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Cover Picture: 3D geological model of Vombverket created by Geoscene 3D (view toward the North).
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3D MODELLING AND RESISTIVITY MEASUREMENTS FOR
HYDROGEOLOGICAL ASSESSMENTS IN THE NORTHERN
PART OF VOMBSANKAN

FARID KHORSHIDIAN

Khorshidian, F., 2023: 3D modelling and resistivity measurements for hydrogeological assessments in the northern
part of Vombsankan. Dissertations in Geology at Lund University, No. 670, 57 pp. 45 hp (45 ECTS credits) .

Abstract: The geology of Vombsénkan is characterlzed by a complex sequence of Quaternary deposits overlying
the Paleozoic sedimentary bedrock. The area is 759 km? and has recorded several ice advances followed by glacial
retreats and ice melting. The glacial history of Vombséinkan, which is controlled by sequential geological events
such as active ice-margin and stagnant ice, formation of dead ice as well as damming and subsequent drainage of
glacial lakes and melting, has resulted in a diverse stratigraphy that is difficult to correlate across the entire basin.
Abundant borehole data convey a recurring depositional pattern of the Quaternary deposits, which consist generally
of till beds covered by glaciolacustrine and glaciofluvial deposits. The basin hosts several large aquifers with fa-
vourable hydrogeological propertiecs. However, no detailed information in three dimensions exists on the hy-
drostratigraphic units and their properties. Lack of a 3D visualization of the northern part of Vombsénkan and an
instruction for the application of Geoscene 3D in modelling of a complex geological setting such as Vombsédnkan,
emphasizes the importance of this thesis work. This study introduces a new 3D model of the northern part of
Vombsénkan using Geoscene 3D. A simple hydrostratigraphic model is presented for the Vombverket water treat-
ment plant, which demonstrates the presence of a thick glacial clay unit on top of the sedimentary bedrock. Locally,
a till unit occurs between the sedimentary bedrock and the clay unit and the uppermost unit consists of 5— 10 m of
sand and gravel. Using Geoscene 3D, the approximate volume of the aquifer is estimated to 9.1-18.2 km?® for the
confined aquifer within the sedimentary bedrock, and 1.3-2.6 km?® for the open aquifer within the overlying sand
and gravel unit. The major flow directions are from the adjacent areas of higher elevation such as the Romeleasen
Horst in the Southwest and the Linderddsésen Horst in the Northeast.
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3D-MODELLERING OCH RESISTIVITETSMATNINGAR FOR
HYDROGEOLOGISKA UTVARDERINGAR | NORRA DELEN AV
VOMBSANKAN

FARID KHORSHIDIAN

Khorshidian, F., 2023: 3D-modellering och resistivitetsméatningar for hydrogeologiska utvirderingar i norra delen
av Vombsénkan. Examensarbeten i geologi vid Lunds universitet, Nr. 670, 57 sid. 45 hp.

Sammanfattning: Vombsénkans geologi kidnnetecknas av komplexa kvartéra avlagringar som ticker den paleozo-
iska sedimentira berggrunden. Omradet 4r drygt 750 km? stort och har paverkats av flera isframstétar och avsmilt-
ningsskeden under slutfasen av den senaste istiden. Olika processer under Vombsdnkans historia, som glacial eros-
ion och deposition, dédisavsmaéltning och isddmda sj6ar, har dirmed resulterat i en varierad stratigrafi som ar svar
att korrelera Gver hela bassdngen. En stor mdngd borrningsdata vittnar dock om ett generellt monster i de kvartéra
avlagringarna, i huvudsak bestdende av moranlager tickta av glaciolakustrina och glaciofluviala avlagringar. Bas-
sdngen hyser flera omfattande enheter av vattenforande lager med gynnsamma hydrogeologiska egenskaper. Dock
har hittills ingen detaljerad information i tre dimensioner sammanstéllts betrdffande de hydrostratigrafiska enheter-
na och deras egenskaper. Detta arbete fokuserar darfor pd 3D-visualisering av den norra delen av Vombsénkan och
en handledning for tillimpning av programvaran Geoscene 3D for modellering av Vombsankans komplexa geolo-
gisk miljo. En enkel hydrostratigrafisk modell presenteras for omradet kring Vombverkets vattenreningsanldggning,
vilken visar férekomsten av ett méktigt lager av glacial lera ovanpé den sedimentéra berggrunden. Lokalt forekom-
mer ett mordnlager mellan den sedimentéra berggrunden och leran, som i sin tur 6verlagras av glacifluviala avlag-
ringar bestdende av 5—10 m sand och grus. Baserat pd Geoscene 3D uppskattas den ungefirliga volymen av de vat-
tenforande lagren i den sedimentira berggrunden till 9.1-18.2 km® medan motsvarande volym hos den ytligt fore-
kommande sand och grusenheten ar 1.3-2.6 km’. Grundvattnets huvudsakliga flodesriktningar ar fran nirbeldgna
omraden med hdgre topografi, frimst Romeledsen i sydvist och Linderddsésen i nordost.

Nyckelord: Conceptuell 3D-modellering, Resistivitet, Hydrogeologi; Blue Transition, Vombsénkan, Vombverket
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1. Introduction

Water is essential for life on Earth, and it is
the world's most important natural resource.
In Sweden, 50% of the drinking water
supply comes from groundwater and 50 %
is provided by surface water (Sydvatten
2009). However, it has been very
challenging to ensure a reliable water
supply with good quality.

The human activity and the air
pollution are constantly increasing.
Because of the global warming, protection
of the groundwater recourses is demanding.
Therefore, it is crucial to systematically
increase the hydrogeological information
for a better understanding of the
groundwater systems (Blue Transition
2023). For instance, the geological
conditions, structure and dimension of the
hydrostratigraphic units, water level as well
as possible contaminants and risk
assessments to protect the water resources
for the future.

Conceptual 3D modelling provides a
useful visualization and interpretation of
data sets such as borehole data,
hydrogeological properties, field
observations, structural geology as well as
tectonic structures and geophysics. The
measured geophysical data of a region and
the geological setting are strongly related to
each other because the measured
geophysical data are depended on the
physical properties of glacial deposits and
rock units such as lithology, mineralogy
and structure of the geological setting. A
conceptual model that is based on borehole
information together with geophysical data,
leads to a better understanding of the
regional geology.

3D modelling is a common approach
to hydrogeological assessments such as
water permit processes, evaluation of the
groundwater drawdown and radius of
influence. A 3D conceptual
hydrogeological model consists of different
hydrostratigraphic units, where each unit

has similar hydraulic properties such as
transmissivity (T), hydraulic conductivity
(K) and permeability.

The demand for detailed knowledge
about the subsurface features in
hydrogeological applications is increasing
(Dahlin and Zhou 2006; Dahlin et al. 2002).
The resistivity method is an efficient
approach in geophysical investigations for
definition of the geological units and the
internal structure of the groundwater
systems. The method is considered as an
emerging and favourable technique for
mapping of groundwater and underground
structures (Sparrenbom et al. 2016; Dahlin
et al. 2017). The resistivity data can be
imported to software such as RES2DINV to
create 2D and 3D geophysical models.
Combinations  of  geological  and
geophysical data are often used in
hydrogeological evaluations of
groundwater systems.

In a recent scientific report published
by SGU, Dahlqvist et al. (2021) described
the geology of Vombsédnkan, an elongated
sediment-filled depression located between
the = Romeledsen = Horst and  the
Linderddsédsen Horst in southern Skane
(Fig. 1) using borehole data and helicopter-
borne geophysical survey (SkyTEM). The
report explains the geological and tectonic
evolution of the area and provides a detailed
classification of the bedrock and
Quaternary deposits of Vombsédnkan. The
northern part of Vombsdnkan contains
significant amounts of groundwater with
considerable uptake capacities including
several large groundwater systems.

Ising (2020) created a geological 3D
model from the middle and southern part of
Vombsinkan but there is no research that
provides 3D visualization of the northern
part of Vombsinkan. The department of
Engineering geology at Lund university
(LTH) is aiming to increase the
hydrogeological information by creating
conceptual models using Geoscene 3D.
Being able to process and combine several



types of data and providing an excellent
visualization, Geoscene 3D is a powerful
software for creating profiles, 2D and 3D
models. Yet, there is no previous research
available that describes the 3D modelling
procedures with Geoscene 3D using the
borehole data. Lack of an instruction for the
application of the software in modelling of
a complex geological setting such as
Vombsinkan, emphasizes the importance
of this thesis work. This study suggests a
3D interpretation of the hydrogeological
processes in the northern part of
Vombsinkan. In addition, a description of
the 3D modelling procedure is provided
within this thesis work.

Moreover, a conceptual 3D model
will be introduced, illustrating the geology
of the northern part of Vombsénkan using
Geoscene 3D. The software is a useful tool
for comparing several data types in the form
of 2D and 3D models. It is considered as a
powerful modelling software specifically
for hydrogeological studies and conceptual
3D modeling, providing simultaneous
interpretations of different data sets.

The result of this thesis work is a
combination of conceptual 3D modelling
and geophysical investigations in the form
of field-based resistivity. The field
measurements data will be visualized and
interpreted in Geoscene 3D to validate the
results of the conceptual modeling. The
combination of conceptual 3D models and
geophysical models enables a more
coherent and reliable interpretation with
reduced uncertainty. This study aims at
providing a Dbetter understanding of
groundwater resources in the northern part
of Vombsénkan.

1.1 Blue transition

Groundwater quality is significantly
influenced by human activities such as land
use, natural gas extraction and pollutant
inputs. Within a hydrogeological setting the
groundwater characteristics are strongly

controlled by the quality of the surface
water and the soil.

The water flows on the surface and
joins the groundwater recourses through the
uppermost geological units. Therefore, it is
necessary to control the quality of the soil
to ensure a safe and sustainable supply of
drinking water. The important balance
between land and water is unfortunately,
disintegrated by the climate change and
human activities in the North Sea Region.
Nowadays, the quality and quantity of these
resources are severely endangered, and the
dimensions of this environmental concern
are dramatically increasing each year.
Indeed, regional climate and the water cycle
are closely connected, both being
influenced by ongoing decreases in
precipitation, runoff, groundwater level and
soil moisture as well as increasing
evaporation (Whitehead et al. 2009). In
fact, the surface water level balance has
significantly altered because of the global
warming. The chemical inputs from the
surrounding elements such as the air and the
adjacent landscape, have a direct impact on
the quality of surface and groundwater.
When these resources are polluted due to
human activity, altered water chemistry
leads to challenges for drinking water
production (Whitehead et al. 2009).

The Blue Transition project is a
collaboration between seven FEuropean
countries as a part of the program 'A climate
resilient, North Sea Region'. The project
targets a systematic change by an integrated
water and soil management to ensure good-
quality water (Blue Transition 2023). The
goal is:

1. Fundamental changes within the
land use, forests, agriculture, wetlands,
peatlands and protected areas in both short
and long term to improve groundwater
resources. 2. Integrating, connecting and
balancing the activities in agricultural,
natural and urban areas. 3. Ensure the future
availability of good quality water while
helping to renew the natural habitats and



reduce carbon emissions (Blue Transition
2023).

The Blue Transition project has two
research areas in southern Sweden, at Lake
Bolmen and around Vomb. Engineering
Geology at Lund University (LTH) is
conducting hydrogeological and
geophysical investigations at these sites
(Engineering geology, LTH 2023). Some of
the main strategies defined by the project
include sustainable salinity solutions,
effective freshwater conservation,
cooperation with farmers, trials and
investigations as well as soil and water
management plans (Blue Transition 2023).

A major part of this study is
geological and hydrogeological evaluation
of Vombverket water treatment plant,
located at South of Vombsjon.

1.2 Vombverket

Vombverket is driven by Sydvatten and it is
located at South of Lake Vombsjon. The
water treatment plant is one of the main
suppliers of drinking water through
artificial infiltration in southern Sweden.
Water pumps from Lake Vombsjon to
the infiltration basins for the groundwater
recharge, where it infiltrates and joins the
shallow unconfined aquifers. From several
wells, groundwater is pumped to the
waterwork for purifying that is producing
1100 /s drinking water (Sydvatten 2009).

