial and final parameter estimations for well RI-22I (L6). A * indicates that the value is valid
for all domains.

Initial parameter estimation
Domains 1 2 3 4 5
v [m/d] 4.53 2.87 2.14 1.73 1.17
D [m2/d] 44.6 9.66 5.19 2.31 11.1
τ [m] 9.85 3.36 2.42 1.34 9.49
ω [-] 0.061 0.12 0.12 0.087 0.61
c0 [µg/L] 57036*

Final parameter estimation
Domains 1 2 3 4 5
v [m/d] 4.93 3.09 2.34 1.78 0.88
D [m2/d] 34.2 5.27 1.13 1.13 44.8
τ [m] 6.95 1.71 0.87 0.64 50.8
ω [-] 0.030 0.036 0.015 0.019 0.90
c0 [µg/L] 83583*

The pore-water velocities and effective dispersion coefficient values indicate relatively
rapid occurring peaks with little spreading, which was also expected when looking at the
reduced and smoothed tracer data. The most notable change between the initial parameter
estimation and the final parameter estimation is the change in inlet concentration with an
increase of approximately 26 000µg/L. The high concentration at the end of the tracer
test is causing this change in inlet concentration. By having a high concentration at the
end of the tracer test, the models are left "guessing" how the remainder of the tracer test
develops. This is illustrated in figure 6.11 where domain 5 is plotted prior to and post the
sampling period for the tracer test, for both the initial and final parameter estimations.
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6.2. Multi-domain Tracer Data Set

Figure 6.11: Domain 5 for the initial and final parameter sets prior to and post the end of the tracer test.

The final parameter estimation predicts a more spread domain 5 with a slower decline
in concentration from the tracer over time, which is also reflected in the increase in the
effective dispersion coefficient compared to its initial estimated counterpart. This is also
why the weight factor was lowered for the remainder of the domains in the final parameter
estimation, as a sort of counter-reaction to the increase in inlet concentration, so that the
change for these domains was not as significant.

An analysis of slope tendencies at the end of the raw tracer data could be used to try
and predict which parameter estimation is more likely. However, due to how fluctuating
the tracer data is, it could be argued that such an analysis does not bring any meaningful
insight. It could also be argued that the general tendency in slower-moving flow domains is
that the dominating transport process is dispersion meaning the final parameter estimation
may be a more accurate representation [Field, 2020]. Overall, the estimated parameters
for the first 4 domains are likely an accurate representation of the solute transport process
the tracer went through. Still, domain 5 is more uncertain; however, the final parameter
estimation may be the more accurate approximation based on typical solute transport
behavior in fractured systems.

The dispersivities obtained from the parameter estimation for RI-22I (L6) are shown in
the validation tool introduced in chapter 4 are shown in figure 6.12.
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6.2. Multi-domain Tracer Data Set

Figure 6.12: Longitudinal dispersivity as a function of distance from injection to detection well. Arrows
indicate reported values at tails and corresponding values from reanalyses at heads. The dashed black line
connects two dispersivity values determined at the same site; the dashed gray line is the minimum and
maximum scale for the screenings used for further analysis at the HLLSS. The solid and dashed blue lines
indicate an expected interval when using a single-domain model. The expected interval is divided into two
soil types fractured and unimodal. Results are from RI-21S (L2) and RI-22I (L6). The blue squares show
the results for the two investigated tracers in this chapter using a single-domain solution, the upper being
RI-21S (L2) and the lower being RI-22I (L6). Modified from [Gelhar and Collins, 1992].

The dispersivity values for domain 1 and 2 for RI-21S (L2) is slightly lower than the
dispersivity value when using the single-domain solution but still within literature values
for fractured media using a single-domain model. Only two domains were used, and
therefore a somewhat high amount of spreading was expected for the domains. For RI-22I
(L6), three of the five dispersivity values are lower than the expected range of dispersivity
values. This was also expected due to the peaks described by these domains being quite
abrupt, indicating dominant fracture transport with little spreading.

For the single-domain solution the dispersivity is within the expected range for
fractured media dispersivity, when using a single-domain solution. Overall the estimated
dispersivities confirm the hypothesis of an increase in domains leading to a decrease in
dispersivity, validating the FAST-MD procedure. A further discussion of the validation
tool using all the results from the FAST-MD procedure will be conducted in chapter 8.
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Overview of Tracer Data
Results with the FAST-MD

Procedure 7
This chapter shows a brief overview of the results from the FAST-MD procedure for each
of the modeled screenings. An overview of the location of the monitoring wells and their
screenings are shown in figure 7.1 and 7.2

Figure 7.1: Aerial overview of the modeled wells in relation to the injection well. The dashed gray line is
a transect line used to develop figure 7.2. The location of the landfill is clearly indicated by the change in
elevation.
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Figure 7.2: Cross-sectional overview of the modeled screenings. The parameter shown at the screenings
is the inlet concentration, estimated by the FAST-MD procedure with units [µg/L]. The cross-sectional
profile is based on the dashed gray transect line shown in figure 7.1.

The inlet concentration is higher within the Treatability Study area, as indicated in chapter
3 based on the tracer recovery assessments. A tendency is also that the inlet concentration
is high for most of the shallow screenings within the Treatability Study area (L2-L4, F1,
and F3). A further discussion of tracer distribution is conducted in chapter 8.

RI-26I (E)

In figures 7.3 the combined domain function is shown with the raw tracer data set and the
reduced and smoothed tracer data set. Furthermore, the individual domains used for the
combined domain function are shown.

Two domains were identified for fitting the data set. Domain 1 describes the peak after 75
days, and domain 2 describes the peak at around 175 days. The peak at 75 days in the raw
data set occurred and disappeared rapidly, but the amount of mass recovered was large
enough that the reduction and smoothing algorithm included it. The weight factor for this
domain was 0.08, indicating that its overall contribution is quite limited. The shape of the
peak indicates little spreading, which is also shown by the obtained dispersivity value.
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Figure 7.3: Results from the FAST-MD procedure. Figure part A shows the raw tracer data, reduced
and smoothed tracer data, and combined domain function using the final parameter estimations. NSE
values are between the combined domain function and the two tracer data sets. Figure part B shows
the individual domains used for the combined domain function. Results are for screening RI-26I (E).
Dispersivity, τ , is in units m, the inlet concentration, c0, is in units µg/L. An aerial and cross-sectional
overview of the screening location is shown in figures 7.1 and 7.2.

The fit between the raw tracer data and the combined domain function is the lowest of all
the modeled results. This is caused by the amount of fluctuation seen in the raw tracer
data, which is probably caused by measurement uncertainty due to the low concentrations,
also indicated by the low inlet concentration of 319µg/L. The overall fit is still considered
good, considering the fit between the reduced and smoothed tracer data and the combined
domain function being 0.95.

RI-7S (M1)

In figures 7.4 the combined domain function is shown with the raw tracer data set and the
reduced and smoothed tracer data set. Furthermore, the individual domains used for the
combined domain function are shown.
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Figure 7.4: Results from the FAST-MD procedure. Figure part A shows the raw tracer data, reduced
and smoothed tracer data, and combined domain function using the final parameter estimations. NSE
values are between the combined domain function and the two tracer data sets. Figure part B shows
the individual domains used for the combined domain function. Results are for screening RI-7S (M1).
Dispersivity, τ , is in units m, the inlet concentration, c0, is in units µg/L. An aerial and cross-sectional
overview of the screening location is shown in figures 7.1 and 7.2.

After data reduction and smoothing of the raw tracer data, four peaks were identified,
described by a domain each. The raw tracer data shows high fluctuation, presumably due
to the low recovery similar to RI-26I (E), also indicated by the low inlet concentration of
286µg/L. The fit between the reduced and smoothed tracer data and the combined domain
function is the lowest of all the modeled results. This is due to the rapid occurrence and
disappearance of peaks, which is more difficult for the combined domain function to fit due
to the occurrence of tailing from spreading when using the advection-dispersion equation.
This is also reflected in the low dispersivity values except for domain 1, which exhibits
tailing. The fit is still fairly high though having an NSE of 0.90. Domain 3 is the main
contributor to the combined domain function with a weight factor of 0.49, which is also
expected based on the high concentration over a long period of time relative to the other
peaks in the tracer data.
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RI-7D (M2)

In figures 7.5 the combined domain function is shown with the raw tracer data set and the
reduced and smoothed tracer data set. Furthermore, the individual domains used for the
combined domain function are shown.

Figure 7.5: Results from the FAST-MD procedure. Figure part A shows the raw tracer data, reduced
and smoothed tracer data, and combined domain function using the final parameter estimations. NSE
values are between the combined domain function and the two tracer data sets. Figure part B shows
the individual domains used for the combined domain function. Results are for screening RI-7D (M2).
Dispersivity, τ , is in units m, the inlet concentration, c0, is in units µg/L. An aerial and cross-sectional
overview of the screening location is shown in figures 7.1 and 7.2.

Small concentration peaks were identified around 50 and 100 days when the raw data was
reduced and smoothed. These fairly small mass recoveries were enough for PeakFit to
identify them as local maxima peaks, and therefore a domain is used to describe each of
them. The combined weight factors for the two first domains were 0.11, which is expected
due to the low mass recoveries. Domain 1 has an almost normal distribution shape, with
very little tailing, which is also reflected in the low dispersivity value of 2.54m. After 150
days, two domains were used to describe the remainder of the tracer data divided by the
change in slope seen at around day 200.

The main contributor to the combined domain function is domain 4, with a weight factor
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of 0.64. This is reflected in the highest concentrations measured for the screening at the
end of the tracer test. The model predicts that a significant amount of tracer would
have been recovered after the tracer test relative to the amount already recovered. The
fit between the combined domain function and the reduced and smoothed data is nearly
perfect, with an NSE value of 0.997. The fit for the raw tracer data is less good, caused
by low concentration fluctuations similar to the previously evaluated screenings.

RI-25D (L1)

For RI-25D (L1), only one peak was identified in procedure part 1 of the FAST-MD
procedure, meaning the multi-domain model was not required for this tracer data set.
Instead, the single domain model, introduced in chapter 4 equations (4.14) and (4.15) is
used. In figure 7.6 the results are shown.

Figure 7.6: Results from the FAST-MD procedure. Figure part A shows the raw tracer data, reduced
and smoothed tracer data, and combined domain function using the final parameter estimations. NSE
values are between the combined domain function and the two tracer data sets. Figure part B shows
the individual domains used for the combined domain function. Results are for screening RI-25D (L1).
Dispersivity, τ , is in units m, the inlet concentration, c0, is in units µg/L. An aerial and cross-sectional
overview of the screening location is shown in figures 7.1 and 7.2.

