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Summary

Despite abundant surface water in Norway, groundwater can be a better resource for
drinking water due to the good natural protection and filtration properties of the
groundwater aquifer. In Norway, 70 % of the groundwater is found in unconsolidated
aquifers, hence it is fundamental to understand the sedimentary characteristics of these
aquifers if one want to utilize the groundwater as a drinking water supply. The connection

between groundwater and sedimentology can be referred to as aquifer sedimentology.

Bg municipality uses groundwater as their main water supply, serving drinking water to
approximately 4900 inhabitants. The water wells are placed in Hagadrag aquifer, in Bg
Valley-fill deposits from the Quaternary time period. The Quaternary history for Bg
Valley has been said to contain a glacier front terminating in a former fjord, and
stagnating in a narrow part of the valley. Because of this, the area of interest is anticipated

to contain large successions of glaciomarine deposits, of which this paper has analyzed.

This thesis comprises a survey executed to generate a 3D subsurface model for better
understanding of the sedimentary characteristics of Hagadrag aquifer. The main method
used is a Ground Penetrating Radar, collecting radargrams of the subsurface from the
floor of Verpe gravel pit. The radargrams were interpreted with radar stratigraphic
analysis, highlighting radar sequences/packages and their radar facies, and suggesting a
depositional history with corresponding depositional environments for the analyzed
sedimentary successions (lithofacies). A geodatabase was put together to aid
interpretation of what grain sizes the identified subsurface packages may consist of. The
geodatabase includes data from several previous drilling surveys done in and around the

study area, and yields important geological information for this thesis.

A 3D model of the subsurface sedimentary packages and their bounding surfaces has been
generated in Voxler and ArcScene. A bedrock grounding-line zone for a preexisting
glacier was identified, together with several deposits derived from this grounding-line
zone as glacial outwash material; stratified tills, gravity flow deposits, subaquatic
grounding-line fan, scour pool infill deposits, and an ice-contact ridge (moraine ridge) on
top of the bedrock threshold. The 3D subsurface model from this survey can be further
used as a model for hydrogeological prospecting and groundwater modeling.

Key words: Groundwater, Hagadrag aquifer, GPR, 3D modeling, Geodatabase, Glaciomarine deposits,

Aquifer sedimentology, Facies, Lithofacies, Holocene valley-fill, Grounding-line fan.
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1 Introduction

1.1 Groundwater

Groundwater is a natural component of the water cycle, and is a widely used water
resource around the world (Margat & van der Gun, 2013, p. 2). This utilization depends
on the availability of other freshwater resources in the area, the amount of
hydrogeological mapping carried out, and if groundwater is present in the relevant area
or not. Some claim that groundwater magazines are being drained faster than they
recharge, and that groundwater can be either renewable or non-renewable (Dimick, 2014;
Kjensli, 2010; Sumner, 2015).

The United Nations World Water Development (Connor, 2015) classifies groundwater as
a substantial water supply, which provides drinking water for at least 50 % of the global
population. The report also estimates that 20 % of the world’s groundwater aquifers are
over-exploited and that the available freshwater in general is affected by pollution. As the
world’s population continues to grow, the demand for clean drinking water increases. In
2015, the United Nation member states adopted The 2030 Agenda for Sustainable
development with 17 Sustainable Development Goals aiming to “... transform our world
and to improve people’s lives and prosperity on a healthy planet” (SDGS, 2015). Figure
1-1 illustrates goal number 6, which focuses on clean, accessible water for all. This sheds
light on the importance of providing knowledge about freshwater resources in the world,

for example by groundwater mapping to ensure sustainable exploitation.

frssioll SUSTAINABLE
I GOALS

Figure 1-1 — UN Sustainable Development Goal number 6; "Clean Water and Sanitation™. [Hlustration

from the United Nation SDG website (SDGS, 2015), presented in accordance with guidelines for use of the
SDG illustrations (see bibliography).]

In comparison to the rest of the world, Norway has an abundance of available, clean
surface freshwater, thus rendering groundwater as a less practical source for drinking
water. According to Carstens (2015), only 15 % of Norway’s drinking water is derived
from groundwater. Nevertheless, our groundwater is strictly regulated by the Water



Resources Act (Vannressursloven —vrl, 2001) governed by the Ministry of Petroleum and
Energy. Despite abundant surface water, groundwater can be a better resource for
drinking water due to the good natural protection and filtration properties of the
groundwater aquifer. An aquifer is defined as a formation that contains sufficient
saturated permeable material to yield significant quantities of water to wells or springs
(Weight, 2008). How good the aquifer is protected from external sources of pollution,
depends on the geological conditions around the groundwater well and in the catchment
area for the aquifer (Gaut, 2017). Key geological, or hydrogeological, properties decide
the yield for groundwater, aquifer storage capacity, groundwater flow, and degree of
filtration for the aquifer. These hydrogeological properties are porosity and permeability
(Asprion & Aigner, 1999; Bersezio et al., 1999), and depend on the composition of grain
sizes and their spatial distribution in the subsurface. Information on the field of
sedimentology in the subsurface is therefore essential to gain knowledge about

groundwater as a resource.