1.3 Aims

The general aim of this thesis is to create
three different conceptual 3D models with
Geoscene 3D using existing data such as
borehole lithology. The primary model is
based on borehole data from the northern
part of Vombsénkan.

A similar procedure is applied to
create a hydrogeological conceptual model
which is defined based on the
hydrogeological properties of the units such
as hydraulic conductivity (K). In addition,
a refined conceptual model focused on the

Vomb area (Vombverket), South of Lake
Vombsjon is created.

The more specific aim of the study is
to use the geological and hydrogeological
conceptual 3D modelling together with
resistivity geophysical investigation as a
tool to evaluate the hydrogeological
properties of the northern part of
Vombsinkan. This study will provide
increased understanding of  the
hydrogeological conditions, such as the
structure of the hydrostratigraphic units,
aquifer geometry and flow processes. The
demand for groundwater is rapidly
increasing. Therefore, the results of this
study are important for Sydvatten in their
efforts to develop the regional drinking
water supply.

1.4 Limitations

e The reliability of the imported borehole
data cannot be evaluated in detail which
leads to uncertainties. The classification
of the borehole data into five lithology
groups results in a simplified model of
the otherwise heterogenous geology.

e During the modelling process and the
correlation, units that are thinner than 5
m such as small lenses are ignored.
Since, the study area is relatively large
(759 km?), including all these features,
such as thin till beds is time consuming.
However, in hydrogeological systems a
very thin unit such as a thin till unit may
have a significant impact on the
hydrogeological properties such as
groundwater  flow and leakage.
Consequently, an exact hydrogeological
evaluation in the northern part of
Vombsénkan is difficult and requires
more detailed investigations.

e The borehole data contain many general
terms that imply large uncertainty. For
instance, soil, rock, filling, well, and
glaciofluvial sediments. Within this
thesis work, based on previous studies as
well as the adjacent boreholes, a new
category is defined for the generic terms.



However, the classification of these
lithology groups is  problematic.
Therefore, further investigations such as
field observations and core logging are
required.

In addition, to facilitate the modelling
process, some of the units are merged
into one group. For example, clay-till
and sand-till that have different
hydraulic  conductivities (K) are
classified into the group till.
Classification of clay and fine-grained
sand/silt into the group of clay/silt is
another limitation that influences the
hydrogeological evaluations. Moreover,
the hydraulic conductivity (K) varies
between different rock types within the
sedimentary ~ bedrock  and  the
Precambrian bedrock. For instance,
gneiss, diabase, amphibolite and granite
with different K values are categorized
in a new group. A similar approach is
applied for the classification of the
sedimentary bedrock which consists of
several units with different lithologies.
Since, the lithology of the sedimentary
bedrock varies significantly within the
study area. Most notably, the variation
in K and porosity within the sedimentary
bedrock is more prominent. Considering
the diverse bedrock geology of
Vombsinkan, an accurate estimation of
the hydraulic conductivity of each unit is
difficult.

Since the modelling is done for the
northern part of Vombsénkan, it does
not suggest an accurate stratigraphy for
a small section. Performing the
modelling process when zoomed in is
time consuming.

There are a lot of boreholes that are
drilled only a few m into the ground,
and they do not provide information on
the deeper parts. The correlation of the
units for the areas without any deep
boreholes is therefore inaccurate and
based on the stratigraphy of the nearest
wells.

2.Background

2.1 Study area

The study area is the northern part of
Vombsénkan in central and southeastern
Skéne (Fig. 1). Vombsinkan is 759 km? in
size and has a NW-SE-directed extension
from Gérdstdnga in the Northwest to
Kasberga in the southeast. The area is
located between two tectonic lineations
associated with the Tornquist Zone. The
northwestern part of Vombsénkan is
defined by Romeledsen Horst and the
southeastern part extends towards the
Fyledalen Valley (Dahlqvist et al. 2021).
The Romeledsen Horst consists of elevated
Precambrian bedrock while the northern
part of Vombsénkan is mostly flat.
Vombsinkan is characterized by several
lakes and rivers such as the most important
ones Kivlingedn and Nybrodn. In the
southern part of the area there are two
rivers, Kabusaan located East of Ystad and
Svartén in the West.

A part of this thesis work is focused on
hydrogeological evaluation of the area
South of Lake Vombsjon, at Vombverket

(Fig 1).
2.2 Geology

2.2.1 Bedrock

The Precambrian igneous metamorphic
bedrock is mainly composed of gneiss and
granite, and it is exposed in several areas in
Romeledasen as well as East of Lake
Vombsjon at the border of the Colonus
Trough (Fig. 2). Diabase (dolerite) dikes
are abundant with a major trend parallel to
Vombsinkan found both on Romeledsen
and in the Colonus shale trough. Other
common rocks are amphibolite and
quartzite. Most of the information about the
igneous metamorphic bedrock is based on
seismic investigations and the borehole
data. However, some of the wells do not
reach the depth of the bedrock, which limits



the information about the depth of the unit.
At the Herrestad Ridge and South of Sovde,
the Precambrian bedrock exposes where
thin units of Jurassic and Cretaceous strata
coexist together with the bedrock at both
locations (Dahlqvist et al. 2021). The
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sedimentary bedrock in Vombséinkan
consists of Mesozoic units that overlie the
Precambrian igneous metamorphic bedrock
(Appendix 1). Based on borehole data and
seismic investigations, Paleozoic strata
have not been found in Vombsénkan.

440000
N

6180000

Vombsjon

Veberdd )
VOMBVERKET

Genarp.

jobo

Sdovde

Vombsjsn,

6160000

FOREST

URBAN AREA

OTHER BUILT-UP AREA

Tomelilla

\‘.-——.4/' S}

6140000
1

WATER

LAND

0 20
| T ] km

[] vousverker

THE NORTHERN PART OF VOMBSANKAN
(THE MODELLING AREA)

Fig. 1. Vombsénkan, southern Sweden. The area is 5 to 11 km wide and continues towards
Ostersjon and Bornholm (Dahlqvist et al. 2021). The location of Vombverket and the
modelling area is marked on the map.

The Triassic and Jurassic units of the
sedimentary bedrock belong mainly to the
Kagerdd formation, consisting of red to
yellowish brown clay and fine-grained
sands and sandstones. The thickness of the
Kagerdd clay reaches a maximum of 18 m
around Herrestad Ridge (Dahlqvist et al.

2021). The lower Jurassic bedrock is
characterized by the Hogands formation,
which consists mainly of'silt, sand and clay.
The lower and middle Jurassic Fuglunda
Formation consists mainly of glass sand.
These carbonate-rich silt and clay units are
mostly found on top of the Precambrian



bedrock, but it does not mean that these
units are always present, and this sequence
can vary through different part of
Vombsinkan. The most important units of
upper Jurassic age are the Fyledalen clay,
the Vitabéck clay and the Nytorp sand. The
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Vitabéck unit consists of fine-grained rocks
composed of silt, fine-grained sand and
organic-rich clay. The middle to upper
Jurassic of Vombsinkan is characterized by
clay and fine-grained sand up to the lower
Cretaceous.
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The lower Cretaceous units are composed
of sandstones, claystones, siltstones and
carbonates. These units are relatively
homogeneous and may contain coal. The
lower Cretaceous units are described as
sandy and glauconitic sediments, carbonate
rocks and phosphate-bearing
conglomerates. This suggests a near
shoreline shallow marine depositional
environment. This sequence is known as the
Vomb Formation, which has a higher
carbonate content Southeast of
Vombsénkan where sandy carbonate rocks
and marls are abundant (Dahlqvist et al.
2021).

2.2.2 Quaternary deposits

The geological history of Vombsénkan has
recorded several glacial advances, dead ice,
melting and the intermediate stages
between each glaciation. The geology of
Vombsinkan is therefore considered as a
diverse stratigraphy which is characterized
by the formation of glacial deposits such as
till beds, glaciolacustrine and glaciofluvial
deposits. ~ The  southern  part of
Vombsénkan, is predominantly covered by
till whereas glaciofluvial and
glaciolacustrine deposits are generally the
dominant sediments of the northern part
(Dahlgqvist et al. 2021) (Fig. 3).

pl
Sy I

!
1

c , -

Ba' Y . )
. 3 " ),

o T U

& “

,
\ 47 ’

’ Ve

G 5o

o ¥

'

e i

o~
-

.,
J
~

!
™
—

a\

PEAT AND GYTTJA

FLUVIAL SEDIMENTS
POSTGLACIAL SAND

CLAY

SILT

GLACIOLACUSTRINE SAND
GLACIOFLUVIAL SEDIMENTS

CLAY TILL (CLAY >25%)
CLAY TILL (CLAY 15-25%)

CLAYEY TILL (CLAY 5-15%)
TILL

SEDIMENTARY BEDROCK
PRECAMBRIAN BEDROCK

ARTIFICIAL FILL

NN EEEEN CEEE

AL

=

Ystad

Fig. 3. Map of the Quaternary deposits of Vombsénkan and adjacent areas (1:250000)
(Daniel 1992).



Glaciolacustrine sediments

The Late Weichselian ice margin is
estimated to have been located generally
parallel to Vomsédnkan from northwest to
southeast. The last glacial advance was
from Northeast and the ice melted around
16000 to 17000 years ago (Hughes et al.
2016: Stroeven et al. 2016; Houmark-
Nielsen and Kjaer 2003). In the northern
part of the area, remaining bodies of
stagnant ice resulted in the formation of
kettle lakes surrounded by glaciofluvial
deposits dominated by sand, commonly
underlain by clay. Moreover, the melting of
stagnant ice, led to formation of the typical
topography of southern Ské&ne, which is
characterized by hummocky moraine as
well as several ridges and shallow valleys.
Lake Vombsjon and lake Krankesjon are
the largest lakes in the area, both formed as
the result of melting of large bodies of
stagnant ice.

Till

The most common type of till in
Vombsinkan is clay-till. The associated
landform system and topography are
relatively flatter towards Romeledsen, the
Colonus Trough and Southeast of
Vombsinkan (Dahlqvist et al. 2021).
Around Vombverket where the boreholes
do not reach the depth of the till unit the
dimensions of the till units are unknown.
The Quaternary deposits map shows that
the ground surface around the Romeledsen
Horst and the Linderddsasen Horst is
mainly covered by till (Fig. 3)

Glaciofluvial sediments

The glaciofluvial deposits of Vombsinkan
are typically formed as outwash and delta
sediments that are more common in the
northern part of Vombsénkan. The southern
part consists of several shallow valleys,
which creates a specific topography. Eskers
in form of long ridges of sand and gravel
are only observed near the edges of

Vombsinkan, for example Héllestads asar,
Ramsésadsen and Bilarpsdsen. However,
the origin of the ridges in the southeastern
part is controversial and unclear since the
area is mostly covered by moraine and fine-
grained sediments (Dahlqvist et al. 2021).

Postglacial deposits

Postglacial sand and gravel, in places
covered by sand dunes are locally reported
from near the coast up to 15 m above the
sea level (Daniel 1992). Postglacial sand is
observed around Lake Vombsjon and Lake
Sovdesjon, reaching a maximum thickness
of around 5 m. Along the major rivers such
as Kévlingedn, Klingavélsan, Bjorkaan and
at the bottom of Fyledalen, overbank
sediments are deposited in the form of sand,
silt and clay, usually less than 1 m in
thickness. Peat, gyttja and clay-gyttja are
also abundant, reaching a thickness of 1-5
m. A geological cross section from the
southern part of Vombsédnkan is illustrated
by Ising (2020) and Dahlqvist et al. (2021)
(Fig. 4).

2.3 Hydrogeology

Vombsénkan consists of several large
aquifers with a substantial uptake capacity.
The groundwater is generally stored both
within the sedimentary bedrock and the
Quaternary deposits, emphasizing the
hydrogeological importance of the area.