Small concentration peaks occurred within the first 100 days of the tracer test. However,
they were not enough for PeakFit to identify as an individual domain. Only one domain
was needed to describe the tracer data as the few changes in slope were over short periods
and therefore did not warrant an individual domain. This is also reflected in the NSE
values for both tracer data, which are high.

RI-21S (L2)

In figures 7.7 the combined domain function is shown with the raw tracer data set and the
reduced and smoothed tracer data set. Furthermore, the individual domains used for the
combined domain function are shown.
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Figure 7.7: Results from the FAST-MD procedure. Figure part A shows the raw tracer data, reduced
and smoothed tracer data, and combined domain function using the final parameter estimations. NSE
values are between the combined domain function and the two tracer data sets. Figure part B shows
the individual domains used for the combined domain function. Results are for screening RI-21S (L2).
Dispersivity, τ , is in units m, the inlet concentration, c0, is in units µg/L. An aerial and cross-sectional
overview of the screening location is shown in figures 7.1 and 7.2.

The combined domain function fits both tracer data sets almost perfectly; the only real
deviance is seen in the slight dip after approximately 125 days. Two domains were used
to describe the tracer data; one for the initial steep slope and then a combination of both
domains to describe the remainder of the tracer data. The distribution of the weighting
of the domains is almost equal. A more detailed analysis of this screening is conducted in
chapter 6, as an example of the FAST-MD procedure used for a dual-domain tracer data
set.

RI-21I (L3)

In figures 7.8 the combined domain function is shown with the raw tracer data set and the
reduced and smoothed tracer data set. Furthermore, the individual domains used for the
combined domain function are shown.
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Figure 7.8: Results from the FAST-MD procedure. Figure part A shows the raw tracer data, reduced
and smoothed tracer data, and combined domain function using the final parameter estimations. NSE
values are between the combined domain function and the two tracer data sets. Figure part B shows
the individual domains used for the combined domain function. Results are for screening RI-21I (L3).
Dispersivity, τ , is in units m, the inlet concentration, c0, is in units µg/L. An aerial and cross-sectional
overview of the screening location is shown in figures 7.1 and 7.2.

The combined domain function describes the tracer data well. Slight deviations are seen
at the beginning of the first peak and during the dip around 50 days. The first domain
mainly describes the first peak at around day 25; the second domain describes the second
peak after the dip. The remainder of the tracer data is described through domains 2 and
3.

RI-21D

In figures 7.9 the combined domain function is shown with the raw tracer data set and the
reduced and smoothed tracer data set. Furthermore, the individual domains used for the
combined domain function are shown.
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Figure 7.9: Results from the FAST-MD procedure. Figure part A shows the raw tracer data, reduced
and smoothed tracer data, and combined domain function using the final parameter estimations. NSE
values are between the combined domain function and the two tracer data sets. Figure part B shows
the individual domains used for the combined domain function. Results are for screening RI-21D (L4).
Dispersivity, τ , is in units m, the inlet concentration, c0, is in units µg/L. An aerial and cross-sectional
overview of the screening location is shown in figures 7.1 and 7.2.

The tracer data and results for RI-21D (L6) are similar to the results of RI-21I. The
concentrations for this tracer data are the highest, which is also reflected in the highest
inlet concentration at 142 709µg/L.

RI-22S

In figures 7.10 the combined domain function is shown with the raw tracer data set and
the reduced and smoothed tracer data set. Furthermore, the individual domains used for
the combined domain function are shown.
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Figure 7.10: Results from the FAST-MD procedure. Figure part A shows the raw tracer data, reduced
and smoothed tracer data, and combined domain function using the final parameter estimations. NSE
values are between the combined domain function and the two tracer data sets. Figure part B shows
the individual domains used for the combined domain function. Results are for screening RI-22S (L5).
Dispersivity, τ , is in units m, the inlet concentration, c0, is in units µg/L. An aerial and cross-sectional
overview of the screening location is shown in figures 7.1 and 7.2.

The combined domain function describes the reduced and smoothed data fairly well. The
raw tracer data fit is less good, with an NSE of 0.9, but as shown in the figure, the data
had many fluctuations and changes in concentration tendencies. The first two domains
describe the relatively steady increase in concentration from day 25 to approximately day
80. The first one mainly contributed to the initial increase around 25 days, reflected in its
low weight factor of 0.10. The third domain mainly describes the peak in concentration
starting at 90 days. It has an almost normal distribution shape, with very little tailing,
which is also reflected in the low dispersivity value of 1.07m. The last domain describes
the peak concentration after approximately 125 days. This is the main contributor to the
domains with a weight factor of 0.57. This tracer data set was also used as an example of
the FAST-MD procedure in chapter 5.
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RI-22I

In figures 7.11 the combined domain function is shown with the raw tracer data set and
the reduced and smoothed tracer data set. Furthermore, the individual domains used for
the combined domain function are shown.

Figure 7.11: Results from the FAST-MD procedure. Figure part A shows the raw tracer data, reduced
and smoothed tracer data, and combined domain function using the final parameter estimations. NSE
values are between the combined domain function and the two tracer data sets. Figure part B shows
the individual domains used for the combined domain function. Results are for screening RI-22I (L6).
Dispersivity, τ , is in units m, the inlet concentration, c0, is in units µg/L. An aerial and cross-sectional
overview of the screening location is shown in figures 7.1 and 7.2.

The fit between the combined domain function and the reduced and smoothed function is
nearly perfect as almost no deviation is seen, which is also reflected in the NSE value of
0.9997. The fit for the raw tracer data is also good, with an NSE value of 0.951, especially
when considering the tracer data fluctuation. The first four domains have very similar
tendencies; they describe a rapid increase and decrease in concentration peak. This is also
reflected in the shape of the peaks having slight tailing and dispersivity values ranging
from 0.6-7m. The contribution of these peaks to the overall tracer mass recovered is low
and is also reflected in their combined weight factors being 0.1. The last domain describes
the stabilizing concentration starting from around day 180 and lasting until the tracer test
is ended. This is the highest contributing domain with a weight factor of 0.9. A more
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detailed description of this tracer data set was conducted in chapter 6, as an example of
the FAST-MD procedure used for a multi-domain tracer data set.

RI-22D

In figures 7.12 the combined domain function is shown with the raw tracer data set and
the reduced and smoothed tracer data set. Furthermore, the individual domains used for
the combined domain function are shown.

Figure 7.12: Results from the FAST-MD procedure. Figure part A shows the raw tracer data, reduced
and smoothed tracer data, and combined domain function using the final parameter estimations. NSE
values are between the combined domain function and the two tracer data sets. Figure part B shows
the individual domains used for the combined domain function. Results are for screening RI-22D (L7).
Dispersivity, τ , is in units m, the inlet concentration, c0, is in units µg/L. An aerial and cross-sectional
overview of the screening location is shown in figures 7.1 and 7.2.

The fit between the raw tracer data and the combined domain function is fairly low
compared to most results, with an NSE value of 0.88. However, the data also has a
lot of fluctuation, primarily caused by the low concentrations obtained. The fit between
the combined domain function and the reduced and smoothed tracer data is good, reaching
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an NSE of 0.98. After data reduction and smoothing, two clear peaks were identified, each
described by one domain with a relatively equal distribution of 0.4 and 0.6 for domains 1
and 2, respectively.

RI-23S

In figures 7.13 the combined domain function is shown with the raw tracer data set and
the reduced and smoothed tracer data set. Furthermore, the individual domains used for
the combined domain function are shown.

Figure 7.13: Results from the FAST-MD procedure. Figure part A shows the raw tracer data, reduced
and smoothed tracer data, and combined domain function using the final parameter estimations. NSE
values are between the combined domain function and the two tracer data sets. Figure part B shows
the individual domains used for the combined domain function. Results are for screening RI-23S (F1).
Dispersivity, τ , is in units m, the inlet concentration, c0, is in units µg/L. An aerial and cross-sectional
overview of the screening location is shown in figures 7.1 and 7.2.

The fit for both tracer data sets has high NSE values. Two domains were identified to
describe the tracer data, quite similar to the results for screening RI-21S (L2). One domain
mainly describes the early and steep increase in concentration, and the other describes the
slower increase and decrease in concentration. The main contributor is domain 2, with a
weight factor of 0.68.
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RI-23I

In figures 7.14 the combined domain function is shown with the raw tracer data set and
the reduced and smoothed tracer data set. Furthermore, the individual domains used for
the combined domain function are shown.

Figure 7.14: Results from the FAST-MD procedure. Figure part A shows the raw tracer data, reduced
and smoothed tracer data, and combined domain function using the final parameter estimations. NSE
values are between the combined domain function and the two tracer data sets. Figure part B shows
the individual domains used for the combined domain function. Results are for screening RI-23I (F2).
Dispersivity, τ , is in units m, the inlet concentration, c0, is in units µg/L. An aerial and cross-sectional
overview of the screening location is shown in figures 7.1 and 7.2.

Much like the other tracer data sets with low concentrations, the raw tracer data fit is
lowered due to fluctuations. However, the reduced and smoothed tracer data fits well.
The main deviations are seen in the low concentrations detected at the beginning of the
tracer test and after day 125, where a steady increase in concentration occurs. The first
two domains described relatively rapid increasing and decreasing peaks identified after
data reduction and smoothing. Similar to the other domains with little tailing and a more
normal distribution tendency, these peaks’ dispersivity and weight factors are relatively
low. The third domain describes the slow increase in concentration after approximately 125
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days and until the end of the tracer data. The third domain is also the main contributor
with a weight factor of 0.74.

RI-23D

In figures 7.15 the combined domain function is shown with the raw tracer data set and
the reduced and smoothed tracer data set. Furthermore, the individual domains used for
the combined domain function are shown.

Figure 7.15: Results from the FAST-MD procedure. Figure part A shows the raw tracer data, reduced
and smoothed tracer data, and combined domain function using the final parameter estimations. NSE
values are between the combined domain function and the two tracer data sets. Figure part B shows
the individual domains used for the combined domain function. Results are for screening RI-23D (F3).
Dispersivity, τ , is in units m, the inlet concentration, c0, is in units µg/L. An aerial and cross-sectional
overview of the screening location is shown in figures 7.1 and 7.2.

The fit for both the raw and reduced and smoothed tracer data is nearly perfect, with
the combined domain function reaching an NSE value of around 0.99 for both fits. The
data loss has affected the resulting domains. The reduced and smoothed tracer has a
decrease in concentration, which is described by domains 3 and 4. If a linear tendency
was assumed between the two parts where the data loss occurred, perhaps it could have
been described with one domain. Whether that would have yielded more realistic results
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is hard to assess since the concentration in such a time span can vary a lot, as seen with
other tracer results. The first domain describes the initial concentration rise until around
50 days. Domain 2 describes the peak in concentration seen at around 125 days. Domain
1 is the main contributor with a weight factor of 0.48.