1.1.1 Quaternary Deposits and Groundwater in Norway

Quaternary is the latest time period of earth’s history, spanning over the last 2.6 million
years, and Quaternary geology concerns the geological processes and formations from
this period (Sigmond et al., 2013). The time period is in general characterized by a cool
and variable climate, and in Norway the numerous glaciations have been shaping the
surface geology producing U-shaped valleys, fjords and Alpine landscape close to the
coast (Olsen et al., 2013, p. 5). These fjords and valleys made excellent catchment basins
with huge accommodation space for erosional material transported by glaciers and its
meltwater streams during the Holocene time period (Olsen et al., 2013, p. 6). Holocene
is the most recent time period between the end of the last ice age (11700 years BP) and
up until today, and together with Pleistocene they constitute the Quaternary time period
(Sigmond et al., 2013). As the ice cap covering Scandinavia during the last ice age
retreated, meltwater from the retreating ice sheet redistributed rock masses and sediments
in all the available accommodation space, both as valley fills and large deposits on the
continental shelf. Today, these valley fills are exquisite resources for sand/gravel,
unconsolidated groundwater aquifers and agriculture (Olsen et al., 2013, p. 5).

In Norway, 70 % of the groundwater is found in unconsolidated aquifers as opposed to

fractured bedrock aquifers (Carstens, 2015), and it is fundamental to understand the



sedimentary characteristics of these aquifer if one want to utilize the groundwater from
them. Glacial deposits are examples of such unconsolidated aquifers, hence the purpose
of this thesis is to map a part of an aquifer situated in subsurface sedimentary units from

a proximal glaciomarine environment.

1.2 Aquifer Sedimentology and GPR

Several researchers have emphasized the connection between groundwater and
sedimentology (aquifer sedimentology) (e.g. Anderson, 1989; Bayer et al., 2011;
Bersezio et al., 1999; Huggenberger & Aigner, 1999; Klempe, 1988, 2015; Mele et al.,
2012; Weissmann et al., 2015; Aberg et al., 2017). Huggenberger and Aigner (1999) says
that “... the focus of aquifer-sedimentology is primary to derive the structural
relationship of the subsurface at different scales”. By this quote, Huggenberger and
Aigner (1999) mean to say that the study of aquifer sedimentology aims to examine the
different deposits in the subsurface, their characteristics and how they are connected to
each other in terms of groundwater flow. This is also referred to as the study of
heterogeneity of an aquifer. Heterogeneous, by definition, means differentiated or diverse
(Sigmond et al., 2013, p. 148), and when used in the context of sedimentology it means
that the deposit consists of several different materials. Highly heterogeneous
sedimentology causes constant change of hydraulic properties (porosity and
permeability), thus a complex flow pattern of groundwater in unconsolidated aquifers
(Herweijer, 1997).

A way to carry out a sedimentological study of an aquifer is the use of Ground Penetrating
Radar (GPR) to look into the subsurface. As groundwater aquifers are concealed and
sensitive resources, a good way to examine them would be to look into them without any
physical interventions in the subsurface. The GPR imaging does exactly this by providing
the possibility to look into the subsurface without any impact on the natural conditions
therein. However, data collection and processing for three-dimensional (3D) GPR method

can be tedious and difficult to implement.

Annan (2003), a pioneer within the use of GPR and the CEO of Sensors & Software Inc.,
stated that the use of GPR in terms of sedimentological stratigraphy provides valuable
insight for geologists studying groundwater flow and contaminant transport. This
geophysical method applies electromagnetic (EM) waves and their reflections from the

subsurface sediments to produce a two-dimensional cross section image of the
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subsurface, a radargram. These radargrams, containing information of the sedimentary
structures beneath the ground surface, are used to do a more detailed sedimentary
interpretation. As mentioned earlier, the aim for analyzing aquifer sedimentology is to
map out the heterogeneity of the sediments within the aquifer. Subsurface sedimentary
heterogeneities and their three-dimensional formation identified from interpretation of

radargrams will provide important hydrogeological information for the analyzed area.