Seventeen = major  groundwater
resources are documented in Vombsénkan.
Eleven resources are associated with sand
and gravel aquifers, such as Holmbyésen,
Revingehed, Hultan, Asumsfiltet, Ilstorp,
Fyledalen, Snogeholm, Krageholm,
Kopingsberg, Glemmingebro, and
Kéasebergasen. Six major aquifers are
linked to the sedimentary rock aquifers
including, Vombsdnkan, Kagerdd, Eslov-
Flyinge, Stora Herrestad-Fararp, eastern
slope of Romeledsen, and Eriksdal
(Dahlqvist et al. 2021).



Generally, the aquifers within the
sand and gravel units are open aquifers. In
addition, substantial amounts of
groundwater are stored in confined aquifers
within the sedimentary bedrock typically
formed by near surface sandstone with high
porosity. Considering their dimension and
volume, the pore aquifers are the most
important  groundwater resources in
Vombsdnkan. Some of the major
groundwater  resources, such as
Vombverket South of Lake Vombsjon and
Revinge North of Lake Krankesjon, are
located in the northern part of Vombsénkan.
South of Lake Vombsjon is characterized
by relatievely thick permeable units with a
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substantial groundwater uptake capacity.
For instance, at Hultan East of Lake
Vombsjon, the groundwater uptake
capacity is estimated to 25-125 /s
(Gustafsson et al. 2005). These geological
conditions emphasize the hydrogeological
importance of the northern part of
Vombsinkan.

In the southern part, for example at
Ystad and Tomelilla, the groundwater is
used for drinking water and agriculture.

The groundwater geochemistry is
generally  characterized by  high
concentrations of sulfate, chloride, as well
as elevated hardness and pH (Dahlqvist et
al. 2021).

POSTGLACIAL SAND

GLACIAL CLAY

6180000

FINE SAND/SILT

GLACIOFLUVIAL SEDIMENTS

CLAY TILL

TILL

SEDIMENTARY BEDROCK

6160000

PRECAMBRIAN BEDROCK

PEAT AND GYTTJA

WATER

FOREST

6140000

URBAN AREA
L]

OTHER BUILT-UP AREA
WATER

LAND

20

0
R T ] km

Fig. 4. A geological cross section of the southern part of Vombsénkan (illustrated with red)
(Ising 2020; Dahlqvist et al. 2021).



3. Material and methods

3.1 Geoscene 3D

A major part of this thesis work has been
carried out with the software Geoscene 3D
to create conceptual 3D models of the
northern part of Vombsénkan and with a
focus on Vombverket. The borehole data,
currently existing resistivity and SkyTEM
data are imported and visualized as 3D
models. In this thesis work the SkyTEM
models are imported in Geoscene 3D
(Appendix 2). However, the results of the
field-based resistivity measurements are
used as the main geophysical approach of
the interpretation. The result can be
investigated within the software providing
a  simultaneous  visualization  and
comparison of geological and geophysical
3D models. Based on the borehole data, a
3D model is created for the northern part of
Vombsinkan. The model is evaluated and
verified by resistivity surveys in the field
followed by hydrogeological interpretation
of the model based on the hydraulic
conductivity of the lithological units. The
result is a conceptual hydrogeological
model with defined hydrostratigraphic

units, which can be used for a better
understanding of the hydrogeological
properties. Some of the major features and
functions of the 3D modelling process with
Geoscene 3D will be discussed further.

3.1.1 Background

Geoscene 3D is designed by the Danish
corporation [-GIS for creating 3D
geological models. The software is
designed to use an extent range of
geological data including borehole data,
geophysical data, GIS data, geochemical
contamination data and specifically
hydrogeological information (Geoscene 3D
2020). Geoscene 3D can be used for many
other similar programs such as urban
designing, civil engineering, constructions
and geotechnical engineering (Geoscene
3D 2020).

3.1.2 User interface

After starting the program there are a few
main parts available for the user, such as the
camera windows in the center, the object
bar to the left and the map window. The
tools and functions can be seen on top of the
camera window (Fig. 5).
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Fig. 5. The user interface and the position of the main windows at Geoscene 3D, illustrating

the location and stratigraphy of the wells, the map window, a 2D resistivity section and a
profile at Vombverket.
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The user can choose to make the map,
cameras and the profile windows visible,
adjust the size and the position of the
windows or close them at any time during
the working process. The two camera
windows make it easy for the user to
navigate and/or have a fixed view of the
area as well as for creating animations in
form of visualized videos. The object bar to
the left illustrates a list of the imported data,
active layers and objects. Similar objects
are categorized into the main branches,
such as 3D grids, surfaces, layers, points
and profiles that are very useful for projects
with many objects added. Any object can be
disabled or enabled at any time during the
modelling work. The map window can
contain useful information like topography
of the terrain, geographical location and the
seen extent. Seen extent is the area of
interest within the project that can be
defined and changed at any time by the
user. Furthermore, the objects such as
position of wells, profiles, terrain, surfaces
and geophysical data can also be added to
the map for a better overview during the
process. The map window provides an extra
environment with a different scale helping
the user to get a better view and control of
the project, specifically during the parts of
the modelling that require smaller scales or
switching back and forth to different areas
and views, such as marking a specific area,
creating and editing profiles, regions and
surfaces. An important function of the map
window is to create a surface model based
on the defined position of the lithological
units at the surface that can be compared
with the Quaternary deposits map to
evaluate the modelling results.

There are several types of data that
can be imported and processed in Geoscene
3D including borehole data, digital terrain

model, hydrogeology, geochemical
contaminations, seismic data, imagery and
raster layers, vector map layers,

geophysical wireline logs, TEM, DC, ERT
and tabular data such as database and csv
(Geoscene 3D products 2020).
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Geoscene 3D supports a variety of
data formats such as csv, txt, xyz, shp, grd,
as well as SEGY, CAD, vector theme, SQL
server and image files (Geoscene 3D 2020).

3.1.3 Borehole data classification

The borehole data are the base of the 3D
modelling within this thesis work. The pre-
processing and the classification of the
borehole data are essential steps for most
parts of the project. Preparation of the
borehole data is strongly affecting the
results of 3D modeling. Some of the
fundamental stages of the modelling are
based on the borehole data, such as creating
the interpretation points and profiles,
surfaces and the geological units (layers in
3D modelling). Therefore, it is important
that the borehole data classification is done
correctly, and this part will be described
further for a better understanding of the 3D
modelling process. The raw version of the
borehole data commonly contains
information about the physical properties of
the rocks and sediments at specific depths
together with an estimation of the lithology
of the unit. The borehole data are usually
categorized in various groups of lithology
that are too large for data import and 3D
modelling in Geoscene 3D. Moreover,
sometimes the data contain unclear
descriptions without any specification of
the lithology. For example, the unit could
not be observed due to the presence of the
well filter, the lithology could not be
recognized by the borehole operator, or it
contains traditional names of a unit without
any specific geological meaning and even
possibly an incorrect estimation of the
lithology. Therefore, the data must be
interpreted and classified into new groups
related to the project before importing to
Geoscene 3D. The generalization concept
of the new groups can vary depending on
the purpose of the project.

Within this study, classification of the
borehole data is done considering the
hydrogeological properties of the units,
such as hydraulic conductivity or



permeability. The original file contains
around 1000 boreholes. A new lithology
column is added to the borehole data
containing the interpreted lithology.
Without the generalization of the borehole
data 3D modelling is difficult. Indeed, the
model cannot be comprised of too many
categories as the model architecture
becomes complicated that is very time-
consuming. For instance, the borehole data
may contain up to 200 different lithologies
that are immensely difficult to correlate.

In this study, similar lithological units
are generalized into new representative
groups. For example, granite, amphibolite,
gneiss and diorite are classified into an
igneous/metamorphic rock group that
represents the local crystalline bedrock. A
unit that includes sand, silt, clay and gravel
in the description field is assumed to be a
till. Coappearances of sand and clay, sand
and silt, clay and silt should be classified to
new groups. Another principle is to classify
all different groups of a specific lithology
with different grain sizes into separate
units, for example by classifying all groups
of fine-grained gravel, gravel and coarse-
grained gravel into the group gravel. The
classification must result in a realistic
stratigraphy. It is very important that all
adjacent wells are considered and
investigated before replacing the units with
new groups of lithologies. Within this thesis
work, classification of a group into a new
lithology unit is done based on the
investigation of the adjacent wells as well
as by correlating the units with previous
studies and geological maps. The
geological maps of Vombsédnkan provided
by SGU (Daniel 1992) are used. For
instance, it is inferred from the Quaternary
deposit map that there are no outcrops of
Precambrian bedrock around Vombverket,
South of Lake Vombsjon. All these types of
observations within the borehole data are
therefore corrected and replaced with
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relevant lithological categories that match
with previous studies, lithologies of
adjacent wells and available geological
maps. Consequently, the new lithology
column is a corrected version of the
borehole data that are suitable for 3D
geological modelling for hydrogeological
purposes. The lithology groups are
generalized into five major groups
including  igneous/metamorphic  rock,
sedimentary rock, till, clay/silt and
sand/gravel.

3.1.4 Data import

The initial steps of the data import involve
a wizard that gives the options of adding
some basic settings including the
coordinate system, the related terrain
(ground surface) of the project area, the
scene extent and the map window. Wizards
are a series of adjustments and settings that
aid the user toward the end of a specific
process.

The borehole data can be imported
using add data wizard, and after choosing
the proper setting the wells can be
visualized in the program (Fig. 6). The
related symbols for the wells can be added
by the user and it is possible to export and
save the symbol file. If another project
needs to be created by the user, it is possible
to quickly import the created symbol to use
for other projects and avoiding creating the
symbol table again. In addition, it is
possible to set the elevation of wells
adjusted to the terrain surface for a more
realistic ~ simulation  of  geological
environments. This option is useful when
the borehole does not contain elevation
data. The wells can be investigated by
creating 2D profiles as well as within the
3D view and the map window. Fig. 7 shows
two boreholes that illustrate the lithology of
the wells before and after the classification.



Fig. 6. 3D visualization of the borehole data, South of Lake Vombsjon. After importing the
borehole data in Geoscene 3D, the wells can be investigated in the 3D window.
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Fig. 7. Two boreholes before the classification (Raw data) and after the classification
(Classified). The units are classified into five units (symbol). Borehole A has documented the
vertical variation of the stratigraphy within the sedimentary bedrock. Borehole B illustrates a

diverse stratigraphy. A recurring pattern including at least four glacial advances resulted in
deposition of four different till beds. Each till unit is covered by glaciolacustrine and
glaciofluvial deposits.
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3.1.5 Layered base 3D modelling

To create a layered base model from the
lithology of wells, an interpretation point
database needs to be created. This can be
done via the setup model data wizard
function. Then, the project is ready for
layered base 3D modelling and the
interpretation points can be placed in the 3D
window, map window or at the profiles.
Interpretation points are a series of points
that the user creates to define boundaries of
the lithological units (Fig. 8). Geoscene 3D
provides a tool called locate layer wizard
that allows the wuser to insert the
interpretation points based on the

boundaries associated with the borehole
data that are imported as the well object.
The interpretation points can be edited and
adjusted further if necessary.
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ROCK

SAND/GRAVEL
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Fig. 8. Creating the interpretation points in
Geoscene 3D.

Within this thesis work, a major part of the
modelling is carried out by manual
interpretation. The points that are placed
based on the geological correlation
principles, can be interpolated as a surface.
This can be done via the interpolation
wizard function. The interpolation settings
are important for the position and extension
of the units. For instance, the search radius
indicates the maximum distance that the
interpretation points can be connected to
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form a surface. A higher interpolation
search radius results in a wider extension of
the surface. In this study, the interpolation
search radius is set to 2000 m, and the
interpolation type is set to inversed distance
weighting. That means if the distance
between two points is less than 2000 m, the
points interpolate to a surface. It is also
possible to edit a surface within the 3D
camera window, profiles and the map
window. The surfaces are the boundaries of
the geological units and can be used to
create layers by importing the top and
bottom surfaces of units through the layer
object settings (Fig. 9). The result is a layer-
based 3D model.