RI-24S

In figures 7.16 the combined domain function is shown with the raw tracer data set and
the reduced and smoothed tracer data set. Furthermore, the individual domains used for
the combined domain function are shown.

Figure 7.16: Results from the FAST-MD procedure. Figure part A shows the raw tracer data, reduced
and smoothed tracer data, and combined domain function using the final parameter estimations. NSE
values are between the combined domain function and the two tracer data sets. Figure part B shows
the individual domains used for the combined domain function. Results are for screening RI-24S (F4).
Dispersivity, τ , is in units m, the inlet concentration, c0, is in units µg/L. An aerial and cross-sectional
overview of the screening location is shown in figures 7.1 and 7.2.

The fit to both tracer data sets with the combined domain function is good, reaching a
minimum NSE value of 0.98. Similar to RI-23D (F3), a critical data loss occurred. Domain
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1 describes the first peak in concentration after approximately 25 days. Domain 2 describes
the second peak in concentration around day 100. Domain 3 describes the general decrease
in concentration after 100 days, while domain 4 describes the stabilization in concentration
after 160 days and until 205 days. Domain 3 is the main contributor with a weight factor
of 0.57. The unfortunate data loss may have altered the results significantly, as it was
during the peak concentration of the tracer recovery.

RI-24I

In figures 7.17 the combined domain function is shown with the raw tracer data set and
the reduced and smoothed tracer data set. Furthermore, the individual domains used for
the combined domain function are shown.

Figure 7.17: Results from the FAST-MD procedure. Figure part A shows the raw tracer data, reduced
and smoothed tracer data, and combined domain function using the final parameter estimations. NSE
values are between the combined domain function and the two tracer data sets. Figure part B shows
the individual domains used for the combined domain function. Results are for screening RI-24I (F5).
Dispersivity, τ , is in units m, the inlet concentration, c0, is in units µg/L. An aerial and cross-sectional
overview of the screening location is shown in figures 7.1 and 7.2.

The fit to both tracer data sets with the combined domain function is good, reaching a
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minimum NSE value of 0.96, especially when considering the amount of fluctuation in
the raw tracer data and a somewhat frequent change in slope. Domain 1 describes the
steady increase in concentration from approximately day 25 to 150, causing it to have
a significant amount of tailing and a dispersivity of 28m. Domain 2 describes the small
peak after approximately 125 days, and domain 3 describes the one after 160 days. Finally,
domain 4 describes the remainder of the tracer data. Domain 4 is the main contributor
with a weight factor of 0.53.

RI-24D

In figures 7.18 the combined domain function is shown with the raw tracer data set and
the reduced and smoothed tracer data set. Furthermore, the individual domains used for
the combined domain function are shown.

Figure 7.18: Results from the FAST-MD procedure. Figure part A shows the raw tracer data, reduced
and smoothed tracer data, and combined domain function using the final parameter estimations. NSE
values are between the combined domain function and the two tracer data sets. Figure part B shows
the individual domains used for the combined domain function. Results are for screening RI-24D (F6).
Dispersivity, τ , is in units m, the inlet concentration, c0, is in units µg/L. An aerial and cross-sectional
overview of the screening location is shown in figures 7.1 and 7.2.
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The raw tracer data has a reasonably low fit compared to most of the tracer data, which
is also expected when evaluating the amount of fluctuation in the data. The reduced
and smoothed data, however, have a decent fit. Domain 1 describes the initial incline
in concentration, while domain 2 describes the peak concentration, which develops after
approximately 125 days. Domain 3 describes the small peak developing after 150 days,
and domain 4 for the peak around 175 days. Domain 2 and 3 are lower tailing domains,
which is also expected since the data also shows that tendency with dispersivity values of
1.9 and 0.5m respectively. The contribution between domains 1 and 4 is relatively close,
with weight factors of 0.31 and 0.39, respectively.

An overview of all parameters obtained from the FAST-MD procedure is given in table
7.1.
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Table 7.1: Final estimated parameters using the FAST-MD procedure for the tracer data. Notations and
units are the same as previously introduced. A "-" indicates that this number of domains were not required
for the data set.
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The NSE values for the final parameter estimation are shown in table 7.2.

Table 7.2: NSE values for the final parameter estimation using the FAST-MD procedure.

Final Parameter estimation
Location Raw Reduced and smoothed

RI name Given name NSE
RI-26I E 0.614 0.954
RI-7S M1 0.759 0.904
RI-7D M1 0.848 0.997
RI-25D L1 0.944 0.980
RI-21S L2 0.994 0.996
RI-21I L3 0.979 0.979
RI-21D L4 0.995 0.998
RI-22S L5 0.900 0.979
RI-22I L6 0.951 0.9997
RI-22D L7 0.882 0.983
RI-23S F1 0.964 0.992
RI-23I F2 0.892 0.983
RI-23D F3 0.989 0.997
RI-24S F4 0.984 0.990
RI-24I F5 0.962 0.990
RI-24D F6 0.850 0.969

An overview of the remaining geostatistical parameters for both the initial and final
parameters is shown in appendix D.

Summary

In this chapter, an overview of the results from the FAST-MD procedure was shown.

The fit between the reduced and smoothed tracer data and the combined domain function
was very high for most screenings. The average NSE value was 0.981, considered a very
high average fit. Screening RI-7S (M1) had the lowest NSE value of 0.904.

As expected, for the raw tracer data, a slightly worse fit was found. The lowest fit was
for screening RI-26I (E) with an NSE value of 0.614. The average NSE value was 0.907.
This is considered a good NSE value considering the amount of fluctuation found in most
screenings.

1 screening required 5 domains, 7 screenings required 4 domains, 3 screenings required 3
domains, 4 screenings required 2 domains, and 1 screening required 1 domain. This means
that a total of 11 out of the 16 screenings required a multi-domain solution according to
the FAST-MD procedure, further validating the need for a multi-domain solution for the
tracer data at the HLLSS. The results of the tracer data will in the following chapter be
interpreted in terms of transport path and type at the HLLSS, using the presented results
from this chapter.
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Application of the
FAST-MD Procedure

Results of the Tracer Test
to Evaluate the

Hydrogeology at the HLLSS 8
In this chapter, the results from the FAST-MD procedure presented in chapter 7 will be
analyzed to gain an overview of the tracers movement. The analysis will mainly focus on
the results of domain 1 and the final domain (the slowest domain), as these are assessed
as the most important domains for most screenings. Two new parameters are introduced
in this chapter for this analysis, and those are the mass recovery and the average velocity.

The mass recovered, mrec, in each well, and screening is a good indicator for the movement
of the tracer. To estimate the mass recovery equation (8.1) is used.

mrec = (c0 · t0 ·Q)/minj (8.1)

mrec Mass recovery [−]
c0 Inlet concentration [g/m3]
t0 Injection time [s]
Q Discharge [m3/s]
minj Mass injected into the injection well [g]

The inlet concentration for each screening was determined in the FAST-MD procedure,
and the results were shown in the previous chapter in table 7.1. The injection period is
assumed to be 1 hour for all screenings as described in chapter 4. The mass injected into
the injection well was 5.34 kg as described in chapter 3. The discharge was in previous
groundwater studies at the HLLSS found to be 6.9 ·10−4m3/s [Field, 2020]. This discharge
is assumed to be the discharge at all screenings. This is not a realistic assumption; as
documented in chapter 7 the tracer data varies significantly in results, and therefore the
discharge would also vary. It would be difficult to achieve a realistic estimate of the mass
recovery. Many breakthrough curves were still developing when the tracer test ended,
which was also shown in chapter 7. Because the tracer data were not fully developed,
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the method in equation (8.1) is used, compared to the area under the first moment curve
method. This is due to the model trying to predict how the remainder of the breakthrough
curve is shaped, and the magnitude of the inlet concentration, therefore, depends on the
fully developed breakthrough curve; this is also further explained in chapter 6 figure 6.11.
Therefore, the mass recovery estimation aims not to give a realistic estimate but a relative
scale to compare the mass recoveries between the screenings.

The average velocity is calculated for each domain. It is estimated based on the
breakthrough time for a given domain and the distance between the injection and
monitoring well, as shown in equation 8.2.

vave =
L

tbt
(8.2)

vave Average velocity [m/s]
L Distance between injection and monitoring well [m]
tbt Breakthrough time [s]

The average velocity is used to compare the breakthrough times between screenings and,
therefore, gives an estimate of the velocity at which each domain was transported to the
monitoring wells.

In figure 8.1 an aerial overview of the location of the wells is shown.

When evaluating the mass recovery, it is shown that the mass recovery is highest within
the Treatability Study area, the exception being RI-25 (L1). RI-25 (L1) is a fairly shallow
well, presumably causing the low mass recovery. The depth of each screening is shown
in figure 8.2. Wells RI-7 (M1-M2) and RI-26 (E) are located west of the estimated flow
directions and exhibit low mass recoveries. This indicates that the outskirts of the tracer
plume may have passed the wells. Furthermore, this indicates that the main tracer plume
was transported toward the Treatability Study area, further validating the estimated flow
directions.
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Figure 8.1: Aerial overview showing the location of the modeled wells. The parameter shown at the wells
is the summed mass recovery [%] for all screenings within that particular well. The location of the landfill
is clearly indicated by the change in elevation. The dashed gray line is a transect line used to develop
figures 8.2 and 8.3.

In figure 8.2 a cross-sectional profile of the modeled screenings is shown with some key
parameters from domain 1.

Each parameter in the figure above describes how the tracer was transported. The mass
recovery describes how much of the tracer was transported through a given screen relative
to the other screenings. The weight factor for domain 1 indicates how much of that mass
is transported through domain 1. Finally, the average velocity describes how quickly that
mass is transported in domain 1. The Treatability Study area is divided into two parts,
a shallow and a deep. Wells L1-L4 and F1-F3 are located within the shallow part, while
L5-L7 and F4-F6 are located in the deep part.
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Figure 8.2: Cross-sectional profile showing estimated parameter values for the screenings. The parameters
shown at the screenings are in the following order: mass recovery [%], average velocity for domain 1 [m/d],
weight factor for domain 1. Values marked in red indicate a mass recovery higher than 3%. Values marked
with green indicate an average velocity higher than 4.5m/d. Values marked with blue indicate a weight
factor higher than 0.40. The cross-sectional profile is based on the dashed gray transect line shown in
figure 8.1.

The cross-sectional profile shows that a lot of the higher values in terms of both mass
recovery, average velocity, and weight factor are situated within the shallow part of the
Treatability Study area. This means that the main tracer plume was transported through
the shallow part of the Treatability Study area. Furthermore, a significant portion of that
mass is transported through domain 1. It is being transported quite rapidly, presumably
through mainly fracture-dominated transport, indicated by 4 of the 7 shallow screenings
having a weight factor higher than 0.40 and 6 of the 7 having an average velocity higher
than 4.5m/d. Screening L4 is the screening with the highest mass recovery while also
having a relatively high average velocity and weight factor and therefore is a substantial
contributor to the fast-moving part of the tracer plume.