1.2.1 Radar Stratigraphic Analysis

Heterogeneity mapping is a part of an analysis called Radar Stratigraphic Analysis, which
IS an interpretation of radargrams aiming to say something about the kind of depositions
in the subsurface and their probable coherent depositional environment (Jol, 2009, pp.
283-284). This analysis of radargrams is based on what Boggs (2011, p. 372) describes
as a Seismic Stratigraphic Analysis, which is a stepwise procedure to interpret subsurface
reflection profiles. The first step is to subdivide the radargram indo sedimentary
sequences, differing from each other in terms of their sedimentary characteristics. These
characteristics are referred to as sedimentary facies. The term “facies” was first
introduced in a geological setting by Nicolas Steno in 1669, but modernized by Moore in
1949 to a more relatable meaning of the term used today; “A sedimentary unit restricted
in areal extent, but can be found at different levels within the same stratigraphic unit.”
(Boggs, 2011). It is important to differentiate between sequence and facies, where a
sequence is constituted by one or more facies. The distribution of sedimentary facies in
the subsurface controls the heterogeneity and therefore also the hydrogeological
properties of a sedimentary aquifer (Bersezio et al., 1999). After identification and
description of the facies in the subsurface, the last step of the radar stratigraphic analysis
is to do a lithofacies interpretation. Lithofacies is one step further from facies
interpretation by suggesting depositional event or environment for the sedimentary
sequences (Bayer et al., 2011).

So, let us say there is an accident with a tank truck on the road across a groundwater
aquifer near a drinking water supply. If you want to be able to know if the contaminants
from the accident will reach a groundwater well used for drinking water, or how long it
takes before the pollutants reaches a lake/river; knowledge about sedimentary facies in

the subsurface is the key.



1.3 Background for this Thesis

Bg municipality in Norway uses groundwater as main water supply, feeding
approximately 4900 inhabitants with drinking water (Bg-Kommune, 2014). The water
derives from three groundwater wells placed in an unconsolidated aquifer at Hagadrag,
close to Verpe gravel pit. Hagadrag unconsolidated aquifer is situated in valley fill
deposits from the Quaternary time period, and it is desirable to gain knowledge about the
subsurface in this area to best handle the groundwater resource for example in case of
pollutants entering the aquifer or if a new water well is to be established. In addition, a
study of an aquifer situated in deposits from the last ice age may contribute to knowledge
about unconsolidated aquifers in the same type of deposits elsewhere in Norway, of which

is quite abundant.
Verpe gravel pit has been chosen as the study area for the GPR survey for several reasons:

- Itis situated above a part of the drinking water supply aquifer (Hagadrag)
- The plain surface of the gravel pit makes data collection with GPR convenient.
- The excavation of the upper masses in the gravel pit gives the survey an

opportunity to look deeper into the subsurface, and also into Hagadrag aquifer.

1.3.1 Aim of Study

The aim for this study is to do a subsurface investigation to help understand the
composition, development and properties of Hagadrag as an unconsolidated aquifer in Bg

municipality in Telemark county, Norway.

By using the geophysical method GPR | will generate cross section profiles beneath
Verpe gravel pit for further radar stratigraphic interpretation. The interpretations will

serve as foundation for a 3D model, using 3D modeling software for visualization.

The study will give a better understanding of the Holocene geological history and
depositional environments in the area around Hagadrag. This can be helpful in further
investigations of the hydrogeology and the hydraulic properties for the defined area
within Hagadrag aquifer. Subsurface sedimentary characteristics are very useful input
parameters for groundwater modeling, as supported by Huggenberger and Aigner (1999),
who stated that the analysis of sedimentary units and their heterogeneities in the
subsurface will improve prediction and modeling of transport paths for groundwater and

possible contaminants that may enter the aquifer.



2 Study Area Characterization

The GPR survey took place in Verpe gravel pit within Bg municipality in South-Eastern
Norway. The gravel pit is marked with a red dot in Figure 2-1, situated 1.2km downstream
Bg River from the outlet of Lake Seljord, and approximately 13km North-West from Bg
city center. Bg River is running from Lake Seljord through Bg valley, a former fjord-
valley shaped by glaciers and covered by surficial deposits from depositional processes
due to glacial activity in the Quaternary time period (Bergstrgam, 1999; Jansen, 1983).
The area also hosts the main transport route between Bg and Seljord (Rv. 36), two gravel
pits, two rivers draining from the mountains in the north (Hgnsaa and Bjgnndgla, Figure

2-1) to Lake Seljord, and the drinking water aquifer for Bg municipality.

Seljord and Bg
municipalities
Norway

1 Losle

Kupatjenn

Herremo

Ingelin Karisen - University of South-Eastern Nonway - January 2019
Figure 2-1 — Digital Terrain Model (TIN) produced from FKB data with contour lines (Im) in ArcMap.
Red spot indicates position of the gravel pit, which is location for the GPR survey. Different colors indicate
change in elevation (meters above sea level — m a.s.l.): Beige = 98-110m a.s.l. Brown = 110-135m a.s.l.
Green = 135-200m a.s.l. Dark grey = 200-400m a.s.l. Light grey = 400-699m a.s.l. White = >699m a.s.l.
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Today, the drinking water supply from Hagadrag consists of three groundwater wells with
intermittent pumping, located circa 150m apart. Hagadrag aquifer is build up of glacial
meltwater deposits, further elaborated in chapter 2.2 — Quaternary geology. Such deposits
serve as terrific groundwater aquifers because they consist of sand and gravel with high

hydraulic conductivity, and often appear in large quantities (Green et al., 1995).