3.1.6 Profiles and grid adjustment
A major part of the 3D modelling of
Vombsidnkan with Geoscene 3D was
carried out by creating and interpreting
profile groups. Two separate profile groups
were created with an approximate distance
of 2 km between each profile (Fig. 10). The
profile window is one of the most suitable
ways to create the interpretation points and
in this thesis work, the profile window is
preferred for the modelling progress.
However, it can also be done through the
map window and the 3D window. After
adding the surfaces and layers, the profiles
still need to be adjusted since the layers are
often pinched out into each other (Fig. 11).
The layers and boundaries cannot
cross each other or appear above the terrain.
This is unfortunately a very common issue
during the modelling process with
Geoscene 3D that requires further
adjustments. The grid adjustment tool
allows the user to define the geological
order of the study area as well as removing
pinch out effects and adjusting the surfaces
(Appendix 3). However, the grid
adjustment is a complicated function. By
starting the process, a window illustrates
the situation of the adjusted layer related to
the reference layer that can be edited by the
user. The user has the possibility to add
several grids in a single adjustment.
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CLAY/SILT TILL SAND/GRAVEL

Fig. 9. Layered 3D model illustrating the stratigraphy at Vomb, South of Lake Vombsjon,
which consists of four major units. The surfaces interpolated from the interpretation points
and the layers created from the same surfaces are also shown.
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Fig. 10. To cover most parts of Vombséinkan and for setting the interpretation points, two
profile groups were created. The grid consists of 13 SW-NE-directed profiles and seven
perpendicular, NW-SE-directed profiles. The location of the wells is shown with red squares.

For example, a layer can be defined above
a unit but below another one. After running
the grid adjustment tool, the pinch out
problem is fixed, and the model is valid
from the geological perspective. The
position and situation of the layers are
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strongly depended on the grid adjustment
settings. Indeed, different grid adjustments
can result in completely different
conceptual models. Therefore, it is very
important to consider available insight into
the general stratigraphy of Vombsidnkan



based on previous studies to understand the
geology of the area. Within this thesis work
the grid adjustment settings were arranged
in the following order from the surface
towards greater depths:

1. Ground surface

Sand/gravel unit

Clay/silt unit

Till unit

Sedimentary rock unit
Igneous/metamorphic rock unit

AT

modelling process, showing pinch out.
Pinch out in a profile is a false situation
when two or more geological units overlap
and co-exist together at the same location
which does not occur in actual geological
settings. Pinch out needs to be adjusted to
create a realistic geological model.

3.1.7 Geophysical modeling

Geoscene 3D enhances the visualization
and interpretation of geophysical surveys
such as the resistivity method by 2D and 3D
models that can be compared and

RES2DINV-EXPORTED XYZ FILE

interpreted at the same time. There are
several ways to add a geophysical model in
Geoscene 3D, including 2D geophysical
data (ERT) from a tabular source, for
example as a csv file or a RES2DINV file.
In this study, the geophysical data were
exported from RES2DINV and imported to
Geoscene 3D. The first data block from the
file can be used for the data import with the
coordinates imported in a separate file
(Geoscene 3D 2020). The xyz file exported
from RES2DINV may contain data
columns such as X, depth, resistivity and
conductivity (Fig. 12). The coordinates are
imported as a csv file containing three
columns with id, X and Y, respectively. It
is important that both the data file and the
coordinate file are edited in a correct format
as illustrated. After importing the
geophysical data, the model can be
visualized in Geoscene 3D (Fig. 13), and it
is possible to add or change the colour scale
of the geophysical model. Here a pre-
defined colour scale available in the
Geoscene database was used. The
interpretation of the geophysical models
can be done with the same methods as used
for the layer-based 3D models by editing
the XYZ points, interpolating them to
surfaces or edit and manipulate each point
values. For example, it is possible to assign
specific resistivity values to certain points.

COORDINATES CSV FILE

/Name of survey line is XX
/Number of blocks is 1496

/The x and z coordinates of the centres of

/The resistivity and con
/ X Depth
12.50 0
17.50

ivity Conductivity
0.0359

the model blocks, and
of each block is given below.
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hd;X;Y

1;334128;6436838
1;334031;6436813
1;333937;6436782
1;333840;643€753
1;333746;6436724

Fig. 12. An example of the XYZ file
containing geophysical data to import into
Geoscene 3D and coordinates of the
electrodes in a separate csv file.
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Fig. 13. Visualization of the geophysical data next to the boreholes at Vombverket. The data
were processed and inverted in RES2DINV, and the results can be illustrated in Geoscene
3D, providing a useful comparison between the resistivity profile and the adjacent boreholes.

3.2 Resistivity method injected electrical current to the ground (I).
The electrical resistivity can be calculated

The resistivity survey is an efficient way to by considering the positions of the four

create images of the subsurface. The electrodes (AM, BM, AN and BN in Fig.

method is based on the electrical resistivity 14) using the equation 2 and 3:

p (Q.m). The difference between the flow

of electrical currents to the ground is p=R 2z )

measured. An electrical potential difference G

(Voltage) develops around current-carrying
electrodes. A pair of electrodes inject the
electrical current through the subsurface
and the electrical potential is measured as
the current moves through the geological G=——-——-—+ — (3
environment (Binley, 2015). Each single
resistivity ~ measurement  uses  four
electrodes. The current is transmitted
through two electrodes A and B and the
other two electrodes (M and N) measure the
potential difference (Fig. 14). The
following equation is used to calculate the
Ohmic resistance (R) of the ground:

G is a geometric factor and can be
calculated with the equation:

R=%
1

(1) Current flow
f Equipotentials
. . P1:P o True resistivity
The equa}tlon fleﬁnes that R is related Fig. 14. Single resistivity measurement
to the potential difference (V) and the (Knédel et al. 2007).
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Equation (2) indicates the electrical
resistivity of a homogenous and isotropic
material. However, most geological
materials are heterogenous and therefore,
the calculated resistivity is not valid as a
true  electrical  resistivity of  the
underground. This resistivity is called
apparent resistivity, and it illustrates a
weighted average value that is not
mathematically correct for the resistivities
of the different subsurface materials (Cook
and Van Nostrand 1954).

3.3 Electrical
Tomography (ERT)

Resistivity

Using four electrodes or a quadrupole that
indicates a single measurement as described
in the previous section, gives very limited
information about the subsurface because
the geological conditions are often
heterogenous. Thus, in ERT surveys several
electrodes that are connected to the
instrument conduct hundreds of single
measurements. A series of single
measurements with four electrodes are
performed by the instrument. The
measurement continues based on a given
predefined sequence until all the desired
four electrode combinations are measured
(Fig. 15).

The most common configuration is
called electrode arrays, but the total number
of possible combinations varies greatly
(Dahlin 1996; Nivorlis 2023). As inferred
from the previous sections, the current is
sent to the ground and the potential
difference between several receiver pairs is
measured. The multiple-gradient arrays
method has several advantages for the 2D
model. For example, it has a high signal to
noise (S/N) ratio making it particularly
suitable for IP measurements. In this thesis
work the multiple-gradient array approach
(Dahlin and Zhou, 2006) is used. A pseudo-
section is a 2D-profile that illustrates the
measured resistivity (apparent resistivity)
that is plotted against the position of the
electrodes (distance). As an example, a
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pseudo-section that is created at this study
is illustrated in Fig. 16.

3.3.1 Inversion

Although it is relatively straightforward to
calculate the response of an array, the
distribution of the electrical properties is
usually unknown. An iterative process
called inversion is used to determine the
distribution of the electrical properties. This
method is based on finding the distribution
of the parameters that gives theoretical
measurements that match best with the real
data (Dahlin 1996).

The algorithm used in this study to
solve the inversion problem is called the
smoothness constrained inversion
(Tsourlos and Ogilvy 1999) (Fig. 17). The
initial model is usually considered as
homogenous representation of Earth. The
model response is calculated, and the result
is compared with the observed
measurements. Then the misfit is
computed, and the process repeats until one
of the stopping criteria is met to terminate
the process. Some of the examples of these
criteria include: a maximum number of
iterations, no further improvements in the
solution, or a solution with an acceptable
misfit.

A X N 8 PC

cable resistivity meter g
o 101 12 13 15 1 9

ne=e

Fig. 15. ERT survey showing how the
measurement is performed in the field, as
well as the settings and positions of the
electrodes (Loke and Barker, 1996).
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Fig. 16. A pseudo-section of a short, 40 m resistivity line conducted in this study (Fig. A),
illustrates the distribution of apparent resistivities in the ground (observations). (Fig. B) The
location of the survey at infiltration basin 11, Vombverket, South of Lake Vombsjon is
illustrated with a red line. The main resistivity measurement at this thesis work is conducted
at South of the infiltration basins, is shown by a black line. The survey was conducted in
form of a test. Therefore, the results of the measurements are not used for the interpretation.

19



The inversion algorithm wuses the
observations to find the distribution of the
parameters (resistivities) that will generate
synthetic measurements (forward
response). The inverted profile that
indicates the distribution of the electrical
properties can be used to interpret the
lithology and the location of the
groundwater table (Fig. 18 and appendix 4).
However, for a better understanding of the
connection and association of the profile
with the geological conditions, prior
information about the investigation area is
recommended. There are several factors
that influence the distribution of the
electrical properties through time, such as
seasonal  variations in  temperature,
precipitation, groundwater level
groundwater chemistry (Nivorlis 2023).

W

0 5 10 15
34 :

START WITH A
RANDOM MODEL

CALCULATE FORWARD
RESPONSE

RESULT

CORRECT THE
MODEL

Fig. 17. Simplified diagram of the general
inversion method ((Tsourlos and Ogilvy
1999; Nivorlis 2023).
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Fig. 18. A short (40 m) test line of resistivity conducted at infiltration basin 11 at Vombverket
(Fig. 16). The profile illustrates the calculated distribution of resistivity in the subsurface.
Note the high resistivity of the uppermost unit. The resistivity of the first 6—8 m is more than
1000 Q. The resistivity profile implies a clearly decreasing pattern with the depth in
infiltration pond 11.



4. Results

The presentation of the results includes the
conceptual modelling and the resistivity.
This chapter demonstrates the results of the
3D modelling that are based on three
different models 1. The northern part of
Vombsinkan. 2. Hydrogeological
conceptual model and 3. Vombverket
model. However, according to the rules at
Sydvatten the results of the Vombverket
model cannot be published.

4.1 3D modelling of the northern
part of Vombsankan

The 3D modelling resulted in visualization
of the units (layers in Geoscene 3D) that are
defined from the lower boundary of the
upper unit to the lower boundary of the unit
itself (Fig. 19). For instance, the entire
volume between the lower boundary of the
sedimentary rock unit and the lower
boundary of the igneous metamorphic rock
unit is detected as the igneous metamorphic
layer in Geoscene 3D. The bedrock geology
of the study area is composed of two
different units, igneous metamorphic
bedrock (IMB) and sedimentary bedrock
(SBR). In most parts of Vombsénkan, the

SBR is predominantly composed of
Cretaceous sedimentary rocks, mainly
limestone and sandstone. The IMB,

although present below the SBR, emerges
at the surface in the horst zones of
Romeledasen in the Southwest and
Linerddsasen in the Northeast. Daniel
(1992) described the Quaternary deposits of
Vombsinkan as sand and gravel outwash,
partly overlain by glaciolacustrine deposits
dominated by sand and silt. The area
Southeast of Lake Vombsjon is
characterized by 30 m of sand and the
western part by 20 m of fine-grained sand
and silt, covered by 10-15 m of gravel-rich
sand. Clay outcrops are present but less
abundant compared to sand and gravel. The
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thickness of the glacial clay that underlies
the sand is estimated to a maximum of 43 m
(Daniel 1992). The thickness of the till
reaches 20 m, mainly covered by
approximately 40 m thick deposits of clay
and silt (Daniel 1992). The uppermost unit
consists of up to 20 m thick glaciofluvial
sediments mostly gravel, sand and less
abundant silt.