The total mass recovered for all the screenings was 26% corresponding to 1.40 kg. 72% of
that mass was recovered within the shallow screenings of the Treatability Study area. If
a direct correlation between mass recovery contribution for each domain and the weight
factor of that domain is made, the mass recovered through domain 1 within the shallow
screenings of the Treatability Study area was 25% of the total mass recovered. In contrast,
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only 27% of the mass was recovered in the deep screenings of the Treatability Study
area, while only 2.8% of the mass recovered was within domain 1. This indicates that
the tracer was mainly transported through slower domains for the deeper screenings, also
emphasized by only having 1 weight factor above 0.40. These mass recoveries are also
summarized together with the corresponding results for the final domain in table 8.2.

Other relevant parameters for the FAST-MD procedure results for domain 1 are shown in
table 8.1.

Table 8.1: Summarized parameters for the FAST-MD procedure results for domain 1. The parameters
in order from left to right is: The distance from injection to monitoring well, the change in depth from
injection to screening (using the center of the screening), mass recovery, average velocity, dispersivity, and
weight factor.

Location L ∆depth mrec vave,1 τ1 ω1 No. of domains
RI name Given name [m] [m] [%] [m/d] [m] [-] [-]
RI-26I E 142 17 0.01 1.9 0.62 0.08 2
RI-7S M1 211 0.42 0.01 11 66 0.25 4
RI-7D M2 211 24 0.08 4.1 2.5 0.02 4
RI-25D L1 271 10 0.03 1.3 8.5 1 1
RI-21S L2 277 17 2.1 4.9 143 0.45 2
RI-21I L3 277 29 3.9 15 86 0.23 3
RI-21D L4 277 45 6.6 6.9 104 0.40 3
RI-22S L5 283 68 0.38 7.1 26 0.10 4
RI-22I L6 283 87 3.9 5.5 7.1 0.03 5
RI-22D L7 283 100 0.13 2.6 6.0 0.40 2
RI-23S F1 317 36 4.8 6.7 150 0.32 2
RI-23I F2 317 45 0.13 6.7 8.9 0.08 3
RI-23D F3 317 55 1.3 4.8 60 0.48 4
RI-24S F4 308 69 2.3 13 70 0.16 4
RI-24I F5 308 80 0.22 3.3 28 0.32 4
RI-24D F6 308 91 0.28 3.0 8.8 0.31 4

In figure 8.3 a cross-sectional profile of the modeled screenings is shown with some key
parameters from the final domain.

A different interval is chosen for the average velocity for this cross-sectional profile
compared to the one shown in figure 8.2. This is to illustrate that the change in average
velocity between the different screenings is relatively minimal; 13 of the 14 screenings
within the Treatability Study have an average velocity between 1-2m/d, indicating that
the later part of the tracer plume was moving with a similar velocity. The weight factors
for the shallow screenings within the Treatability Study area show a similar trend to the
results for domain 1. For both domain 1 and the final domain, 4 out of the 7 weight factors
were above 0.4, indicating a somewhat equal distribution of the tracer mass between these
domains.
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Figure 8.3: Cross-sectional profile showing estimated parameter values for the screenings. The parameters
shown at the screenings are in the following order: mass recovery [%], average velocity for the final domain
[m/d], weight factor for the final domain. Values marked in red indicate a mass recovery higher than 3%.
Values marked with green indicate an average velocity between 1-2m/d. Values marked with blue indicate
an weight factor higher than 0.40. The cross-sectional profile is based on the dashed gray transect line
shown in figure 8.1.

For the deeper screenings in the Treatability Study area, 4 out of the 6 screenings have a
weight factor above 0.40, whereas, in contrast, only 1 was above 0.40 for domain 1. This
indicates that a substantial amount of the mass recovered within the deeper screenings was
transported with the final domain. Other relevant parameters for the FAST-MD results
for the final domain are shown in table 8.3.

28% of the mass was recovered through the final domain within the shallow screenings of
the Treatability Study area. 16% was recovered in the deep screenings. In table 8.2 the
different mass recoveries estimated is shown.

Table 8.2: Mass distribution of the 1.40 kg recovered mass from the tracer test, corresponding to a mass
recovery rate of 26%.

Total Domain 1 Final domain
Shallow Deep Shallow Deep Shallow Deep

Mass distribution [%] 72 28 25 2.8 28 16
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8.1. Validation of the FAST-MD Procedure using Literature Values for Hydrogeological
Parameters

It is shown that a significant portion of the mass was transported towards the shallow
screenings. The distribution of the mass between the domains is relatively equal. For the
deep screenings, a substantial amount of the mass recovered was recovered within the final
domain.

Table 8.3: Summarized parameters for the FAST-MD procedure results for the final domain. The
parameters in order from left to right is: The distance from injection to monitoring well, the change
in depth from injection to screening (using the center of the screening), mass recovery, average velocity,
dispersivity, and weight factor.

Location L ∆depth mrec vave,final τfinal ωfinal No. of domains
RI name Given name [m] [m] [%] [m/d] [m] [-] [-]
RI-26I E 142 17 0.01 0.61 1.7 0.92 2
RI-7S M1 211 0.42 0.01 1.1 0.88 0.15 4
RI-7D M2 211 24 0.08 0.92 0.99 0.64 4
RI-25D L1 271 10 0.03 1.3 8.5 1 1
RI-21S L2 277 17 2.1 1.8 44 0.55 2
RI-21I L3 277 29 3.9 1.4 23 0.25 3
RI-21D L4 277 45 6.6 1.3 15 0.26 3
RI-22S L5 283 68 0.38 1.6 4.2 0.57 4
RI-22I L6 283 87 3.9 1.5 51 0.90 5
RI-22D L7 283 100 0.13 1.3 3.1 0.60 2
RI-23S F1 317 36 4.8 2.4 59 0.68 2
RI-23I F2 317 45 0.13 1.5 25 0.74 3
RI-23D F3 317 55 1.3 1.4 1.3 0.15 4
RI-24S F4 308 69 2.3 1.7 0.63 0.03 4
RI-24I F5 308 80 0.22 1.6 3.2 0.53 4
RI-24D F6 308 91 0.28 1.6 2.1 0.39 4

8.1 Validation of the FAST-MD Procedure using Literature
Values for Hydrogeological Parameters

In chapters, 4 the validation tool for the FAST-MD was introduced. A clear trend when
evaluating the tracer data in chapter 7 was that the tracer data with a high number of
domains usually consisted of rapidly developed peaks. The domains representing these
rapidly developed peaks had low dispersivities. It was hypothesized in chapter 4 that
the higher amount of domains used, the lower the dispersivity values would be achieved.
Therefore, the dispersivity values were plotted using the validation tool based on the
amount of domains used for each screening, the results are shown in figure 8.4.
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8.1. Validation of the FAST-MD Procedure using Literature Values for Hydrogeological
Parameters

Figure 8.4: Longitudinal dispersivity as a function of distance from injection to detection well. Arrows
indicate reported values at tails and corresponding values from reanalyses at heads. The dashed black line
connects two dispersivity values determined at the same site. The solid and dashed blue lines indicate an
expected interval when using a single-domain model. The expected interval is divided into two soil types
fractured and unimodal. Results are all modeled screenings from the FAST-MD procedure. Modified from
[Gelhar and Collins, 1992].

The dispersivities for the screenings with 1-3 domains show a somewhat equal distribution
between the expected values for fractured and unimodal soil types. This means that some
of the dispersivity values were lowered when compared to the literature values for fractured
medias, as was expected. For the screenings with 4-5 domains lower values of dispersivity
were found. Many being lower than the expected range of dispersivities.

The dispersivities outside the expected range, mainly represent the rapid peaks identified
in the tracer data, meaning very low dispersivities were expected for these domains as
these represent the rapid fracture movement of the tracer. By describing these peaks with
an individual domain, the model no longer has to find an average for the multiple domains,
meaning the spreading due to velocity variation decreases. This lowers the spreading as
the model no longer has to describe all the different processes in the fractured bedrock,
such as rapid movement in fractures, slow movement in the bedrock matrix and exchange
between domains, causing variations in velocities and thereby spreading. The hypothesis
of lower dispersivity values with an increase of domains was therefore confirmed, which
validates the results of the FAST-MD procedure.
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To further investigate if the transport type for the tracer was fractured bedrock, an estimate
of hydraulic conductivity was conducted. The hydraulic conductivity was chosen as it is
one of the most important hydrogeological parameters as it describes a fluid’s ability to
be transported through a porous medium [Murphy, eds] and [Freeze and Cherry, 1979].
Furthermore, a large amount of measurements of hydraulic conductivity for different soil
types have been conducted and summarized. To estimate the hydraulic conductivity,
Darcy’s law, in combination with the known relationship of the pore-water velocity and
effective porosity, is used and is shown in equation (8.3) [Freeze and Cherry, 1979].

v · φeff = q = −Kdh

dx
(8.3)

v Pore-water velocity [m/s]
φeff Effective porosity [m

3 pores > 30 µm
m3 soil ]

q Darcy flux [m/s]
K Hydraulic conductivity [m/s]
dh
dx Hydraulic gradient [m change in head

m porous media ]

The effective porosity is estimated through modeled results of the tracer data at the
HLLSS using the mobile and immobile solution introduced in chapter 4. The values
were estimated in [Field, 2020] and ranged from 0.004-0.02 m3 pores > 30 µm

m3 soil , since hydraulic
conductivity is one of the most varying hydrogeological parameters [Murphy, eds] a factor
5 variance in effective porosity does not change the result significantly. Therefore a
effective porosity of 0.01 m3 pores > 30 µm

m3 soil was chosen. The hydraulic gradient is based on
the potentiometric surface maps and was estimated in chapter 2 using figures 2.13 and 2.14,
and was 0.002m change in head

m porous media . The estimated hydraulic conductivity is shown together with
literature values for hydraulic conductivity from different soil types in figure 8.5.

The estimated values are compared to the rock soil types due to the known geology at the
HLLSS, where the tracer was injected into the fractured bedrock layer. The values are in
the upper spectrum of the "Fractured igneous rocks and metamorphic rocks" type, while
somewhat in the middle for the soil types "Karst limestone" and "Permeable basalt". The
difference in hydraulic conductivity between domain 1 and the final domain is relatively
minimal when considering the scale of magnitude in which a soil can vary in hydraulic
conductivity, as illustrated in the figure.
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Figure 8.5: Estimated hydraulic conductivities for domain 1 and the final domain for each screening. Also,
literature values for hydraulic conductivity from different soil types are shown. Modified from [Freeze and
Cherry, 1979].