2.1 Bedrock Geology

The central parts of Telemark is classified with Proterozoic igneous and supracrustal
rocks, originating from a time period between 1700 million years ago (Ma) and 900 Ma,
and metamorphosed during the Sveconorwegian orogeny event between 1130-1100 Ma
(Solli & Nordgulen, 2013). Supracrustal means that the rocks were initially formed on
the earth surface, either by sedimentary- or volcanic processes (Sigmond et al., 2013).
These supracrustal rocks in central Telemark are referred to as the Telemark-
Supracrustals (Dahlgren, 1993), forming a belt of meta-basalt, rhyolite, quartzite, and
meta-gabbro going from the central parts of Telemark and North-Eastwards (Figure 2-2).
North of this belt is a large mountain range of deformed quartzite called the Lifjell group
(Lamminen, 2011), represented by the yellow color in Figure 2-2. The study area of
Hagadrag, marked with a red dot in the map, is surrounded by granitic gneiss with a sharp
contact to the thin belt of quartzite in the North (Lamminen, 2011). Jansen (1983) did an
analysis on the dominating rock types constituting the glaciofluvial sand/gravel deposits
in Verpe gravel pit. The results show a very high content of quartzite (75-80 %), probably
transported by glacial meltwater streams from the large quartzite mountain area of Lifjell
group, and some granitic gneiss (10-15 %) from the bedrock area underlying the gravel
pit.

Glaciers are known to follow fracture zones in the bedrock, eroding them to get deeper
and maybe even produce large U-shaped valleys, as Bg Valley. According to Jansen
(1986), the dominating direction for fracture zones in Telemark is SW-NE and NW-SE,
which coincides with the NW-SE direction of Bg Valley.



Oslo

Bedrock Type

- Basalt
Gneiss (Diorite/Granitic)
Gabbro, Amphibolite
Quartzite
Rhyolite/Dacite, Keratophyre

A\

N |

Ingelin Karlsen - University of South-Eastern Norway - 2019

Figure 2-2 — Bedrock distribution in Bg and Seljord municipalities. The map was generated with ArcMap
using N250 bedrock data put together by NGU in 2016 and downloaded from

https://kartkatalog.geonorge.no/search. Red dot on the left map is the study area (Verpe gravel pit), and

the red area on the map of Southern Norway (right) is Seljord and Bg municipalities.

2.2 Quaternary Geology

Telemark is in general dominated by deep, U-formed valleys due to glacial erosion, e.g.
Bg Valley. The sediment supply to the valley basins has been especially large in the
valley-areas earlier covered by ocean, i.e. under marine limit (ML) (Jansen, 1986). These
ocean-influenced valleys was a part of fjord-systems connected to the coast of Telemark,
including Bg Valley with a marine limit of 134 meters above sea level (m a.s.l) (Jansen,
1986). Due to isostatic uplift after the last ice age, the massive deposits of deglaciation
material were raised above sea level. This makes the deposits easy to examine today. The
isostatic uplift also sank the base level for erosion, hence the rivers running through the

valleys cut down into the Quaternary sediments.

Most of the surficial deposits in South-Eastern Norway were formed during Late
Weichselian and Holocene (Bergstram, 1999), where Weichselian is referred to as the
last ice-age in Northern Europe between 117 000 years BP and 11 500 years BP (Sigmond

et al., 2013). As one can see in Figure 2-3, the surficial deposits surrounding the study
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area (red dot) consist of glaciofluvial outwash deposits meeting massive marine/fjord
deposits with fluvial deposits on the top and in between. The sediments are situated in a
valley with steep hillsides of exposed bedrock (pink), with an occasional thin layer of till
(green) indicating former glacial activity in the valley. As marine deposits make good

farmlands, there is a lot of agriculture situated South-East of the study area.

Surficial Deposits
| Bedrock

I Glaciofluvial/Outwash
Fluvial

- Marine/Fjord (massive)
Humus (thin)
Till (thin)

I reat/Bog (organic)

Km

Ingelin Karlsen - University of South-Eastern Norway - 2019

Figure 2-3 — Surficial deposits in Bg valley around the study area, which is marked by a red dot. The main
road between Bg and Seljord (Rv. 36) lies on top of the valley sediment infill, and Bg River runs through
the valley. The contour lines have 10m equidistance. Dataset with subdivision of surficial deposits retrieved

from http://geo.ngu.no/kart/losmasse/. Map generated with ArcMap.