Based on the modelling results, the
Quaternary deposits illustrate a recurring
pattern. The thickness of the units
significantly varies in the study area and the
stratigraphy is characterized by several
units which are mostly formed by similar
grain size. The correlation of the
Quaternary deposits between different
boreholes is therefore difficult, and the 3D
modelling results do not provide a clear
order of the deposition of the units. At least
three series of deposits from the Late
Wechselian are observed within the
profiles, including two till units, deposited
during the last glacial advance phases and
three series of glaciofluvial and
glaciolacustrine deposits, mainly formed
during the deglaciation and associated with
the formation of dead ice and ice-dammed
lakes. The setting can be described as
discontinuous deposition of till, clay, silt,
sand and gravel. Considering the diversity
of the Quaternary deposits at Vombsinkan,
the 3D modelling process is challenging.
Based on the main features of the borehole
data, the Quaternary deposits are classified
into seven units, including (from older to
younger):

1.Clay, silt and fine-grained sand 1 (CS1)
2.Till 1 (TL1)

3.Clay, silt and fine-grained sand 2 (CS2)
4.Sand and gravel 1 (SGI1)

5.Till 2 (TL2)

6.Clay, silt and fine-grained sand 3 (CS3)
7.Sand and gravel 2 (SG2).
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Fig. 19. (A): Geological 3D model of the northern part of Vombsidnkan. The view is
toward the East. (B): 2D profile of the same section (Fig. A). The user may define the
upper and the lower surface of each unit within Geoscene 3D. In this study the
sedimentary bedrock unit is defined as occurring between the lower clay/silt surface
(upper boundary) and the lower sedimentary surface (lower boundary). On the other hand,
the sedimentary bedrock unit (shown with dark blue) is always located between the lower
clay/silt surface and the lower sedimentary rock surface.

In most parts of the study area CS1, TL2,
CS3 and SG2 are absent. The main units are
TL1, CS2 and SGI1 that are generally
deposited with significant thicknesses. The
results of the 3D modelling of the northern
part of Vombsdnkan will be presented
along three different zones and each zone
includes four profiles.

4.1.1 The Sodra Sandby—Loberdd zone

This zone is in the northernmost part of the
modelling area from Sodra Sandby to West
of Loberdd (Fig. 20). The SW-NE-directed
profiles 2, 3, 4 and 5 demonstrate the
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geology of the zone, which is 6 km wide
and 9 km long (Fig. 21). Except for a few
locations, most of the boreholes do not
reach depths of more than 200 m.
Therefore, the dimension of the units
located deeper than 200 m are unknown.
The boreholes that are projected too close
to each other in the profiles, are disabled
and are shown with transparent gray (Fig.
21, profile 3). In some locations, the
boreholes indicate a distinct vertical
variation, consists of several thin units. The
identification of the units is therefore
challenging.



Fig. 20. Location of the SW-NE-directed profiles 2—5 that illustrate the geology of Sodra
Sandby-Ldberdd zone. Sodra Sandby is located East of Lund and Loberdd is located
Northeast of Revingeby. The zone is approximately 54 km?.

4.1.1.1 Bedrock

IMB

It is conveyed from profile 4 and 5 that the
IMB is the dominant unit in North of Dalby
along Tygelsjo—Rogle (Fig. 21). The
maximum thickness of the IMB is
unknown. Indeed, the limited information
on the deeper units is only based on a few
boreholes that penetrate around 200 m
below the surface. In this thesis the lower
boundary of the IMB is defined as an
infinite boundary. Generally, the IMB
follows the topography of the area and is
overlain by the SBR. However, at some
locations it is directly overlain by
Quaternary deposits such as till as well as
sand and gravel. Along Tygelsjo6 - Rogle the
IMB is covered by 5 to 10 m of till.

SBR

Based on the borechole data the SBR is
located approximately 10 m below the
surface in the Southwest and the Northeast
while in the middle of the zone at West of
Revingeby around Skatteberga the SBR is
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situated relatively lower, reaching a
maximum depth of 70 m below the surface.
The position of the SBR follows the
topography of the area that explains the
tectonic  setting of  Vombsénkan,
characterized by a mostly flat basin
between the two horst zones. With the
available information, it is not possible to
determine the exact depth and the lower
boundary of the unit.

The estimated thickness of the SBR is
therefore not accurate in the 3D model. The
depth estimation is based on the lithology
of the wells along profile 3, where the
maximum thickness is 220 m Northwest of
Sodra Sandby. The SBR is overlain by
Quaternary deposits, most commonly TL1
and CS2 (Fig. 21 profile 5).
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Fig. 21. Profiles 25 illustrating the geology of the S6dra Sandby—L&berdd zone. The
numbers below the wells are the borehole projection distances (the distance between the
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4.1.1.2 Quaternary deposits

The thickness of the Quaternary deposits
reaches up to 80 m at West of Revingeby
and South of Ekeberga along profile 4 (Fig.

21). The thickness decreases toward
Romeledasen in the Southwest, and
Linder6dsasen in the Northeast. The

average thicknesses of the Quaternary
deposits in Vombsédnkan are determined
between 60—70 m, (Dahlqvist et al. 2021).
Generally, the 3D model shows slightly
greater thicknesses of the Quaternary

deposits in the northern part of
Vombsinkan.
CS1

Along profiles 2, 3 and 4 the Quaternary
deposits consist of a sand unit that covers
the SBR. The unit is characterized by a
diverse lithology including sand and gravel
as well as silt and clay. Thus, the
classification of the unit into a specific
group is difficult. On the other hand, to
assume that CS1 represents a specific stage
of deposition more information is needed.
Furthermore, considering that CS1 is
usually located below TL1, correlating the
unit together with CS2 is problematic. To
facilitate the modelling process this unit is
classified within the group clay, silt and
fine-grained sand (Clay silt). Toward the
southern part of the area the thickness of
CS1 is decreasing until it disappears at
profile 5. The maximum thickness is
typically less than 20 m.

TL1

Along profile 5, TL1 is directly deposited
on top of the SBR. The thickness of the unit
reaches up to 60 m and it is overlain by CS2
that is mostly less than 40 m thick. TL1 is a
major unit among the Quaternary deposits
as it is present with significant thicknesses
in most parts of the study area.

CS2
To the SW and NE of the profiles toward
the horst zones CS2 is absent. At SW of the
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Flyinge the thickness of CS2 is
approximately 70 m. Typically, CS2 is the
thickest unit among the Quaternary

deposits, and it is mostly overlain by SG1.

SG1

The unit has a significant lateral extension,
and the thickness wvaries through the
northern part of Vombsdnkan. The
thickness decreases toward the center of the
profiles South of Flyinge. While the
maximum thickness increases to slightly
more than 40 m toward North of Revingeby
at Slogstorp in profile 5 (Fig. 21).

TL2

Locally, this unit is deposited on top of SG1
with an approximate thickness of 5-30 m.
However, the deposition of TL2 is limited
to a few locations within the zone and in
most of the areas the unit is absent. Till 2
extends from the margin of Vombsidnkan
along Romeledsen and it extends toward the
Northeast with a lateral extent of 1—4 km.

CS3

The extension pattern of CS3 is similar to
TL2, indicating a minor importance of the
unit. CS3 is absent in most parts of the
modelling area, and it locally overlies TL2
along profiles 2 and 4. Along profile 3 it
occurs only as thin lenses and has an
outcrop along profiles 2 and 4 West of
Flyinge and around Ekeberga, respectively.

SG2

This unit has a relatively limited extension.
SG2 mostly appears as small lenses and thin
units in the uppermost part of the sequence.
In the central parts of Vombsénkan, in the
middle of profiles 3 and 4 the unit has small
outcrops, and it locally forms sand and
gravel ridges as illustrated in profile 5
around Sandby mosse.



4.1.2 The Veberod-Vomb-
Bjarsjolagard zone

The geology of the zone is illustrated by the
SW-NE-directed profiles 8—11. The area is
approximately 84.5 km? in size, measuring
6.5 km in width and 13 km in length (Fig.
22). The zone extends from East of

Romeledsen at Veberdd to Bjarsjolagird in
the Northeast. Profiles 9 and 10
demonstrate the geology at the Vombverket
water treatment plant Southwest of Lake
Vombsjon (Fig. 22). The geology of the
area is generally similar to the geology of
the S6dra Sandby—Loberdd zone.

BJARSJOLAGARD

Fig. 22. Location of the SW-NE-directed profiles 8—11 that illustrate the geology of
Veberod-Vomb-Bjarsjolagérd.

4.1.2.1 Bedrock

IMB

According to the borehole data up to 170 m
of the IMB is documented in West of
Veberdd (Fig. 23 profile 8). There are
several boreholes on the Romeledsen Horst
that provide information on the Quaternary
deposits, such as till, sand/gravel and
clay/silt directly on top of the IMB. The
information on the Linderddsasen Horst is
limited to a few wells. The model shows
that to the SW at Rameledsen the IMB is
located close to the ground surface whereas
it is situated relatively deeper to the NE at
Linderddsasen.

SBR

The character of the SBR is quite similar to
the Sodra Sandby—Loberdd zone. The SBR
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is the most dominant unit through the
northern part of Vombsidnkan and in the
middle of the area, around Vombverket, it
reaches its maximum thickness of around
100 m. However, the actual thickness of the
unit and the position of its lower boundary
are unknown. There are no deep boreholes
in the middle of profiles 8—11 that confirm
the extent of the SBR on top of the IMB
(Fig. 23). The SBR is generally covered by
TL1. Based on the borehole data at profile
10, the SBR is not documented in the area.
The 3D model does not show an accurate
geometry of the SBR within the Veberdd-
Vomb-Bjéirsjolagird zone. To estimate the
depth and the thickness of the SBR at
Vombverket further investigations are
needed.
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Fig. 23. Profiles 8—11, illustrating the geology of the Veberdd-Vomb-Bjérsjolagard zone.
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4.1.2.2 Quaternary deposits

The Quaternary deposits display a simpler
pattern compared to the Sodra Sandby—
Loberod zone. CS1, TL2, CS3 and SG2
have insignificant thicknesses and there are
fewer recurring till units.

TL1

CS1 is not present at this zone and typically,
TL1 is directly deposited on top of the SBR.
The thickness of the unit varies through the
zone, and the maximum thickness is
approximately 50 m North of Lake
Vombsjon.  Corresponding  to  the
Quaternary deposits map, TL1 is the
uppermost unit toward Romeledsen and
Linderodsasen, where it covers the surface
as a thin unit deposited directly on the IMB
(Fig. 23).

CS2

South of Lake Krankesjon along profile 8
and East of Lake Vombsjon along profile
11, CS2 is deposited on top of the SBR
where it reaches its maximum thickness of
approximately 100 m. Generally, CS2
overlies TL2, and it has a significant
thickness among the Quaternary deposits.

SG1

The uppermost unit within this zone is
commonly exposed in the middle of the
profiles around Vombverket in the form of
a thin unit of sand and gravel. The position
of the units at the surface, corresponds to
the Quaternary deposits map. The thickness
of the unit is between 10 and 50 m and it is
commonly underlain by CS2.

In most parts of the zone, TL2, CS3
and SG2 are absent or have an insignificant
thickness. In 3D modelling of a large and
complex setting such as the northern part of
Vombsinkan, considering units with
insignificant thicknesses can be very time-
consuming and complicated. Therefore,
during creating the interpretation points and
the surfaces, units that are thinner than 5 m
are ignored during the modelling process.

4.1.3 The Gardstanga—listorp zone

The area is 182 km? in size measuring 26
km in length and 7 km in width. These
profiles are perpendicular to the two
previously presented zones (Fig. 24). The
geology of partly the same area as described
above is illustrated by profiles 16—19 (Fig.
25).

Lund. ff

Fig. 24. Location of the NW-SE-directed profiles 16—19 that illustrate the geology of the
Garsdstanga—Ilstorp zone.
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4.1.3.1 Bedrock

The general geology of the bedrock of this
zone is like the two other zones previously
described. Except in the southern part of the
area, along profile 19, the bedrock
configuration is relatively uniform through
the northern part of Vombsédnkan. The
thickness and the dimensions of the
bedrock do not vary substantially.

IMB

Based on the borehole data there is no
evidence of the presence of the IMB in the
area. However, along profile 19 between
Torna Hiéllestad and Sodra Sandby, there
are a few boreholes indicating that the IMB
is located 5-10 m below the surface. The
3D model supports the appearance of the
IMB within the crosscutting profiles
(Appendix 5) such as profile 5 in the Sodra
Sandby—-Loberdd zone. Towards the
southern part of Romeledsen along profile
19, the IMB is situated deeper. It is inferred
that the thickness of the IMB is most
probably decreasing towards Veberdd.