The hydraulic conductivities estimated are quite uncertain due to the method by which the
effective porosity and hydraulic gradient were found. However, considering the magnitude
at which the parameters would have to differ for a meaningful change in results in terms of
soil type, based on the figure, the estimate may be considered reasonable to obtain an idea
of the soil type. Furthermore, the literature values for hydraulic conductivity shown in the

106



8.1. Validation of the FAST-MD Procedure using Literature Values for Hydrogeological
Parameters

figure are from soil samples, which is a significantly smaller scale than the approximately
300 meters the tracer was transported for most of the screenings. This is also why such a
significant variation in magnitude is seen for the literature values. A sample may be well
connected or poorly connected throughout the entire sample, yielding so-called extreme
outlier hydraulic conductivity values.

In comparison, the hydraulic conductivities estimated is an average hydraulic conductivity
from the injection well to the monitoring wells. Over such a distance, it is nearly
impossible that the tracer was only transported through one well-connected fracture or
solely through the bedrock matrix. Therefore, less variation is seen in the estimated
hydraulic conductivities.

It is assessed that while uncertainties in the estimation of the hydraulic conductivity and
that the scale at which the compared values were sampled or estimated is significantly
different, the estimate can still be used as a confirmation of the fact that the tracer indeed
was transported through a soil yielding typical values for a fractured rock soil type.

In table 8.4 the estimated hydraulic conductivities are shown.

Table 8.4: Hydraulic conductivity using the estimated effective porosity and hydraulic gradient, for both
domain 1 and the final domain of each screening.

Location Domain 1 Final domain
RI name Given name K [m/s] K [m/s]
RI-26I E 1.1E−4 3.4E−5

RI-7S M1 2.85E−4 6.60E−5

RI-7D M2 2.29E−4 3.37E−5

RI-25D L1 6.91E−5 6.91E−5

RI-21S L2 8.3E−5 6.4E−5

RI-21I L3 3.5E−4 6.2E−5

RI-21D L4 1.5E−4 6.2E−5

RI-22S L5 3.0E−4 9.1E−5

RI-22I L6 2.9E−4 5.1E−5

RI-22D L7 1.4E−4 7.4E−4

RI-23S F1 1.3E−4 8.3E−5

RI-23I F2 3.5E−4 6.9E−5

RI-23D F3 1.6E−4 8.1E−5

RI-24S F4 4.1E−4 9.5E−5

RI-24I F5 1.5E−4 9.0E−5

RI-24D F6 1.6E−4 9.1E−5

Summary

This chapter found that the tracer’s main transport path was through the shallow
screenings located in the Treatability Study area. A total of 72% of the mass recovered was
transported through these screenings. The distribution between fast (domain 1) and slow
domain (final domain) transport of the tracer was pretty equal for the shallow screenings.
Almost all of the remaining tracer mass was recovered at the deep screenings within the
Treatability Study area. The fast domain transport was generally slower than for the
shallow screenings. Furthermore, a small amount of the tracer mass recovered at the deep
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screenings was transported through the fast domain. The slower domain was the main
contributor to the mass recovered at the deeper screenings.

Using literature values from field-scale studies and soil samples for dispersivity and
hydraulic conductivity, respectively, a validation of the estimated parameters and transport
type was achieved. The hypothesis that an increase in domains yielded lower dispersivity
values was confirmed. The low dispersivity values were from domains showing significant
fracture transport, validating their low values in dispersivity. The estimated hydraulic
conductivities were within the range of literature values for fractured rock soil types,
further validating the assessment of fractured bedrock transport being dominant for the
transport of the tracer.
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Scientific Summary of the
new FAST-MD Procedure
for Tracer Data Analysis,
and its Application with

TCE Contamination 9
In this chapter, a summary of the results obtained with the tracer data from the EPA
using the Fast-MD procedure will be presented. Furthermore, these results will be related
to the TCE contamination at the Hidden Lane Landfill Superfund Site, referred to as the
HLLSS.

The HLLSS was a previously unpermitted landfill that was closed by court order in
1984, one of the reasons being that in 1976 an inspection was done where containers
marked "poison and toxic" was found. In 1989 trichloroethylene (TCE) was found in
drinking water wells of the Broad Run Farms community, located west of the HLLSS,
with concentrations way higher than the maximum threshold set by the EPA. A remedial
investigation conducted by the EPA was therefore started. In 2018 the EPA conducted
TCE measurements in the groundwater at the HLLSS, from which an estimated TCE
plume was found. Furthermore, an estimated Source area and Treatability Study area
were defined [Field, 2020]. These are shown in figure 9.1. The transport of TCE was
found to be through a fractured bedrock layer located approximately 5-10 meters below
the surface. A tracer test was conducted in 2019 to obtain a better understanding of
the transport of water and by associate chemicals like TCE from the Source area to the
Treatability Study area through this fractured bedrock system [Field, 2020]. In chapter 2,
a more detailed description of the HLLSS site is conducted, while the tracer experiment is
described further in chapter 3.

9.1 Flow Direction and Tracer Recoveries at the HLLSS

In figure 9.1 an aerial overview of potentiometric surface measurements (A), the TCE
plume (B), and the tracer experiment (C) is shown.
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Figure 9.1: Potentiometric Surface map (A), TCE Plume Extent Map (B), and Overview of the tracer
experiment results (C). The parameter shown at the wells is the summed mass recovery [%] for all screenings
within that particular well. The mass recovery estimation is further explained in chapter 8 in equation
(8.1). The dashed gray line is a transect line used to develop figure 9.10.
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9.1. Flow Direction and Tracer Recoveries at the HLLSS

The Potentiometric Surface Map (A) was used to obtain an overall estimate of groundwater
flow direction in the near vicinity of the HLLSS. The two potentiometric surface maps used
can also be found in chapter 2 figures 2.13 and 2.14. When evaluating the map, it was
assessed that the general flow direction was mainly north and slightly westward. The
assessed flow direction is marked as the dashed blue arrow on the Overview of the tracer
experiment results (C). The TCE Plume Extent Map (B) shows that the plume moves
from the Source area northwest towards the Treatability Study area. The entire TCE
Plume Extent Map is shown in chapter 2 figure 2.5. The assessed flow direction based on
the TCE Plume is marked with the dashed yellow arrow on the Overview of the tracer
experiment results (C).

The Overview of the tracer experiment results (C) shows that the wells located south of
the injection well (marked with gray) are not used further. This is due to their weak
tracer recovery, meaning very little of the tracer migrated south of the injection well.
Furthermore, when evaluating the mass recovery, it is shown that the mass recovery is
highest within the Treatability Study area, the exception being RI-25 (L1). RI-25 (L1)
is a fairly shallow well, presumably causing the low mass recovery. The depth of each
screening will be shown later in the chapter. Wells RI-7 (M1-M2) and RI-26 (E) are located
west of the estimated flow directions and exhibit low mass recoveries. This indicates that
the outskirts of the tracer plume may have passed the wells. This indicates that the
main tracer plume mass went towards the Treatability Study area, further validating the
estimated flow directions.

It should be considered that no monitoring wells for the tracer test were located east of the
injection well. However, none of the drinking water wells located within the Countryside
community located east of the injection well have shown high concentrations of TCE. In
contrast, multiple drinking water wells in the Broad Run Farms community located west
of the injection well have shown high concentrations of TCE [EPA, 2015a].

The flow directions are somewhat uncertain based on visual estimates of measurement
tendencies. Therefore, these flow directions are not expected to be certain estimates but
more a ballpark figure of the expected tendency in the flow direction. However, four
different methods were evaluated, and all show the same tendency a northwest movement
of water and chemicals from the Source area towards the Treatability Study area. The
four methods are the potentiometric surface measurements, TCE measurements, tracer
measurements, and drinking water well measurements. Therefore, it is assessed that the
estimated flow direction of northwest, from the Source area to the Treatability Study area,
is a good estimate. Also, the tracer test successfully mimicked the estimated transport
path of the TCE.

The tracer data with an intermediate or strong recovery were used for further analysis
and are marked with red in figure 9.1. A more detailed explanation of the categorizing of
recovery types for the screenings is conducted in chapter 3. An overview of the raw tracer
data used for further analysis is shown in figure 9.2.
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Figure 9.2: Overview of raw tracer data used for further analysis. The seven tracer data sets that yielded
the highest concentrations are marked, while the remainder will be shown in more detail in figure 9.3. An
aerial overview of the screening location is shown in figures 9.1.

The seven tracer data sets that yielded the highest concentrations are all located within
the Treatability Study area. Furthermore, all three screenings located within well RI-21
(L2-L4) are represented, while two of the three screenings within well RI-23 (F1-F3) are
represented. These two wells had the highest mass recovery rate at 12.6% and 6.23% for
wells RI-21 (L2-L4) and RI-23 (F1-F3), respectively.

The tracer data consists of approximately 11000 data points, and most data sets show
a significant amount of fluctuation. To analyze such big and fluctuating data sets, data
treatment is required.

9.2 Development and Steps in FAST-MD Procedure

Both data reduction and smoothing of the tracer data are done as part of procedure part
1 of the Fast-MD procedure, and the results are shown in figure 9.3. In chapter 5 a further
explanation of the Fast-MD procedure can be found.
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Figure 9.3: Overview of tracer data used for further analysis after reduction in data points and smoothing
as part of the FAST-MD procedure, which is further explained in chapter 5. The screening marked with
red is the one used to demonstrate part of the FAST-MD procedure later in this section. An aerial overview
of the screening location is shown in figures 9.1.

Comparing figures 9.2 and 9.3, the tracer data still shows the same tendencies even though
the data was reduced to a 100 data points. Furthermore, the clear fluctuation in the raw
tracer data is no longer present due to the smoothing algorithm. However, some of the
tracer data sets are still fairly complex, showing multiple peaks in concentration. A multi-
domain model of the advection-dispersion equation is used to handle such complex tracer
data. The solution can be found in chapter 4 in equations (4.16) and (4.17). A short
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demonstration of the FAST-MD procedure will be shown for screening RI-22S (L5). A
more detailed description of the FAST-MD procedure for this screening is also shown in
chapter 5.

An overview of the three procedure parts in the FAST-MD procedure is shown in figure
9.4.

Figure 9.4: Overview of the three procedure parts in the FAST-MD procedure, including tools and purpose.

The purpose of procedure part 1 is, the data treatment method already demonstrated, and
to identify the number of domains required for the multi-domain model of the advection-
dispersion equation. Furthermore, the purpose is also to give an initial estimate of their
position and shape. The software PeakFit is used for procedure part 1 [Systat Software
Inc.]. The software identifies local maxima and residual peaks based on the reduced and
smoothed tracer data set. These are then fitted to the reduced and smoothed data set
using a sum curve of the identified peaks.