Jansen (1980) proposed a formation history for the surficial deposits at Herremo,
comprising all of the orange area in Figure 2-3. The formation history is illustrated in
Figure 2-4, and suggests four stages: A) ice front stagnation in narrow part of Bg Valley,
meeting ocean with marine deposits (blue), B) stillstand and ice front melting, with
buildup of glaciofluvial material (orange), C) complete deglaciation of Bg Valley, Bg
River eroding into glaciofluvial delta and deposition of fluvial sediments, and D) the
situation today with fluvial deposits, glaciofluvial delta, fluvial fans, and marine deposits.
As the figure is based on surficial Quaternary geological mapping, the depositional
processes were probably more complicated, thus a more detailed survey of the subsurface
sedimentology is needed.


http://geo.ngu.no/kart/losmasse/

Figure 2-4 — A four-step formation history of deposits in Bg Valley. See text for description of the different
steps in the illustration. [Obtained from Ramberg et al. (2013), modified from Jansen (1980), published in

collaboration with Telemark regional college (today University of South-Eastern Norway).]

2.2.1 Glaciomarine Sedimentation

Assuming Bg Valley has been a glacial fjord with the ocean meeting the glacier front
approximately at Verpe gravel pit, it is important to establish some fundamental frames
around what kind of sedimentary processes that may have taken place here. Referring to
Bennett and Glasser (2010 - Ch. 10.2), glaciomarine sedimentation can be closely
compared to sedimentation in glacial lakes, but tend to be larger and present over a wider
area. Bennett and Glasser (2010) include eleven key processes for glaciomarine
sedimentation, presented in this thesis with permission from Wiley Books, the publisher

of “Glacial Geology — Ice sheets and Landforms” (see bibliography):

1. Direct deposition from glacier front (ice margin).

2. “Rain-out” from icebergs and seasonal sea-ice. The sediments produced by
“rain-out” can for example be drop stones or dump structures and large
diamictic deposits.

3. Deposition from meltwater flows (freshwater) into the sea (saline water). The
deposition is rapid, and a fan of sand and gravel usually marks the proglacial
point of meltwater outlet.

4. Settling from suspended sediment introduced into the sea.

5. Subaqueous resedmentation by gravity flows. May result in diamicts.
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10.

11.

Subaerial rock fall and mass flow directly from valley sides into the fjords.
Re-mobilisation by iceberg scour, where large icebergs may ground in
shollow water and scoop out deposited sediments into suspension.

Current reworking in sediments by waves and tides close to the shore,
especially in fjords.

Shoreline sedimentation may modify already existing materials.

Biological sedimentation, where skeletal remains of micro-organisms may be
found in the sedimentary records. Includes bioturbation.

Coriolis force, especially affecting the sedimentation in fjords. In the Northern
hemisphere, sedimentation seem to deflect towards right-hand side of the
fjord.

These sedimentary processes will be used as a reference during discussion of results from

this survey.



3 Methods and Materials

Several methods were used in order to create a 3D model of the subsurface in the analyzed
area. A short summary of the steps is presented in the flowchart below:

~  Geodatabase

*GPR fieldwork

*GPS positioning

Data processing
«Interpretating radargrams
\_ 3D visualization

3D model =<

Fieldwork planning is essential to conduct efficient surveys with the GPR in field. This
planning included a field inspection in May 2018, a review of previous work conducted
in the area and discussion with supervisor, Harald Klempe, to determine where and how

to best carry out the GPR survey.

A database was established in Excel, containing geological information in drilling points
from previous surveys in the area of interest. This geodatabase was created in
collaboration with peer Ingrid Gromstad, and used as important geological background
information (“ground truth”). The benefits of creating such a database is appraised in
“Identification of Quaternary subsurface glacial deposits using 3D databases and GIS”
by Klempe (2004).

Duration of the GPR fieldwork was eleven days between 5th of September and 29th of
October, and took place in Verpe gravel pit. GPS positioning for all the data collected in
field were transferred to the Geographical Information System (GIS) ArcMap, delivered
by ESRI, to generate maps and store their geographical information for later work.
Coordinates is found in the appendix. All radargrams were reviewed and processed in
EKKO_Project v5 from Sensors&Software (2009-2018) to optimize quality of the EM-
signals before interpretation of each radargram.

Interpretation of radargrams in terms of subsurface sedimentary stratigraphy can also
be referred to as radar stratigraphic analysis. Interpretation was done with
EKKO_Project V5. The final steps before finishing a 3D subsurface model was to
interpolate radar surfaces from the interpretations, and visualize these surfaces together
with extruded radar packages in 3D software. Below (Figure 3-1) is a list of the computer

software used in this thesis, and their field of application:



Excel 2016 « Used for compilation of

from Microsoft geodatabase
ArcMap 10.6.1 « Generation of maps, and for
from ESRI Surface Aspect analysis
EKKO_Project V5 » Used to view, process and
from Sensors&Software interpret radargrams
ArcScene 10.6.1 « Interpolation of radar surfaces
from ESRI and 3D modeling
Voxler 4 .
3D modeling

from Golden Software

Figure 3-1 - All software programs used for this thesis, together with the corresponding companies that

provide the software.

3.1 Geodatabase

As stated by Zuk (2011, p. 131), preliminary knowledge about the subsurface is beneficial
when deciding the most effective survey mode for a sedimentological study. In addition,
a good understanding of local Quaternary geology is crucial for aiding the interpretation
of the GPR data. The use of data from previous scientific work from the same area is the
best information you can get about “ground-truth” without digging a trench or drill a

well yourself.