SBR

This unit is the thickest unit through the
northern part of Vombsénkan as shown by
the 3D modelling results at S6dra Sandby
where the SBR has a maximum thickness of
200 m along profile 19. This unit is
characterized by a relatively uniform
thickness, mostly 100-200 m. Notably,
along Veberdod—East of Dalby at profile 19
the thickness of the SBR is decreasing. To
the NW of Sodra Sandby the thickness
significantly increases again (Fig. 25).

4.1.3.2 Quaternary deposits

Generally, the thickness of the Quaternary
deposits is uniform throughout the area and
based on the 3D model, it can be estimated
to 60—70 m. At Romeleasen, the thickness
is locally O or insignificant. Along profile
19 the Quaternary deposits consist of 5-10
m of TL1, while they are more complex and
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much thicker East of Dalby, up to 100 m
overlying the SBR.

CSl1

In contrast to the ubiquitous presence of
TL1, CS2 and SG1, the deposition of CS1
1s limited to a few locations, such as around
Gardstanga East of Dalby and around
IIstorp. CS1 is usually directly underlain by
the SBR.

TL1

This unit is remarkably more dominant in
the northern part of the zone around
Revingeby and West of Sjobo along profile
16, at Gardstanga along profiles 17 and 18,
as well as near the western parts at
Romeleasen. TL1 is underlain by SBR in
major parts of the zone.

CS2

The thickness of this wunit largely
corresponds with that of TL1. The unit is
characterized by a notable extension along
profile 18, where it stretches across more
than 20 km from South of Gardstdnga to
South of Vombverket. Southeast of Lake
Krankesjon along profile 18 the thickness
of this unit exceeds 50 m.

SG1

Based on the 3D model, SG1 is the
dominant unit in the northern part of the
zone where it covers a large area South of
Lake Vombsjon. SG1 is considerably
widespread and extensive among the
Quaternary deposits. Along profile 17, SG1
extends across more than 20 km from
Flyinge to Ilstorp.

TL2

This unit has a restricted extension in the
northern part of Vombsinkan, being limited
to a few locations. In addition, the thickness
of TL2 is generally smaller than that of
TL1. However, it is difficult to distinguish
this unit from TLI because of the
insignificant thickness of (or locally lack
of) intervening deposits. At some locations,



there is no strong evidence of the
occurrence of two distinct till units.
However, the 3D model clearly
demonstrates the deposition of TL2 East of
Flyinge along profile 16, Southwest of
Gardstanga and around Sodra Sandby along
profile 18.

CS3

This unit typically occurs at the surface and
less extensively as compared to CS2 and
SG1. Along profile 18, West of Flyinge and
East of Sodra Sandby, CS3 represents the
uppermost part of the sequence, overlying
TL2. At some locations, such as South of
Lake Krankesjon, CS3 is located on top of
SG1. Towards the Southeast near Blentarp,
CS3 forms a 25 m thick outcrop (Fig. 25)

SG2

This unit is the least abundant among the
Quaternary deposits in the northern part of
Vombsénkan. SG2 is characterized by
deposition of small sand and gravel lenses,
for example North of S6dra Sandby where
the unit is underlain by CS3. SG2 is only
observed at the surface, and it is usually less
than 10 m thick.

4.2 Hydrogeological conceptual
modelling

The hydrogeological conceptual model is
basically the same model as the created
model for the northern part of Vombsénkan.
To estimate the hydrogeological conditions
of the northern part of Vombsénkan, such
as the structure and dimensions of aquifers
more information such as the head data is
needed. However, it is possible to assess the
hydrostratigraphic units. Based on their
hydrogeological characteristics, such as
hydraulic conductivity (K) or permeability,
the lithological units can be categorized
into new groups (Table 1). This new
classification results in a model based on
the hydrostratigraphic units.

34

Table 1. Permeability of the Quaternary
deposits (Larsson 2008).

TILL

GRAVEL TILL 10~ 107
SAND TILL 10°¢-10°%
SILT TILL 107 - 107
CLAY TILL 108 - 10°1°
CLAY TILL (CLAY>15%) 10°-10"
SORTED SEDIMENTS

FINE-GRAINED GRAVEL 10" - 107
COARSE-GRAINED SAND 102 -10*
MEDIUM-GRAINED SAND 103-10-°
FINE-GRAINED SAND 104 — 10-6
COARSE-GRAINED SILT 10°5 — 107
MEDIUM/FINE-GRAINED SILT 107 — 102
CLAY <10°°

To define the hydrostratigraphic units,
within the same model, the lithology is
classified into five new groups, ranging
from lower to higher hydraulic conductivity
including:

1. Clay/silt

2. Till

3. Igneous/metamorphic bedrock
4. Sedimentary bedrock

5. Sand/gravel

The hydrogeological conceptual model
illustrates the hydrostratigraphic units that
are characterized by two major types of
aquifers (Fig. 26). The first aquifer type
(aquifer 1) is the sedimentary bedrock,
which is typically a confined aquifer. The
second aquifer type (aquifer 2) commonly
consists of an open aquifer near the surface,
which is composed of sand/gravel. Locally,
aquifer 1 is underlain by the IMB. The SBR
is mostly covered by TL1 or CS2. Aquifer
2 commonly occurs at the surface as an
open aquifer but also locally it is overlain
by TL2 and CS3.

The results imply a large capacity of
groundwater storage in aquifer 1 within the
SBR. The dimensions and volume of this
aquifer are considerably larger than those of
aquifer 2. The confined aquifer within the
SBR is largely wubiquitous and of
remarkable extension throughout most part



of the study area. In the northern part of
Vombsinkan, the thickness of aquifer 1 is
140-200 m. Aquifer 2 has generally a much
smaller volume. The thickness of the
permeable sand/gravel unit of aquifer 2 is
usually less than 50 m.
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IGNEOUS METAMORPHIC
BEDROCK

The average depth of the Quaternary
deposits varies between 50 to 80 m in the
northern part of Vombsdnkan. At
Vombverket the depth of the Quateranry
deposits is 40-50 m.
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Fig. 26. Hydrogeological conceptual model of the northern part of Vombsdnkan. Profiles 1—
20 illustrate the hydrostratigraphic units that are defined based on their respective K values.

4.3 Resistivity around 20 m below the surface where the

resistivity decreases to 56—180 Q.
The location of the 800 m long resistivity Around the depth of 37 below the
line at the Vombverket water treatment surface the resistivity decreases notably to
plant is shown in Fig. 27. The measured less than 16Q. The resistivity results imply
resistivity was inverted with the software a clearly decreasing pattern with the depth,
RES2DINV to create a 2D profile linked to indicating at least three well-defined units.
the lithology, which and can be used for The two uppermost units show a relatively
interpretation (Fig. 27). The resistivity similar thickness of 5-10 m. While the two
results show a notably elevated resistivity uppermost units exhibit a relatively uniform
close to the ground surface. The uppermost resistivity pattern, the underlying unit from
3—10 m-part of the profile shows resistivity around 20 m depth and below shows more
values exceeding 1000 Q. The distribution variable resistivities and several horizontal
of the resistivity at the surface is relatively changes. Indeed, the decreasing resistivity
persistent, corresponding to a unit with a pattern most notably continues towards the
uniform thickness of 3—-10 m. At depth of 20 m below the surface. From 20—
approximately 8 m depth a sharp decrease 80 m the resistivity shows lateral irregular
in resistivity was observed, directly under variations.

the wunit of elevated resistivity. The
resistivity of this unit is between 63—400 Q.
The third notable observation occurs
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Fig. 27 A. Location of the resistivity line at the Vombverket water treatment plant. To
illustrate the exact position of the line, the positions of the electrodes were measured by a
GPS and the coordinates were imported to QGIS. Fig. 27 B. Inversion model of the resistivity
line at the Vombverket water treatment plant. The profile is visualized in Erigraph.

5. Discussion

5.1 Geoscene 3D

The results of this thesis work indicate that
the software can create reliable geological
models. Generally, the models that are
created for the northern part of
Vombsinkan support the results of previous
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studies (Fig. 28 and Appendix 6). A part of
this thesis work has been developed based
on the self-learning experience of the 3D
modelling with Geoscene 3D. The learning
process developed from the first-time
application of the software by the user, to
create and interpret 3D geological and
hydrogeological conceptual models from
the northern part of Vombsénkan.
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Fig. 28. The 3D modelling results compared to
one of the fundamental previous studies
illustrating the geology of the Vomb—Sj6bo zone

(Daniel 1992).
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There is a gap in previous studies using the
software and there is no information
available about the application of Geoscene
3D based on borehole data from Sweden.
The instructions that are provided by
Geoscene 3D (Geoscene 3D 2020) are often
limited to simple examples which does not
represent the geology of complex
environments. Therefore, this thesis work is
considered as a ground for the 3D
modelling of complex geological settings
based on borehole data. In addition, this
study presents a useful evaluation of the
application of the software in geological
and hydrogeological assessments.

Advantages:

The software provides a useful overview of
the geology allowing the wuser to
simultaneously visualize and compare
geological, hydrogeological and
geophysical models. The learning process
and the 3D modelling experience with
Geoscene 3D is described as a functional
user interface. The software is a practical
modelling tool, provides most of the
fundamental  options  required  for
geological interpretations.  Navigating
through the 3D environment and comparing
several 2D and 3D models facilitate a more
reliable and accurate interpretations.
Creating stratigraphical profiles with
Geoscene 3D is a quick and helpful way to
approach the interpretations. For example,
as a fundamental approach within this
thesis work 2D profiles are created to
compare the geophysical data with the
stratigraphy and the lithology of the
boreholes (Fig. 29). The overall
performance of the software is evaluated as
significantly —accurate and efficient,
providing simultaneous 2D and 3D views.

Disadvantages:

Despite a few useful functions that allow
the user to automatically define the upper
and lower boundaries of each unit, the 3D
modelling requires manual interpretation as
well. The manual interpretation includes
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creating the interpretation points (Fig. 8)
and grid adjustments (Fig. 11; appendix 3).
The first experience of the 3D modelling
based on the borehole data is evaluated as
an extremely time-consuming process.
Some of the functions are difficult to
understand that requires prior modelling
experiences for a quick result. The grid
adjustment that is a necessary procedure for
an actual model, is confusing. It requires
lots of practice and efforts that are not
efficient for a complex geology like the
northern part of Vombsdnkan. The
resolution of the geophysical visualization
such as the resistivity profiles is poor which
results in blurred profiles (Fig. 13).
Therefore, other software such as Erigraph
and Res2Dinv may have advantages (Fig.
27B).

5.2 Resistivity

The resistivity data from the Vombverket
water treatment plant highlight the
importance of geophysics as a complement
to borehole data for detection of errors and
uncertainties of the 3D modelling. The
highest resistivity appears near the surface
at 3—12 m below the surface (Fig. 29; Fig.
30). The unit is interpreted as glaciofluvial
coarse-grained gravel and sand. A sand-till
unit may also yield a high resistivity similar
to the measured resistivity of the uppermost
unit in this study.

The unit below the SG1, which shows
significantly ~ lower  resistivities  is
interpreted as a glacial clay. The clay unit is
located 10—15 m below the surface and has
an approximate thickness of 25 m. The
decreasing resistivity pattern of the section
can be interpreted as a unit of glaciofluvial
sand and gravel at the surface (resistivity
greater than 630 Q) which is underlain by
the glacial clay (resistivity 25-250 Q). The
clay unit is capping the fractured SBR
(resistivity less than 25 Q).
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Fig. 29. Interpretation of the resistivity results at the Vombverket water treatment plant.
The estimated groundwater level is illustrated with a blue line.