The number of peaks required is optimized by removing the peak with the lowest area
under the curve and then refitting the peaks. If the goodness of fit or general shape of the
peaks is significantly altered, the peak is assessed as having a meaningful impact and is not
removed. If no significant change is seen, the peak can be removed. This process is further
explained in chapter 5 figure 5.3. In figure 9.5 the results of the FAST-MD procedure part
1 is shown.

The results show that four domains are required to describe the reduced and smoothed
tracer data set. The first peak describes the initial increase in concentration after
approximately 25 days. The second peak describes the continued increase in concentration
until around 90 days. The third peak describes the rapid peak occurring from
approximately day 100 till 125. Finally, the fourth peak is used to describe the remainder
of the tracer data set where a final peak occurs.
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Figure 9.5: Results from procedure part 1 of the FAST-MD procedure, showing the fit between the sum
curve of the identified peaks and the reduced and smoothed data set. Results are from screening RI-22S
(L5).

In figure 9.6 the results of the FAST-MD procedure part 2 is shown.

The purpose of procedure part 2 is to obtain an initial estimate of the parameters for the
multi-domain model so that when the optimization routine is run, in procedure part 3,
the likelihood of achieving the global minimum solution is increased. The peaks identified
in procedure part 1 is fitted with the advection-dispersion equation solution presented in
chapter 4 and (4.14) and (4.15). A more detailed overview of procedure part 2 can be
found in chapter 5 figure 5.5.

As calibration variables, three parameters are used: pore-water velocity, v, the effective
dispersion coefficient, D, and the inlet concentration, c0. This means that a different inlet
concentration is used for each domain, as illustrated in figure 9.6 part A. A different inlet
concentration for each domain is unrealistic and does not make sense from a hydrogeological
standpoint. This estimate is only done to generate estimates for the final optimization of
pore-water velocity and effective dispersion coefficient in terms of the peak shapes.

In figure part B the inlet concentration shown is the sum of the inlet concentrations shown
in figure part A and is used for all the domains. The weighting factors are distributed
based on the area under the curve of each peak shown in figure part A, in relation to the
total area under the curve of all the peaks. Using these initial parameters, the results of
the multi-domain solution are shown in figure part C, which gives a good fit, especially for
the reduced and smoothed tracer data set.
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Figure 9.6: Results from procedure part 2 of the FAST-MD procedure. In figure part A the individual
fitting of peaks is shown. In figure part B, the individual domains are shown. Figure part C shows the fit
for the combined domain function using the initial parameters. Results are from screening RI-22S (L5).
Units for the inlet concentration are the same as the y-axis.

The purpose of procedure part 3 is to use these initial parameters to obtain the optimized
parameters for the tracer data. This is done by minimizing the sum of squared residuals
between the combined domain function and the reduced and smoothed tracer data set. The
calibration variables are the domain-dependent weight factors, pore-water velocities, and
effective dispersion coefficients. As well as the inlet concentration, which is not domain-
dependent. A more detailed description of procedure part 3 is conducted in chapter 5
figures 5.6 and 5.7. In figure 9.7 the results of the FAST-MD procedure part 3 is shown.
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Figure 9.7: Results from procedure part 3 of the FAST-MD procedure. In figure part A the individual
domains are shown. Figure part B shows the fit between the combined domain function and the tracer
data sets. Results are from screening RI-22S (L5). Units for the inlet concentration is the same as the
y-axis.

The individual and the combined domain function did not change much from the initial
parameter estimate; however, a slight improvement in the fit is shown. This was also
expected since the fit was already good. The fit of the raw tracer data is not as good, but
when considering the amount of fluctuation that is also expected.

9.3 Initial Validation based on Dispersivity and Hydraulic
Conductivity

The results from the FAST-MD procedure were evaluated using a validation tool based
on literature values for dispersivity obtained with a single-domain model; the results are
shown in figure 9.8. The validation tool is further explained in chapter 4.
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Figure 9.8: Longitudinal dispersivity as a function of distance from injection to detection well. Arrows
indicate reported values at tails and corresponding values from reanalyses at heads. The dashed black line
connects two dispersivity values determined at the same site. The solid and dashed blue lines indicate an
expected interval when using a single-domain model. The expected interval is divided into two soil types
fractured and unimodal. Results are all modeled screenings from the FAST-MD procedure. Modified from
[Gelhar and Collins, 1992].

The dispersivities for the screenings with 1-3 domains show a somewhat equal distribution
between the expected values for fractured and unimodal soil types. This means that some
of the dispersivity values were lowered when compared to the literature values for fractured
medias, as was expected. For the screenings with 4-5 domains, lower values of dispersivity
were found. Many are lower than the expected range of dispersivities when using a single
domain solution. The dispersivities outside the expected range mainly represent the rapid
peaks identified in the tracer data, meaning very low dispersivities were expected for these
domains as these represent the rapid fracture movement of the tracer. This was also
the hypothesis, and the estimated parameters for the FAST-MD procedure are therefore
validated. An further analysis of the dispersivity values is conducted in chapter 8 figure
8.4.

Using the estimated pore-water velocities from the FAST-MD procedure and Darcy’s law,
an estimate of the saturated hydraulic conductivity for each screening was found. Hydraulic
conductivity is one of the most important hydrogeological parameters as it describes a
fluid’s ability to be transported through a porous medium [Murphy, eds]. The effective
porosity is estimated through modeled results at the HLLSS [Field, 2020]. The hydraulic
gradient is based on the potentiometric surface maps. A more detailed description of the
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calculation can be found in chapter 8 equation (8.3). The estimated hydraulic conductivity
is shown together with literature values for hydraulic conductivity from different soil types
in figure 9.9.

Figure 9.9: Estimated hydraulic conductivities for domain 1 and the final domain for each screening. Also,
literature values for hydraulic conductivity from different soil types are shown. Modified from [Freeze and
Cherry, 1979].

The estimated values are compared to the rock soil types due to the known geology at the
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HLLSS, where the tracer was injected into the fractured bedrock layer. The values are in
the upper spectrum of the "Fractured igneous rocks and metamorphic rocks" type, while
somewhat in the middle for the soil types "Karst limestone" and "Permeable basalt". The
difference in hydraulic conductivity between domain 1 and the final domain is relatively
minimal when considering the scale of magnitude in which a soil can vary in hydraulic
conductivity, as illustrated in the figure. A further description of the considerations
regarding the hydraulic conductivities is conducted in chapter 8 figure 8.5.

9.4 Site Application using Hydrogeology and Pollution

Using the results from the FAST-MD procedure, a cross-sectional profile with some of the
key parameters is shown in figure 9.10. A brief overview of the FAST-MD results for all
of the tracer data can be found in chapter 7.

Figure 9.10: Cross-sectional profile showing estimated parameter values for the screenings. The parameters
shown at the screenings are in the following order: mass recovery [%], average velocity for domain 1 [m/d],
weight factor for domain 1. Values marked in red indicate a mass recovery higher than 3%. Values marked
with green indicate an average velocity higher than 4.5m/d. Values marked with blue indicate an weight
factor higher than 0.40. The cross-sectional profile is based on the dashed gray transect line shown in
figure 9.1. The calculation of the average velocity is shown in chapter 8 in equation 8.2.

The cross-sectional profile shows that a lot of the higher values in terms of both mass
recovery, average velocity, and weight factor are situated within the shallow part of the
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Treatability Study area. This means that the main tracer plume was transported through
the shallow part of the Treatability Study area. Furthermore, a significant portion of
that mass is transported through domain 1, and it is being transported quite rapidly,
presumably through mainly fracture-dominated transport. Further analysis of the key
parameters obtained from the FAST-MD procedure can be found in chapter 8. Some
additional parameters is shown in table 9.1.

Table 9.1: Summarized parameters for the FAST-MD procedure results for domain 1. The parameters
in order from left to right is: The distance from injection to monitoring well, the change in depth from
injection to monitoring well (using the center of the screening), mass recovery, average velocity, dispersivity,
and weight factor.

Location L ∆depth mrec vave,1 τ1 ω1 No. of domains
RI name Given name [m] [m] [%] [m/d] [m] [-] [-]
RI-26I E 142 17 0.01 1.9 0.62 0.08 2
RI-7S M1 211 0.42 0.01 11 66 0.25 4
RI-7D M2 211 24 0.08 4.1 2.5 0.02 4
RI-25D L1 271 10 0.03 1.3 8.5 1 1
RI-21S L2 277 17 2.1 4.9 143 0.45 2
RI-21I L3 277 29 3.9 15 86 0.23 3
RI-21D L4 277 45 6.6 6.9 104 0.40 3
RI-22S L5 283 68 0.38 7.1 26 0.10 4
RI-22I L6 283 87 3.9 5.5 7.1 0.03 5
RI-22D L7 283 100 0.13 2.6 6.0 0.40 2
RI-23S F1 317 36 4.8 6.7 150 0.32 2
RI-23I F2 317 45 0.13 6.7 8.9 0.08 3
RI-23D F3 317 55 1.3 4.8 60 0.48 4
RI-24S F4 308 69 2.3 13 70 0.16 4
RI-24I F5 308 80 0.22 3.3 28 0.32 4
RI-24D F6 308 91 0.28 3.0 8.8 0.31 4

To obtain more knowledge of the location and orientation of the major fractures in the
bedrock between the Source area and the Treatability Study area, the EPA conducted
gamma logging measurements. These were used to determine stratifications within the
bedrock. The results are shown in figure 9.12. Furthermore, a cross-sectional profile of the
TCE plume is also shown in the figure. The transect line used to create these cross-sectional
profiles is shown in figure 9.11.
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Figure 9.11: Aerial overview of the two transect lines used for the cross-sectional profiles in figure 9.12.
The location of the landfill is clearly indicated by the change in elevation.

The three highest mass recoveries from the tracer test are all located within the estimated
main TCE plume transport path. These screenings are located within two stratifications,
a dark blue and light brown layer. The dark blue layer is also connected to the injection
well. These three screenings have a somewhat high average velocity and weight factor
for domain 1. This indicates that a substantial amount of mass is transported rapidly
through fractures that might be the identified dark blue and light brown layers. This may
also be the case for the TCE plume based on the similarity in results. The transport
of the dissolved TCE and the tracer is mainly controlled by groundwater movement as
sorption, biodegradation, and vapor migration were assessed as having a slight influence
on the transport of both chemicals at the HLLSS as established in chapters 2 and 3, further
validating the comparison between the dissolved TCE and the tracer transport.

Furthermore, the amount of domains for these three screenings is 2-3. This means that
a somewhat low amount of exchange through diffusion between different soil property
domains occurred; otherwise, a higher amount of domains would probably have been
required to describe these tracer data sets. This further emphasizes that the tracer
transport has primarily been dominated by fracture transport for these three screenings.