The surficial deposits located at Hagadrag attracts interest in both the field of
hydrogeology and sand- and gravel resources because of its great volume and sedimentary
composition. Hence, the area around Verpe gravel pit has been well examined (e.g.
Aarnes, 2015; Halvorsen & Strgmme, 1989; Jansen, 1983; Klempe, 1979, 2009, 2010;
Kraft, 2011; Lavik, 2017; @stmo, 1974). These examinations mostly concern
sedimentological- and hydrogeological mapping by probe- and test drillings for water

wells, which include analysis of change in grain sizes and hydraulic properties.

The purpose of the geodatabase is to gather borehole data from all these previous surveys,
making them more convenient to use as guidance for geological decisions made during
the scientific work. The data were categorized with filtering options for each category in
Excel. The Excel database include categories for the following properties for each drilling
point: well name, coordinates, top elevation, maximum depth, type of drilling, from

elevation (Fm a.s.l), to elevation (Tm a.s.l), average grain size, thickness for each depth



interval, MD50 (mm), packing, hydraulic conductivity K (m/s), transmissivity T (m?/s),
and discharge Q (m®/s). Not all values are recorded for all drillings, but the most important
information for this thesis is the distribution of grain sizes in the drilling logs.

For a more readily comparison between data in the geodatabase and the results from this
survey, maps including grain sizes in each drilling were generated. An example from one
of these maps is presented in Figure 3-2, and the rest of the geodatabase maps are attached

as appendix 7 and 8.
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Figure 3-2 - All drilling points included in the geodatabase, with grain size distribution presented for some

6587700

drilling points close to the gravel pit. The map is made with ArcMap. The grain size-columns include top

and bottom elevation for the different drillings. All geodatabase-maps are presented in appendix 7 and 8.
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3.2 GPR

Neal (2004, p. 321) suggests that the success rate of radar stratigraphic interpretation
depends on the interpreters understanding of several factors; scientific principles of the
GPR technique, the GPR system setup parameters during data collection, topographic
variations in field, vertical and horizontal resolution, depth of penetration, the causes for
noise or other “non-geological-structures” on the radargram, and the function- and effect

of each processing step used to enhance data.

One of the most important advantages by using the geophysical method of GPR for
monitoring the subsurface, is its ability to bring forward information about the subsurface

with little or no impact on the natural conditions therein (Takahashi et al., 2012).

3.2.1 Theory

The foundation for the GPR method lies within electromagnetic (EM)-properties of the
subsurface (Jol, 2009). Electromagnetic waves are propagated from a transmitter and
through the subsurface, where any changes in dielectric properties with depth will initiate
a reflection of the electromagnetic wave at the transition between the medias with
different dielectric properties. These properties are called dielectric permittivity (¢), and
are strongly dependent on the water content of a material, as water has a much higher
conductivity of electricity than air (Robinson et al., 2013, p. 2). The amount of water
content is highly associated with the porosity of the sediments.

A receiver at the ground surface registers the reflected electromagnetic wave signals, and
the result is a GPR profile (radargram) with reflected signals. The reflected signals are
based on the amplitude of the received signals as a function of time and position
(Takahashi et al., 2012). The strength of the reflection depends on the reflection
coefficient (R), which is proportional to the magnitude of change in relative dielectric
permittivity (er) between the adjacent upper and lower medium the electromagnetic wave
travels through (Eg.1) (Neal, 2004).

R = VEr2 = Vé&r1

SV ive, | Eeb

The setup for the GPR system is illustrated in Figure 3-3, and show the connection
between transmitter, receiver and the control/display unit. The control/display unit for the

pulseEKKO pro GPR system controls the settings and functions of the GPR.



GPR System

Control- Transmitter Receiver
Display-
Unit

| Antenna | Antenna

Ground surface

Upper subsurface medium
Relative dielectric permittivity = €71

Reflecting surface

AN

Figure 3-3 - Flow diagram illustrating the GPR system setup and performance in field. The GPR unit

Lower subsurface medium
Relative dielectric permittivity = g,

consists of a control display (DVL) and a transmitter and receiver connected to antennas. The transmitter
produces a signal travelling through the upper subsurface medium, and is reflected at the boundary
between upper- and lower subsurface medium. The receiving antenna perceives the reflected signal and

registers its properties.

3.2.2 Implementation in Field

The GPR instrument PulseEKKO Pro delivered by Sensors & Software Inc. was used for
the survey, together with 50- and 100 MHz antennas and pulseEKKO 100 transmitter. In
total, a length of approximately 5.5km of GPR profiles were manually ran.