Fig. 30. 3D profiles illustrating the
geological model of the resistivity
line (800 m) at Vombverket.
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Erlstrom et al. (2004) describe that the
structure of the SBR is complex since the
area has been exposed to tectonic
deformations and erosions. The unit is
characterized by a highly fractured
structure composed of unconsolidated and
weathered rocks. The irregular variations
that are observed within the SBR at 35-65
m below the surface can be interpreted as
the heterogenous structure of the SBR.
Based on the borehole data in Revinge, the
SBR is characterized by a fractured
limestone at 32-90 m below the surface
(Erlstrom 2013; Engvall 2015; Engleson
2017). The low resistivity parts within the
SBR which are observed as rounded and
semi-rounded areas, are interpreted as karst
and fracture zones. The resistivity of the
karst and fracture zones within the
unconsolidated sedimentary bedrock is 0—
16 Q.

The ground water level at North of
Revinge is 1 m below the surface and at
Veberod—Idala it is located 4.5 m below the
surface (Dahlqvist et al. 2021). Based on
the resistivity results, the groundwater level
cannot be detected. The saturated zone
shows generally lower resistivities
compared to the unsaturated zone (Palacky
1987). According to the resistivity results,
the thickness of the SGI1 is estimated at
3—12 m. It is assumed that the groundwater
level is located near the surface within the
SG1. The decreasing resistivity pattern
which is observed at 10-15 m below the
surface can be explained by the
groundwater level. Based on the resistivity
model, the thickness of the SG1 and the
previous studies, the author assumes that
the groundwater level is located at 4-9 m
below the surface (Fig. 30).

A till unit and a clay unit can yield
similar resistivity values (Palacky 1987).
Consequently, it is difficult to detect a till
unit within the resistivity profile. Most
probably a few meters on top of the SBR
within the resistivity profile corresponds to
the till unit that is documented in the area
(Fig. 29; Fig. 30). However, further
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investigations are needed for an accurate
conclusion about the depth of the
groundwater level and the dimension of the
till unit. According to the geophysical
investigations, the main stratigraphic model
corresponds to the geological model created
by Geoscene 3D.

5.3 Hydrostratigraphic units

The following section is based on a
combination of the three integrated. The
geological model of the northern part of
Vombsénkan, the  hydrostratigraphic
conceptual model and the Vombverket
model, are wused to evaluate the
hydrogeology of the study area.

The geology of Vombsédnkan
provides extensive groundwater resources
with a considerable volume and water
uptake capacity. Daniel (1992) describes
the hydrogeology of South of Lake
Vombsjon. The area is characterized by two
major types of aquifers. The confined SBR
aquifer (aquifer 1) that is formed within the
thick units of fractured and porous
sandstone and limestone. An open pore
aquifer (aquifer 2) is located near the
surface, and it consists of coarse-grained
glaciofluvial sediments. At Vombverket,
the entire surface area corresponds to the
extensive surface of the aquifer 2 (Fig. 26
profile 10). Therefore, aquifer 2 is highly
vulnerable to groundwater contaminations,
which stresses the importance of a
systematic environmental protection of the
groundwater and land system in the
northern part of Vombsédnkan. A study of
the hummocky moraines in the Vomb area
suggests a depositional model that is linked
to both active ice margin and stagnant ice
(Bjermo 2022). The last deglaciation of
Skéne was complex. The area has been
exposed to several ice advances followed
by ice marginal recession and deposition of
glaciofluvial deposits (Houmark-Nielsen
and Kjaer 2003). The Quaternary deposits
are characterized by a recurring pattern
corresponding to the Late Weichselian



glaciation and deglaciation. Ising (2020)
created a 3D model of the southern part of
Vombsinkan. The 3D model illustrates the
deposition of five till beds in the area (Fig.
4). Each till unit is linked to an ice advance.
The results of this study demonstrate the
complex geology of Vombsédnkan. At West
of Revingeby at least four till beds occur in
the basin (Fig. 7B). However, in most parts
of the study area the stratigraphy is
characterized by the deposition of two till
beds. It is assumed that TL1 and TL2 are
associated with two prominent ice advances
of the last glacial cycle. The presence of
glaciofluvial and glaciolacustrine
sediments between the till units is
associated with a recession of the ice
margin. Despite the complex pattern of the
Quaternary deposits in the northern part of
Vombsinkan, it can be explained by a
simple sequence based on the most frequent
stratigraphy. The results of the 3D
modelling (Fig. 21; Fig. 23; Fig. 25) can be

summarized using a simple
hydrostratigraphic =~ model,  including
(respectively from older to younger):

1. The IMB

2. The SBR

3. TL1

4. CS2

5. SGlI

The IMB is generally formed by igneous
and metamorphic rocks such as gneiss,
granite, amphibolite and diorite (Fig. 2).
The IMB is locally covered by a thick unit
of the SBR, which is typically composed of
limestone and porous sandstone. The SBR
is overlain by approximately 2040 m of
TLI1. On top of TLI there is 30—70 m of
CS2. The uppermost unit consists of 5-10
m of unit SG1.

Unit CS2 is interpreted as glacial clay
and unit SG1 is interpreted as glaciofluvial
deposits. The glaciolacustrine deposits such
as unit CS2 are commonly composed of
clay and silt but at some locations sand and
gravel are also documented. Daniel (1992)
suggests a postglacial depositional model
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for the uppermost sand, silt and gravel
units. He describes that the uppermost sand
units are deposited as sand dunes. The sand
dunes were formed by wind erosion of the
glaciofluvial sand in the late Holocene.

Based on the available information it
is difficult to assess the exact depositional
process behind the formation of the
Quaternary deposits. Different depositional
environments result in deposition of
sediments with similar grain sizes including
sand, silt and clay (Holmberg and
Johansson 1986; Daniel 1992). Since, both
glaciofluvial and glaciolacustrine
sediments may contain sand, silt and clay
the interpretation of the depositional model
is difficult. Thus, to link the depositional
model of SG1 and SG2 to glaciofluvial,
glaciolacustrine or sand dunes, further
investigations are required.

Based on the 3D model, the SBR is
overlain by a till unit with an approximate
thickness of 5-10 m at Vombverket (Fig.
31A and appendix 7). In addition, Daniel
(1992) suggests the deposition of a till unit
in the area illustrated in the Vomb—Sjobo
geological cross section (Appendix 6),
which is overlain by glacial clay. However,
based on the resistivity model it is difficult
to identify the till unit (Fig. 29). This
contrast can be explained by the limitation
of the 3D modelling that cannot provide
accurate results in detail within a restricted
area. The 3D model is created based on
borehole data from the northern part of
Vombsénkan and it does not provide
sufficient details of the stratigraphy at
Vombverket. The till unit is documented in
a borehole East of the resistivity line (Fig.
31C). It is interpreted that the thickness of
the till unit decreases northeast of the
resistivity profile until it gets either very
thin or disappears completely northeast of
the resistivity line. It is concluded that for
an accurate result with Geoscene 3D in
smaller areas, it is essential to consider the
details of the borehole data. For precise
evaluations of the hydrogeology, creating a
detailed 3D model is needed.



5.4 Groundwater resources in the
Quaternary deposits

The annual groundwater formation for the
sand and gravel open aquifer at Revinge, is
estimated to 2,800,000 m*/year (Engleson
2017). This amount indicates a
groundwater formation capacity that
exceeds a permanent pumping of 20 I/s
(Khorshidian and Heister 2023). The
groundwater recharge is therefore sufficient
for a permanent groundwater extraction of
20 1/s. Kjessler and Mannerstrale (1989)
calculated significantly high values of
transmissivity (T) for aquifer 2 at Vomb,
suggesting a substantial uptake potential of
the unit. South of Lake Vombsjon around
Vombs fure the uptake capacity is
estimated to be up to 125 1/s. At some
locations the transmissivity reaches 0.020
m?/s allowing a groundwater uptake of 50—
100 I/s. Furthermore, at Ilstorp, Rodhe et al.
(2006) suggest a groundwater formation of
10.4 1/s per km?. The aquifer at Ilstorp has
an uptake capacity of 125 1/s (Lindberg
Skutsjo 2021).

5.5 Groundwater resources in the
sedimentary bedrock

Dahlqvist et al. (2021) describe the bedrock
characteristics of Vombsdnkan associated
with the Vomb Formation, which is mostly
composed of sand and clay-rich limestone.

At some locations the major aquifer type is
characterized by the sand-rich and
permeable SBR that is located close to the
surface. The average uptake capacity of the
SBR is estimated to 5-20 I/s (Dahlqvist et
al. 2021). Aquifer 1 is a large, confined
aquifer that is typically capped by till or
glaciolacustrine clay. Since the SBR has a
considerable thickness, aquifer 1 is
considered as the largest type of aquifer in
most parts of Vombsinkan. With the
available information, it is difficult to
determine the extension of the weathering
and the fracture system of the SBR.

5.6 Aquifer geometry

To explain the structure and dimensions of
the hydrostratigraphic units, the volume,
area and the thickness of each unit are
calculated by Geoscene 3D. The aquifer
geometry and dimensions of the
groundwater resources in the northern part
of Vombsénkan can be estimated. The
volume of aquifer 1 is calculated to 60.7
km?. The overall thickness of the unitis 111
m, and it covers 547.8 km?. Aquifer 2 has a
volume of 5.1 km? (SG1) + 1.4 km? (SG2)
= 6.5 km? with an average thickness of 10
m. The area is calculated to 540.5 km? (Fig.
32; appendix 8).
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FIG.C BOREHOLE 1

SEDIMENTARY ROCK CLAY/SILT TILL SAND/GRAVEL
Fig. 31. The lithology of the nearest wells close to the resistivity line. It is inferred from the
3D model that TL1 is overlain by CS2. Despite the correct positions of the lithological
boundaries at the borehole locations (Fig. A), the 3D modelling result shows inaccurate
positions of the boundaries when zoomed in (Fig. C).
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Fig. 32. The surface model of the northern part of Vombsénkan created by Geoscene 3D
compared to the Quaternary deposits map. The depth increment is 5 m. In addition, a surface
model with depth increment of 0.5 is created (appendix 8).
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The aquifer geometry can be
estimated based on the porosity of each
unit. Since the lithology of the SBR is very
diverse the estimation of its porosity is
complicated. The SBR consists of shale,
coal, limestone and porous sandstone as
well as thin units of clay. The porosity is
estimated to 2-30%. For an accurate
estimation of the porosity further
information is required. However, since the
dominant rocks are relatively thick units of
porous sandstone and limestone, it is
assumed that the porosity is  15-30 %
(Table 2). Consequently, the geometry of
the SBR aquifer can be calculated as below:

60.7 km?® x 15% = 9.1 km?
60.7 km?® x 30% = 18.2 km?

Hence, the approximate volume of
aquifer 1 is estimated to 9.1-18.2 km?.

For SG1 and SG2, it is assumed that
the porosity varies between 20—40 %. The
geometry of aquifer 2 can be calculated as
below:

6.6 km® x 20% = 1.3 km?
6.6 km® x 40% = 2.6 km?

Hence, the approximate volume is
estimated to 1.3-2.6 km® for aquifer 2
within the overlying sand and gravel unit.

Table 2. Estimation of the aquifer geometry in the northern part of Vombsénkan.

AQUIFER TYPE|LITHOLOGY VOLUME |POROSITY| GEOMETRY
AQUIFER1  |SEDIMENTARY BEDROCK|60.7 km?|15-30 % |9.1-18.2 km®
AQUIFER2  |SAND AND GRAVEL 6.6 km> [20-40% |1.3-2.6 km®

5.7 Groundwater flow patterns

The main infiltration zones are the
horst zones that have a higher topography.
CS2 and CS3 units as an aquitard are not
present or are relatively thin in these areas.
For example, at the edge of the Romeledsen
Horst (Fig. 27, profile 20). The Romeledsen
Horst in the Southwest and the
Linderddsésen Horst in the Northeast are
therefore considered as the major
groundwater recharge zones. Karlhager
(2014) suggests that groundwater recharge
occurs from River Klingavéilsdn towards
the Ilstorp aquifer, but it does not have a
significant impact on the groundwater
formation.