When comparing these cross-sectional maps, an uncertainty is that they are not generated
from entirely the same area. However, it is generally within the same orientation north-
westbound. Therefore it is assessed as a reasonable comparison. Also, when comparing the
key bedding units marked with red on the TCE Plume Map (A) with the stratifications
seen in the Stratification Map (B), the two are very similar, validating the assessment that
the comparison between the maps is valid.
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Figure 9.12: Figure part (A) shows a cross-sectional profile of the TCE concentration from the Source
area to the Treatability Study area based on measurements in 2019. Modified from [EPA, 2019]. Figure
part (B) shows a cross-sectional profile of the different stratifications in the bedrock from the Source Area
to the Treatability Study area. Modified from [Field, 2020]. Additionally the three screenings with the
highest mass recovery rates are shown. The cross-sectional profiles is based on the transect lines shown in
figure 9.11.

Another interesting tendency is that screening F2 has a low mass recovery compared to
the other screenings located within the same well or depth. The recovery was so low that
it was assessed as an intermediate tracer recovery. TCE concentrations also decrease in
the near vicinity of F2, presumably caused by the measurements of TCE at this screening.
This indicates that perhaps some fracture orientations are causing a significant amount of
mass to bypass the screening, as shown by both the TCE and tracer measurements. This
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further validates the assessment that the dissolved TCE and tracer plume had similar
transport paths. However, the stratification map does not indicate a change in geology.
This could be due to the fracture being small causing the gamma logs measurement to not
detect it, or that the fracture orientation was different from the estimated flow direction,
as the system, in reality, is 3-dimensional.
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Conclusion 10
A geohydrological overview of the Hidden Lane Landfill Superfund Site (HLLSS) was
conducted. An estimated Source area and Treatability area were defined. Governing flow
directions based on TCE and potentiometric surface measurements from the Source area
showed a north-west flow direction towards the Treatability Study area. Sixteen screenings
were identified as having an intermediate or strong recovery from the tracer experiment.
These screenings validated the governing flow directions as the strong tracer recoveries
were located within the Treatability Study area.

A robust, rapid, objective and semi-automated procedure (FAST-MD) was developed for
analyzing the tracer data. Using the software PeakFit a procedure for data treatment
of tracer data and an objective semi-automated routine for identifying individual flow
domains were developed. Furthermore, an initial estimate of the shape of the individual
flow domain was found and proved somewhat accurate compared to the final estimated
results. Using the results from PeakFit, a model for rapid estimation and automated
calibration of the individual flow domains using the multi-domain solution of the advection-
dispersion equation was developed.

The FAST-MD procedure was initially validated by showing that tracer dispersivities for
the identified individual flow domains became close to or lower than literature levels for
unimodal soil systems. In comparison, if a tracer data set was treated as a single-domain,
the dispersivities were dramatically higher and, as expected, close to those estimated
literature levels for fractured systems. Thus, the FAST-MD procedure seems able to
realistically identify the dominating individual flow domains within a complex geological
setting like those found at the HLLSS.

Application of the parameter values from the FAST-MD procedure found that the main
tracer mass was recovered in the shallow part of the Treatability Study area of the
HLLSS through a few dominant transport domains. It was found that the distribution of
tracer mass within the shallow part of the Treatability Study area was somewhat equally
distributed between rapid and slow movement. Similar results were found when comparing
the results to TCE measurements and a model of the geological stratifications, further
validating the results from the FAST-MD procedure.
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10.1. Future Perspectives

10.1 Future Perspectives

For future usage and modifications of the FAST-MD procedure, a point of improvement
could be step 7: Optimization of the number of peaks required. This step is part of
procedure part 1: Data reduction and peak identification. Currently, an assessment of the
change in shape for the other peaks is made when the peak with the lowest area under
the curve is removed. Instead, the change in parameter values for the pulse peak with
power term model could be evaluated. A threshold could be set for the maximum change
in chosen parameters, further objectifying the procedure. A parameter of interest would
be a2 as it describes the width of the peak and thereby the amount of tailing for the peak,
which would be the equivalent to the effective dispersion coefficient in the multi-domain
solution of the advection-dispersion equation. A parameter of less interest would be a0 as it
describes the amplitude of peak, equivalent to the inlet concentration in the multi-domain
solution of the advection-dispersion equation. This is because the inlet concentration is
not a domain-dependent parameter, and an inlet concentration for all domains is estimated
later in the FAST-MD procedure. Another modification could be implementing exchange
between the domains in the FAST-MD procedure, which would lead to more accurate
estimates of the solute transport parameters.

It would be interesting to evaluate the FAST-MD procedure on a larger scale site, such as
the Hanford Site [EPA, c], to see if the same tendencies in terms of the relation between
dispersivity and the number of domains found in this thesis would be yielded. Furthermore,
it would be interesting to evaluate the FAST-MD procedure when multiple tracers are
present, as could be the case at the Hanford Site. This is because other studies have
used PeakFit, which is the tool used for procedure part 1 of the FAST-MD procedure, to
separate different tracers occurring in the same time span [Andreo et al., 2015] and [Groten
and E. Calvin Alexander, 2015]. This could perhaps be implemented as an extra tool in
the FAST-MD procedure.

Another interesting aspect would be to utilize the FAST-MD procedure to construct
plume maps. This would be of interest as the travel distance and concentration could
be calculated for each domain to identify the plume’s fast and slow-moving parts. The
FAST-MD procedure could also be used for risk assessment models in the same context.
The breakthrough time for the different domains could be estimated to obtain a more
complete picture of the plumes distribution and transport to a given recipient. This is
vital information when dealing with risk assessments, as the breakthrough times of the
different domains could be relevant depending on the concentration distribution of the
chemical in the different domains and the sensitivity of the recipient.
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Streamline A
The streamline method has received interest as an attractive and successful method for
solving problems such as flow visualization, model optimization, and more [Matringe
et al., 2007], [Chen, 2018]. One of the first scientific papers on streamlines was [Pollock,
1988], which methods on developing streamlines using a cartesian grid is referenced in
many other streamline papers as the base for methods developed later on [Chen, 2018],
[Matringe et al., 2007], [Hægland, 2009]. Streamlines can be regarded as a subset of
particle tracking as the streamlines are computed from particle tracking [Hægland, 2009].
Particle tracking is a relatively simple concept. Tracking a specific particle in a flow
field can be achieved using the directional velocity components and a given time step in
a finite difference model. By connecting these particle tracking points, streamlines are
computed. To achieve these streamlines, interpolation within the control volumes must be
done. There are multiple ways of achieving this; one of the simpler methods is simple linear
interpolation. An advantage using this interpolation method is that velocity components
in all three directions can be incorporated into each control volume to determine the
streamline [Pollock, 1988].

The method described in the following is based on [Pollock, 1988].

In figure A.1 a sketch of a control volume with flow in and out is illustrated.

Figure A.1: Sketch of a control volume with flow in and out and the different cell phases illustrated.
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The velocity component for each cell phase are shown in the following equations:

vx1 =
Qx1

(n∆y∆z)
(A.1)

vx2 =
Qx2

(n∆y∆z)
(A.2)

vy1 =
Qy1

(n∆x∆z)
(A.3)

vy2 =
Qy2

(n∆x∆z)
(A.4)

vz1 =
Qz1

(n∆x∆y)
(A.5)

vz2 =
Qz2

(n∆x∆y)
(A.6)

vij Velocity component in the ith direction and the jth cell phase [ms ]
Qij Flow component in the ith direction and the jth cell phase [m

3

s ]
n Porosity

[
cm3 pores
cm3 soil

]
∆x, y, z Length of the different cell phases [m]

By implementing the velocity components in the conservation of mass expression, equation
(A.7) is obtained.

(nvx2 − nvx1)

∆x
+

(nvy2 − nvy1)

∆y
+

(nvz2 − nvz1)

∆z
=

Qs

∆x∆y∆z
(A.7)

vij Velocity component in the ith direction and the jth cell phase [ms ]
n Porosity

[
cm3 pores
cm3 soil

]
∆x, y, z Length of the different cell phases [m]
Qs Change in flow due to storage or drainage [m

3

s ]

To obtain the streamlines the velocity at a given position within the control volume needs
to computed. As mentioned earlier simple linear interpolation is used for this. In the
following equation the velocity as a function of position is shown:

vi = Ai(i− i1) + vi1 (A.8)

vi Velocity at a given position for the ith direction [ms ]
Ai Velocity gradient for the ith direction [s−1]
i Position in the the ith direction [m]
(x, y, z)1 Position of cell phase 1 the ith direction [m]
vi1 Velocity at cell phase 1 for the ith direction [ms ]
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A.1. Example of a Multi-cell Problem with No Flow Boundaries

The velocity gradient, Ai, is calculated using the difference in velocity between cell phase
1 and 2 divided by the cell length.

The particle moving through the control volume is expressed in equation (A.9)

(dvi
dt

)
p

=
dvi
di

(di
dt

)
p

(A.9)

(
dvi
dt

)
p

Change in particle velocity in ith direction over a change in time [ms /s]
dvi
di Change in velocity in ith direction over a change in position in ith direction [ms /m](
di
dt

)
p

Change in particle position in the ith direction over a change in time [ms ]

By differentiating, substituting, and integrating with equations (A.8) and (A.9) the travel
time it takes for the particle to enter and leave a control volume can be computed and is
shown in equation (A.10).

∆ti = A−1
i · ln(vi2/vip) (A.10)

∆ti Time for the particle to leave the cell in the ith direction [s]
Ai Velocity gradient for the ith direction [s−1]
vi2 Velocity for the ith direction at cell phase 2 [ms ]
vip Velocity of the particle in the ith direction when entering the control volume [ms ]

Through substitution of equation (A.8) in equation (A.10) the exit position of the particle
from a given control volume can be computed using equation (A.11).

ie = i1 +A−1
i (vipe

Ai∆te − vi1) (A.11)

ie Exit position in the ith direction [m]
i1 Position of cell phase 1 in the ith direction [m]
Ai Velocity gradient for the ith direction [s−1]
vip Velocity of the particle in the ith direction when entering the control volume [ms ]
∆te Time for the particle to leave the control volume [s]
vi1 Velocity for the ith direction at cell phase 1 [ms ]

A.1 Example of a Multi-cell Problem with No Flow
Boundaries

On figure A.2 the example is shown.
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A.1. Example of a Multi-cell Problem with No Flow Boundaries

Figure A.2: Sketch of the multi-cell problem.

The velocity components are computed using the software GMS. In figure A.3, the velocity
distribution obtained is shown.

Using the same methods described above, the streamlines are calculated for three different
particles. The starting positions of the particles are on the upper prescribed head boundary.
One very close to the left edge, one in the middle, and one very close to the right edge.
The position of the particle was calculated at five different travel times equally distributed
based on the travel time to exit a cell. The results are shown in figure A.4.
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A.1. Example of a Multi-cell Problem with No Flow Boundaries

Figure A.3: Velocity components for the multi-cell problem.