As the project aims to display data as a 3D volume, most of the data were collected from
a densely spaced grid with radar lines in both x- and y-direction, illustrated in Figure 3-4.
The spacing between radarlines is determind by what type of features targeted in the
subsurface, e.g. archeological surveys often use 0.5-1m spacing while geological surveys

often use 1-2m spacing.
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Figure 3-4 - The construction for an xy-grid-survey in field, with start position for the first lines in both X
and Y direction at point (0,0). The separation distance between the lines is constant and predefined.
When conducting a GPR survey, the position for each line is vital to relocate targets that
may be of interest, and a Topcon Hiper SR GNSS-system was used to mark grid corners
and start/end position for the 50 MHz lines (Figure 3-5). All data and products in this
paper, both assembled in field and created with ArcMap, are signed the European
Terrestrial Reference System 1989 (ETRS89) with Universal Transverse Mercator
(UTM) set to be zone 32.

100 MHz antennas were used for all three grids, and 50 MHz antennas were used for
supplementary lines to get a deeper penetration across the gravel pit. Figure 3-5 and
Figure 3-6 show SmartCarts used for 100 MHz and 50 MHz antennas respectively. The
cart for the 50 MHz antennas is constructed by Professor Harald Klempe to get
approximately 1.8m spacing between the antennas, and later modified by me for better

stability.
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Figure 3-5 - Ingrid Gromstad assisting with the Topcon Hiper-SR GNSS system. To the left is the SmartCart
for the 100 MHz antennas with transmitter, receiver and DVL connected.

Figure 3-6 - The SmartCart for the 50 MHz antennas with 1.8m spacing. The gravel pit in which the survey
took place is in the background.

Survey Positioning and System Setup Parameters

To cover most of the gravel pit and assure best possible representation of the subsurface
conditions, data collection was done for three grids (100 MHz) and three deeper
penetrating profiles (50 MHz) spread out in the gravel pit (Figure 3-7). Grid 1 and 2 is
positioned with the longest axis parallel with the direction of Bg Valley (NW-SE),
representing assumed flow direction of glacial meltwater. The decision on placement was
made together with my project supervisor, and the objective was to be able to see foreset
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beds from a possible delta situated in the subsurface. The GPR collection in both x- and
y-direction started in the North-Western corner for all grids, and the arrows on the red
lines show direction for GPR data collection for the 50 MHz profiles. The most interesting
radargrams came from Grid 2, hence Grid 2 and the three lines with 50 MHz profiles are
presented and analyzed. Detailed maps for the two excluded grids, 1 and 3, are included

in appendix 1 and 2.

Ingelin Karlsen - University of South-Eastern Norway - 2019

Figure 3-7 - Overview map of Verpe gravel pit with position for all three grids and 50 MHz lines (red).

Map generated with ArcMap.

Grid 2 - 100 MHz

Figure 3-8 show the grid formation of Grid 2, with 1m spacing between x- and y-lines.
All together, the grid holds 58 GPR lines. The 100 MHz antennas were used for Grid 2,
penetrating approximately 20m down in the subsurface with a predefined velocity for the
electromagnetic waves set to 0.06m/ns. The 100 MHz antenna frequency was selected for
the grids as it gives more details about the subsurface structures than the 50 MHz

antennas. A higher frequency was not considered as it would have less penetration depth.



The system setup parameters for the GPR are presented in appendix 4, together with the
corner coordinates for the grid. A calibrated odometer was used to get accurate length of
each GPR profile. The assumed subsurface EM-velocity of 0.06m/ns in Grid 2 was
determined according to surrounding drilling logs, showing mostly sand and gravel. Table
3-1 presents a velocity of 0.06m/ns in saturated sand and gravel, assuming the subsurface
Is mostly saturated with water as a part of Hagadrag aquifer. System stacking was set to
8 for Grid 2, in order to do efficient collection of data in field. System stacking is a way
to improve signal-to-noise ratio by collecting more than one trace at a time and stack
them to make an average signal from them (Sensors & Software Inc, 2012, p. 74). Noise
Is a product of interference with the GPR signals. Sources for noise can for example be
the GPR itself, surrounding objects on the surface reflecting the EM-signals sent out from
the GPR, and surrounding objects on the surface transmitting radio waves. One might
assume that stacking should be increased indefinitely as it makes the signal of the
radargrams much clearer. However, increased stacking may slow down the survey
production as one has to reduce the walking pace with a higher number of stacks. Normal
stacking is between 4 and 64. In addition, the amount of sources for noise at the gravel
pit was assumed to be small, thus less need for a high stacking number.

Table 3-1 - Electromagnetic properties for a selection of common geological materials at 80-120 MHz.
The table show relative dielectric permittivity, electromagnetic-wave velocity, conductivity, and
attenuation for both unsaturated and saturated materials. [Table from “Ground-penetrating radar and its

use in sedimentology: principles, problems and progress” by Neal (2004), presented with permission from
publisher Elsevier. Permission license humber: 4577780060928].