The groundwater flow in
Holmbyasen is towards the Southwest,
associated with the topography. This can be
explained by the groundwater flow
direction from the northeastern parts, for
example from higher elevations around
Loberdd towards Holmbyésen. At Hultan in
the Vomb-Sjobo area, the groundwater
flow is directed towards Lake Vombsjon in
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the West and towards River Bjorkadn in the
South (Dahlqvist et al. 2021). The
groundwater flow processes in Revinge are
described as North-directed flows along
Klingavélsdn. At North and Northeast of
Lake Krankesjon where Klingavélsan joins
Kévlingean the groundwater flows toward
the West (Engleson 2017). At Vombverket
the groundwater flows from South of the
infiltration ponds toward Lake Vombs;jon at
North (Holm 2011). However, the ground
water flow directions at Vombverket can
vary depending on the location of the active
infiltration ponds and pumped wells. A
groundwater flow direction toward the
lower elevations at Klingavélsan is reported
(Holm 2011). Generally, the groundwater
flow is controlled by the topography.

With the available information it is
difficult to estimate the structure and
texture of the IMB on the contact boundary
of the SBR.

The fracture systems and the degree
of weathering of deeper, variably lithified
units are strongly linked to the flow
processes. For example, weathering of the



igneous rocks results in the formation of the
secondary clay minerals such as kaolinite.
Even if the thickness of the weathered zone
is only a few meters, it can significantly
control the flow processes such as the
aquifer leakage and the direction of the
groundwater flows. A weathered clay-rich
unit which has significantly lower K
compared to the adjacent permeable units,
can define the aquifer geometry and
structure of the groundwater system.
However, Erlstrom et al. (2004) suggest
that the tectonic activities associated with
the Tornquist zone resulted in an extensive
degree of weathering and formation of
highly fractured igneous and metamorphic
rocks in major parts of Vombsdnkan.
According to the description of a few
boreholes in Vombsidnkan, the IMB is
formed by partly fractured rocks. It is
assumed that the IMB is a partly permeable
unit along the extensive facture zones in
major parts of Vombsénkan. It is therefore
interpreted that the IMB incorporates into
the formation of the aquifer 1 on the contact
boundary of the SBR. The information on
these properties is limited to a few
descriptions within the borehole data and
the previous studies. To estimate the
extension and the location of the fracture
system more investigations are needed.

6. Conclusions

e The major groundwater recharge
occurs along the horst zones at higher
elevations at the margins of
Vombsankan. At Vombverket, the
groundwater flows toward Lake
Vombsjon at North and Klingavilsan
at West.

e The estimated aquifer geometry reveals
the substantial ~ hydrogeological
potential of the northern part of
Vombsinkan. The approximate surface
area of the confined aquifer associated
with the porous and fractured
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sedimentary rocks is estimated to 547.7
km? and the approximate volume is
9.1-18.2 km?. The open aquifer within
the sand and gravel unit has an
approximate area of 540.5 km? and the
approximate volume is 1.3-2.6 km?.

A complex 3D-model is proposed for
the northern part of Vombsdnkan. A
thick unit of sedimentary bedrock
(SB1) is overlain by 10-20 m of till
(TLT). The till unit is locally underlain
by relatively thin lenses of
glaciofluvial and glaciolacustrine
sediments that vary between sand,
gravel, silt and clay (CS1). A 30 to 80
m thick unit of glacial clay (CS2)
covers the till wunit. The most
widespread unit at the surface is
composed of 5 to 20 m of sand and
gravel (SG1). However, the unit is
locally overlain by a second till unit
(TL2). At some locations the
uppermost unit consists of clay and silt,
usually not exceeding 10 m in
thickness (CS3) or small lenses of
glaciofluvial sediments such as sand
and gravel (SG2).

The model in Vombverket is verified
by resistivity measurements. To detect
the errors and uncertainties and to
create a more accurate model,
verification of the model by additional
geophysical investigations is the key.
A simple hydrostratigraphic model is
presented for the area around the
Vombverket water treatment plant,
corresponding to the main depositional
model of the northern part of
Vombsinkan. The  sedimentary
bedrock is located 40—50 m below the
surface. At some locations, such as
East of the infiltration basins, a till unit
covers the bedrock. However, at the
location of the resistivity
measurements, 25-30 m of clay is
directly deposited on top of the



sedimentary bedrock. The uppermost
unit is composed of 5 to 10 m of sand
and gravel.

7. Suggestions for future
studies

e Creating a 3D model including more
lithology groups can provide more
accurate assessments. For instance,
adding clay-till and fine sand silt to the
current classification can increase the
reliability of the models.

e A more detailed classification of the
borehole data within the sedimentary
bedrock is indeed for a better estimate
of the hydraulic conductivity and
porosity. For example, including
limestone, sandstone, dimensions of
clay-rich subunit and shale within the
lithology would results in a more
reliable estimation of the porosity.

e For a better estimation of the aquifer
dimensions and structure, for examples
to define the different types of aquifers
within the sedimentary bedrock, using
head data is an essential approach that
must be considered in future studies.

e An extensive evaluation of the
structure of the wunits such as
determining the fracture zones and
weathering within the Precambrian
basement would be beneficial. Core
logging can  provide valuable
information on the contact boundaries
of the units as well as a better
understanding of the classification of
the unsorted lithologies such as co-
appearance of gravel and clay. The
structure of the units is an important
parameter for the defining of
hydrostratigraphic units.

e Controlling and correcting the
accuracy of the model in zoom-in view
and adjusting the mismatched areas
between the model and the boreholes
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will significantly improve the accuracy
of the model.

e The SkyTEM models are created but
have not been used within this thesis
work. A 3D model can be created from
the SkyTEM  for  comparison.
Moreover, 3D GPR geophysical
surveys can add valuable information
about the controversial geology of the
subsurface in Vombsinkan.
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Appendix 1. Stratigraphy of the sedimentary bedrock in Revinge and Férap (Erlstrom et al.
2004).
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Appendix 2. The 3D view of the SkyTEM geophysical models at Vombverket, visualized in
Geoscene 3D.

Appendix 3. A profile at the beginning of
the modelling process illustrating the
position of the surfaces and the layers after
the grid adjustment. The profile has not
been used for the interpretation since it
failed to follow the lithology of the wells.
The problem is solved after the manual
interpretation and inserting the
interpretation points. Grid adjustment is a
time-consuming process that often require
several attempts to create a realistic model.

Appendix 4. Inversion settings

Initial damping factor (0.01 to 1.00)

0.1500

Minimum damping factor (0.001 to 0.75)

0.0200

Local optimization option (0=No, 1=Yes)

1

Convergence limit for relative change in RMS error in percent (0.1 to 20)
1.0000

Minimum change in RMS error for line search in percent (0.5 to 100)
0.5000

Number of iterations (1 to 30)

20

Vertical to horizontal flatness filter ratio (0.25 to 4.0)

0.2500

Model for increase in thickness of layers(O=default 10%, 1=default 25%, 2=user defined)
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2

Number of nodes between adjacent electrodes (2 or 4)

4

Flatness filter type, Include smoothing of model resistivity (0=model changes only,1=directly on
model)

1

Reduce number of topographical data points? (0=No,1=Yes. Recommend leave at 0)
0

Carry out topography modeling? (0=No,1=Yes)

1

Type of topography trend removal (0=Average, |=Least-squares,2=End to end)
0

Type of Jacobian matrix calculation (0=Quasi-Newton, 1=Gauss-Newton, 2=Mixed)
1

Increase of damping factor with depth (1.0 to 2.0)

1.0000

Type of topographical modeling (0=None, 1=No longer supported so do not use, 2=uniform distorted
FEM, 3=underwater, 4=damped FEM, 5=FEM with inverse Swartz-Christoffel)
4

Robust data constrain? (0=No, 1=Yes)

1

Cutoff factor for data constrain (0.0001 to 0.1))

0.0500

Robust model constrain? (0=No, 1=Yes)

1

Cutoff factor for model constrain (0.0001 to 1.0)

0.0050

Allow number of model parameters to exceed data points? (0=No, 1=Yes)

1

Use extended model? (0=No, 1=Yes)

1

Reduce effect of side blocks? (0=No, 1=Slight, 2=Severe, 3=Very Severe)

1

Type of mesh (0=Normal, 1=Fine,2=Finest)

2

Optimise damping factor? (0=No, 1=Yes)

1

Time-lapse inversion constrain (0=None,1&2=Smooth,3=Robust)

3

Type of time-lapse inversion method (0=Simultaneous,1=Sequential)

0

Thickness of first layer (0.25 to 1.0)

0.5000

Factor to increase thickness layer with depth (1.0 to 1.25)

1.1000

USE FINITE ELEMENT METHOD (YES=1,NO=0)

1

WIDTH OF BLOCKS (I=NORMAL WIDTH, 2=DOUBLE, 3=TRIPLE, 4=QUADRAPLE,
5=QUINTIPLE)

1

MAKE SURE BLOCKS HAVE THE SAME WIDTH (YES=1,NO=0)

1

RMS CONVERGENCE LIMIT (IN PERCENT)
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%é%OLOGARITHM OF APPARENT RESISTIVITY (0=USE LOG OF APPARENT RESISTIVITY,
1=USE RESISTANCE VALUES, 2=USE APPARENT RESISTIVITY)

prPE OF IP INVERSION METHOD (0=CONCURRENT,1=SEQUENTIAL)

gROCEED AUTOMATICALLY FOR SEQUENTIAL METHOD (1=YES,0=NO)

?P DAMPING FACTOR (0.01 to 1.0)

1.000

USE AUTOMATIC IP DAMPING FACTOR (YES=1,NO=0)

0

TYPE OF CROSS-BOREHOLE MODEL (0=normal,1=halfsize)

0

LIMIT RESISTIVITY VALUES(0=No,1=Yes)

0

Upper limit factor (10-50)

50.000

Lower limit factor (0.02 to 0.1)

0.020

Type of reference resistivity (O=average, | =first iteration)

0

Model refinement (1.0=Normal,0.5=Half-width cells)

0.50

Combined Combined Marquardt and Occam inversion (0=Not used, 1=used)
0

Type of optimisation method (0=Gauss-Newton,2=Incomplete GN)
2

Convergence limit for Incomplete Gauss-Newton method (0.005 to 0.05)
0.005

Use data compression with Incomplete Gauss-Newton (0=No,1=Yes)
0

Use reference model in inversion (0=No,1=Yes)

1

Damping factor for reference model (0.0 to 0.3)

0.01000

Use fast method to calculate Jacobian matrix. (0=No,1=Yes)

0

Extra damping factor for first layer (1.0 to 100.0)

5.00000

Type of finite-element method (0=Triangular, |=Trapezoidal elements)

1

Factor to increase model depth range (1.0 to 5.0)

1.050

Factor to control the degree variations near the boreholes are reduced (2 to 100)
5.0

Factor to control variation of borehole damping factor with distance (0.5 to 5.0)
1.0

Floating electrodes survey inversion method (0O=use fixed water layer, 1=Incorporate water layer into
the model)

1

Resistivity variation within water layer (O=allow resistivity to vary freely,|=minimise variation)
1
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Elevation

Use sparse inversion method for very long survey lines (0=No, 1=Yes)
0

Optimize Jacobian matrix calculation (0=No, 1=Yes)

0

Force resistance value to be consistant with the geometric factor (0=No, 1=Yes)
0

Shift the electrodes to round up positions of electrodes (0=No, 1=Yes)
0

Use difference of measurements in time-lapse inversion (0=No,1=Yes)
0

Use active constraint balancing (0=No,1=Yes)

0

Type of active constraints (0=Normal,1=Reverse)

0

Lower damping factor limit for active constraints

0.4000

Upper damping factor limit for active constraints

2.5000

Water resistivity variation damping factor

8.0000

Use automatic calculation for change of damping factor with depth (0=No,1=Yes)
0
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Appendix 5. The crosscutting profiles along profile 18. The geology of the crosscutting
profiles is beneficial for estimation of the stratigraphy of the areas where there are no
adjacent boreholes.
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Appendix 6. The geological cross sections along Vomb-Sjobo South of Vombsjon (Daniel
1992).
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IGNEOUS/METAMORPHIC  SEDIMENTARY ROCK CLAY/SILT SAND/GRAVEL
ROCK

Appendix 7. A 3D section of the northern part of Vombsénkan, illustrating the geology of
Sjobo, Vombverket and Revinge.

W

Appendix 8. The surface model results shown with a depth increment of 0.5 m.
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