When comparing figure A.3 and A.4 it is shown that the travel time fits with the
magnitudes of the velocity components, e.g., having the lowest velocity magnitudes in
the right part results in the highest travel time for the right starting particle. The results
also shows the strength of the streamline method, as it illustrates that the difference
in travel times can be several magnitudes in difference for particles within the same
control volume. The certainty of the model will depend on the reliability of the velocity
components computed using other models.
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A.1. Example of a Multi-cell Problem with No Flow Boundaries

Figure A.4: Streamlines for the multi-cell problem. The numbers next to the datapoints is travel time in
units hours.
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Modflow Model B
B.1 1-Dimensional Model

In this section, the software Modflow [Aquaveo] will be used to develop a numerical model.
The model is set up as an "infinitely" long channel which is one control volume wide
and one control volume deep, with no flow boundaries along the side and a prescribed
head boundary in each end. The length of the actual model is set to 1000 meters as it is
assessed that the prescribed head boundaries will not affect the model area. The injection
and monitoring wells are then placed in the middle of the channel.

The flow model is a 1-dimensional steady-state model, which means the scale of the
hydraulic gradient and the hydraulic conductivity independently is not relevant so long as
the product of the two gives the desired darcy velocity (or pore-water velocity) as shown
in Darcy’s Law. Therefore the prescribed head boundaries are set to 10 and 5 meters
respectively, resulting in a hydraulic gradient of 0.005 m change in head

m porous media and the porosity is

set to 0.3 cm3 pores > 30 µm
cm3 soil . The hydraulic conductivity is then calculated using darcy’s law,

where the pore-water velocity is set equal to the one achieved in the CXTFIT2 model. The
head distribution for the flow model is shown in figure B.1.

Figure B.1: Head distribution for the flow model.

To simulate the tracer test, the software MT3DMS was used, which uses the advection-
dispersion equation.

The time discretization was calibrated using the results from the mobile-immobile model
with GRG-non linear solver in excel, where the calibration goal was set as the sum of the
root square error between the mobile-immobile model and the Modflow model.

The spatial discretization was tested at 5 and 10 meters. The result did not change
significantly, and the spatial discretization was set equal to 10 meters to save computational
time.

In figure B.2 the distribution of the tracer in the different control volumes at different
simulation times.
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B.1. 1-Dimensional Model

Figure B.2: Distribution of the tracer in the different control volumes at different simulation times.

As shown in the figure, the tracer does not reach the upper prescribed head boundary,
meaning the boundary does not affect the tracer by causing "backlash" of the tracer if
it were to reach it. Since the flow model is steady-state, the same is true for the lower
prescribed boundary due to constant flow distribution.

The breakthrough curve for the Modflow model can now be estimated for each control
volume. The results are shown in figure B.3.

Figure B.3: Results using the Modflow for screening R1-21S (L2).

The results of the parameter estimation are shown in table B.1.
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B.2. 3-Dimensional Model

Table B.1: Calibrated parameters for the 1-D modflow model for well RI-21S (L2).

Symbol Parameter Value
d Dispersivity [m] 207
D Dispersion coefficient [m2/s] 157
v Pore-water velocity [m/d] 0.76
vd Darcy-velocity [m/d] 0.23
c0 Injection concentration [kg/m3] 3.503
t0 Injection time [s−1] 48
L Distance between injection and monitoring well [m] 277
∆x Spatial discreatization [m] 10
∆t Time discreatization [d] 2

φ Porosity
[

cm3 pores
cm3 soil

]
0.3

∆h
∆x

Hydraulic gradient
[

m change in head
m porous media

]
0.005

K Hydraulic conductivity [m/d] 46

A 3-dimensional modflow model was also set up, using the concept particle tracking
described in appendix A which is further explored in the following section.

B.2 3-Dimensional Model

A conceptual model approach using the software GMS [Aquaveo] will be used to try and
replicate the tracer test results using the particle tracking method.

The boundary conditions of the model are described in the following. On the west side,
a no-flow boundary condition was used. This boundary condition is based on the USGS
map of the watershed boundary; hence it can be used as a no-flow boundary.

The north and east sides of the model area have prescribed head boundaries. The north is
the Potamic River. Water level measurements in the Potamic River were used at the two
sites nearest the HLSS. The water level stations were Little Falls Pumping Station and
Point of Rocks. The average water level for each station over five years from 2016-2021 was
calculated. The average of these mean water levels was used as the boundary condition
and is 55.75 m.

A stream is connected from the Potamic River to the east side of the model area. The
water level of the stream was unknown. However, it is assumed that the stream’s water
level is controlled by the water level of the Potamic River due to the significantly higher
flow in the Potamic River. Therefore, it is assumed that the water level in the stream
is equal to the water level in the Potamic River plus the difference in elevation from the
Potamic River to the end of the general head boundary. The elevation change is 7.3 m,
the general head boundary at the end of the stream is assessed to be 63 m. Along the
stream, GMS interpolates the head along the boundary.

To close out the boundary in the south is a bit more complicated. Currently, a prescribed
head boundary based on groundwater elevation measurements is used. This is a less than
ideal boundary condition since groundwater levels change and have also changed 1.3 m at
this measurement well just the year after. The boundary conditions and the model area
are illustrated in figure B.4.
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B.2. 3-Dimensional Model

Figure B.4: Boundary conditions for the 3-dimensional modflow model.

A world map elevation tool from GMS was used for the surface elevation. The finest
resolution of 3.7 m was used for the map and is then interpolated into the GMS top layer
grid as the top elevation. The top elevation grid is shown in figure B.5.

The grid shows that the elevation is highest in the south and decreases towards the Potamic
River. Also, the landfill is seen in the southeast part of the model area.

Using geological boring logs, the elevation of the top of bedrock was found for several wells.
The values for the bedrock elevation were interpolated using IDW interpolation with the
software QGIS. However, the wells are primarily focused around the landfill. The lag of
wells in the remainder of the model area was problematic with the interpolation since data
points in the western part of the model area are limited. This led to the elevation of the
bedrock exceeding the surface elevation in some areas, mainly near the Potamic River.
The wells used and interpolation results in is shown in figure B.6 when just interpolating
around the area covered by the wells.
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B.2. 3-Dimensional Model

Figure B.5: Surface elevation implemented in the 3-dimensional modflow model.

The bedrock elevation is somewhat similar to the surface elevation, except for the extended
height due to the landfill, decreasing northward towards the Potamic River. Based on the
similarities in elevation, it is assumed that the bedrock follows the same tendency for the
remainder of the model area as the surface elevation. Therefore, four artificial "wells"
are introduced along the Potamic River boundary with an elevation for the bedrock of 54
m, and a new IDW interpolation was conducted. This drastically reduced the number of
errors due to the bedrock having a higher elevation than the surface. The remainder of
the errors were manually corrected by adjusting the bedrock elevation using neighboring
cells’ values. The grid for the bedrock elevation is shown in figure B.7.
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B.2. 3-Dimensional Model

Figure B.6: Bedrock surface based on interpolation from well data.

Using these boundaries, a simple transport model was constructed to understand how the
boundaries work in the model. The resulting head distribution of a steady-state simulation
using this model is shown in figure B.8. Also, a forward particle tracking simulation was
conducted using 20 particles starting at the injection well of the tracer test, RI-27, in the
Source Area. A backward particle tracking simulation was conducted from well RI-21 in
the Treatment Area.

Figure B.7: Bedrock surface implemented into the modflow grid.

The figure shows a high head distribution in the southeast corner of the model and then
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B.2. 3-Dimensional Model

decreases in the northwest, making the flow direction northwest. This is similar to the
contour maps and the tracer test results, indicating that the boundary conditions give
a similar representation of the model area as was already known. The particle tracking
results show a similar flow pattern. The particles from the source area do not reach the
treatment area or vice versa from the treatment area to the source area. However, this
was not expected as this is a simple model with limited input, and also, the number of
particles simulated was not that high.

Figure B.8: Head distribution for the 3-dimensional modflow model, with particle tracking from both
injection and monitoring well.
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Literature values of
Dispersivity C

Figure C.1: Longitudinal dispersivity versus scale of observation from [Gelhar and Collins, 1992], with an
expected range of dispersivity values based on these results [Spitz and Moreno, 1996].
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Figure C.2: Longitudinal dispersivity versus scale of observation identified by type of observation and type
of aquifer. With the interval defined in figure C.1 implemented. Modified from [Gelhar and Collins, 1992].
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Geostatisctical
Parameters from the
FAST-MD Procedure D

In table D.1 the geostatistical parameters from the FAST-MD procedure is summarized.

Table D.1: Geostatistical parameters for the initial and final parameter estimation using the FAST-MD
procedure. IPE is short for Initial parameters estimation, FPE final parameter estimation, Raw is the raw
tracer data, R & S is the reduced and smoothed tracer data.

IPE FPE
Location Raw R & S Raw R & S

RI name Given name NSE AIC NSE AIC NSE AIC NSE AIC
RI-26I E 0.605 -44369 0.941 -625 0.614 -44634 0.954 -646
RI-7S M1 0.727 -61379 0.872 -617 0.759 -62761 0.904 -643
RI-7D M1 0.706 -9434 0.723 -58.9 0.848 -16494 0.997 -503
RI-25D L1 0.941 -56811 0.979 -591 0.944 -57309 0.980 -594
RI-21S L2 0.984 -1330 0.986 -11 0.994 -12374 0.996 -133
RI-21I L3 0.940 30510 0.943 274 0.979 18760 0.979 177
RI-21D L4 0.985 25625 0.986 262 0.995 14997 0.998 70
RI-22S L5 0.880 3042 0.967 -78 0.900 1141 0.979 -121
RI-22I L6 0.936 30348 0.988 137 0.951 27517 0.9997 -236
RI-22D L7 0.708 -6121 0.770 -79 0.882 -16220 0.983 -337
RI-23S F1 0.953 33778 0.971 259 0.964 30777 0.992 139
RI-23I F2 0.808 -24970 0.894 -278 0.892 -31336 0.983 -457
RI-23D F3 0.971 8854 0.975 91 0.989 -1731 0.997 -107
RI-24S F4 0.969 17410 0.976 171 0.984 10857 0.990 82
RI-24I F5 0.958 -15515 0.986 -228 0.962 -16575 0.990 -261
RI-24D F6 0.838 6888 0.963 -66.9 0.850 6032 0.969 -84

Comparing the NSE values of the initial and final parameter estimation the values are
higher for the final parameter estimation, as should be the case. The difference between
the initial and final parameters is relatively small for most screenings, indicating that the
initial parameter estimation procedure was successful. All of the AIC values were more
negative or smaller for the final parameter estimation, indicating that the even tho more
parameters was used for the final parameter estimation, the improvement of the fit was
significant enough
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