Medium Relative dielectric Electromagnetic-wave Conductivity Attenuation
permittivity (&) velocity (m ns "] (mS m "] (dB m "]
Air 1 0.3 0 0
Fresh water 80 0.03 0.5 0.1
Seawater 80 0.01 30,000 1000
Unsaturated sand 255-75 0.1-0.2 0.01 0.01-0.14
Saturated sand 20-31.6 0.05-0.08 0.1-1 0.03-0.5
Unsaturated sand and gravel 35-6.5 0.09-0.13 0.007-0.06 0.01-0.1
Saturated sand and gravel 15.5-17.5 0.06 0.7-9 0.03-0.5
Unsaturated silt 25-5 0.09-0.12 1-100 1-300*
Saturated silt 22-30 0.05-0.07 100 1-300*
Unsaturated clay 25-5 0.09-0.12 2-20 0.28-300*
Saturated clay 15—-40 0.05-0.07 20— 1000 0.28-300*
Unsaturated till 74-21.1 0.1-0.12* 2.5-10 b
Saturated till 24-34 0.1-0.12* 2-5 b
Freshwater peat 57-80 0.03-0.06 <40 0.3
Bedrock 4-6 0.12-0.13 107 °—40 7% 107924
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Figure 3-8 - Grid formation of Grid 2. The star marks the starting corner, red lines represent x-lines and
blue lines represent y-lines. The smaller map show the position of Grid 2 in the gravel pit. Thematic map
made with ArcMap.



50 MHz Profiles

Figure 3-9 shows the positions for the collected radargrams with 50 MHz antennas. Two
to three radargrams were collected for each of the three 50 MHz lines, and the most
optimal radargram for each line was used for interpretation. All the system setup

parameters and the end-coordinates of each line are presented in appendix 6.

The goal for using the 50 MHz antenna was to reach the bedrock in order to determine
the thickness of the surficial deposits. The decision on what assumed subsurface velocity
to choose for the EM-waves was more complicated for the 50 MHz antennas than the 100
MHz antennas. This is because the radargrams from the 50 MHz antennas will penetrate
deeper, and the length of the profiles are longer, thus a more complex composition of
deposits could be expected. In general, when the composition of the subsurface is
uncertain, an assumed velocity of 0.1m/ns should be set (Sensors & Software Inc, 2012,
p. 73). Accordingly, a velocity of 0.1m/ns was used while collecting the 50 MHz profiles,
and was later adjusted during data processing before interpretation.

As there were only three profiles to be collected, a stacking number of 16 was used for
most of the 50 MHz lines. The radargram collection was done with Free run instead of
Odometer, and lengths of the profiles were measured by hand in field and adjusted during

data processing afterwards.
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Figure 3-9 — The 50 MHz lines gathered in Verpe gravel pit. The arrows on the lines indicate the direction
of data collection. The smaller map show the position of the profiles relative to the grids. Well 4 is marked

with a yellow point. Thematic map made with ArcMap.
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3.3 GPR Data Processing

3.3.1 Theory

The goal when processing GPR data is to increase the signal-to-noise ratio to enhance the
interpretability of the data. Processing of raw data from the GPR is a delicate and decisive
step, based on techniques within seismic reflection processing (Neal, 2004, p. 295). It is
important to have knowledge about what the different processing tools may do to the
radargrams before applying them, considering features you want to enhance or phase out
to make interpretation of desired features easier. Cassidy (2009) states that it is easy to
over-process GPR data, and “the key to good data interpretation is good data collection
inthe first place”. He also inspired this thesis in terms of the amount of processing needed

with the saying:
“If it cannot be seen in the raw data — is it really there?”

The “journey” of processing depends on what you are aiming to interpret from the
radargrams. If the interpreter is looking for utilities like pipes or buried barrels, one would
want to enhance the hyperbolas from point targets, and reduce background signals from
the media surrounding the target. On the other hand, when doing a sedimentological
investigation of sequence stratigraphy, everything in the subsurface is the target.
Hyperbolas can for example indicate boulders, and can be difficult to distinguish from
anthropogenic utilities. The majority of GPR data collected in sedimentary environments
require minimal processing before interpretation (Bristow & Jol, 2003). When processing
radargrams, it is always a risk of losing signals from important features or produce signals
that was not there in the first place. Considering this, processing tools with the purpose
of removing or boosting signals with specific attributes were more or less avoided in this

thesis.

3.3.2 Implementation

The program EKKO_Project V5 from Sensors & Software was used to view and process
the radargrams collected. The raw data gathered in field for this thesis is too good to risk
tampering too much with, thus a decision was made to strictly use processing techniques
that amplified already existing signals. Table 3-2 gives an overview and description of

every processing/editing tool applied to raw GPR data in this survey. Filters can work



both in the time- (vertical) and spatial domain (horizontal). The changes of velocity
vertically in the subsurface is anticipated to have large variations (heterogeneous) in this
study area, due to the complexity of the sequence stratigraphy that can occur in deposits
from a former glaciomarine environment. The use of filters in the time domain can
therefore ruin the data, rather than improve it, and