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Abstract

This thesis aims tdescribea conceptual model of the sedimentoldgy Swedish (or nordic)
conditionsof heterogeneous aquifdosit focusis on a case study in Varberghisto facilitate
the idenification of main watetbearing units (e.g. upper and lower aquifers,-twoensional
and onedimensional flow)y short duration hydraulic testsaluated by the Hvorslauethod
The purpose was farovide guidancén relationto location and design of tigation measure
for the mitigation of pressure and flow focusing on infiltration aodnping The analysis
assumesthat the geometric mean(median) of thesaturated hydraulic conductivityn a
lognormal isotropictwo-dimensional medium (aquifer) is the ewact upscaled hydraulic
conductivity (effective hydraulic conductivity§supta, Rudra, Parkin, & Parkin, 2006; Renard,
Le Loc'h, Ledoux, De Marsily, & Mackay, 2000Based on this assumptiohet median
hydraulic comluctivity from short duration hydraulic tests svaomparé to the effective
hydraulic conductivityobtained from transient (timgependent) pumping tesbt explain
aquifer heterogeneity and spatial variability in hydraulic conductiVite conceptual mode
in combination withshort duration hydraulic testsvas found to be a wvahble tool for
describing the spatial distribution of measured hydraulic conductiviliegation of median
values of short duration hydraulic teBtsm hydraulic conductivity diained from pumping test
could be described iye spatial variability (agter heterogeneity) of hydraulic conductivity
The flow pattern in the aquifers in Varberg generaigm to belisturbed by channel flows in
structures or geological materialsth high hydraulic conductivity (glaciofluvial) that create
deviationfrom a two-dimensional isotropic aquifel.he location and desigaf infiltration is
suggested to depend on tepatial variability of hydraulic conductivityand these one
dimensional chareti flows.

Keywords: Short duration hydraulic tests, hydraulic conductivity, radius of influence,
infiltration, heterogeneity, confineathd unconfineéquifer
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1. Introduction

Groundwater movement and aquitkaracterisatioaretwo important aspects in infrastructure
projecs. If the hydrogeology is natescribed in a relevant wdor aninfrastructure projeat
may lead todamages suchs spreading of contamination in groundwaiitanidis, 1994)
settling and unwanted dewaterirfgVada et al., 2010)Therefore, infrastructure project
commonlyapply for a permit forgroundwater withdrawalAn application issubmitted tahe
Swedish Land and Environme@burtin casethere is a risk thatublic or privatanterestscan
be damagedf there is a riskor damageo sensitive objestor environmentinfiltration might
beneeded to maintain the groundwater lsv@here pumpig in an aquifer occardue to an
excavation orsimilar, the groundwater surfackevel is loweredlocally around the well
(excavation) The groundwater moves along the pressmagient(hydraulic gradienttoward
the well and aadius of influencdor core of depressigndevelog (Fetter, 2001) Theradius
of influencedepends upoaquifer charaeristics such as hydraulic conductivity (describes a
fluids ability to flow in a porous media), aquifer heterogenditg €ontrast and distribution of
hydraulic conductivity), and the type of aquifer (unconfined or confifgd)seman & De
Ridder, 1994)

Hydraulic conductivity (K) variabily tends to exHuit alog normal distributior{Gupta et al.,
2006; Nielsen & Biggar, 1973; Tuli, Kosugi, & Hopmans, 2001; Wen, 1994 edgal,
Jankovil , Fi o rlnatwo-dimebsiogasatropic@he Hyd@gulic propems is the
same in all directiong)omogenousnedum thevariability of K is assumed to bleg normal
andthe central tendency can be described as the geometric(@epia et al., 2006 Further,
for a log normal distribution, the geometric mean equals the median of the pop(Fati@rd
et al., 2000)

Thefocus of this thesis was to evaluatguiferanisotropy andehaviour with the purpose to
selet better locations for artificial infiltratiofin principle, not objectspecific)in a case study
for the Varberg tunnel projednfiltration might beneeded where sensitive objects are situated
within the radius of influence from a pumped wallexcavéon (if no settlement occsronly

a drawdowmmay not be sufficientto damageanobject). Aconceptual sedimentological model
was conneckd to aquifer heterogeneitgnd the spatial variability of hydraulic conductivity
Short duration hydraulic test wassad to measure the spatial variability leydraulic
corductivity.

The hydraulic conductivity obtained from pumping testassumed to be equalttee melian
(bulk or effectivg hydraulic conductivityZech, Muller, Mai, Hel3e, & Attinger, 2®). For a
two-dimensionalisotropic systenwith a lognormal distribution of K, the mediat should
describe the effective hydraulic conductivity obtained from pumping @gbta et al., 2006;
Rerard et al., 2000)Therefore the central tendencymedian)of hydraulic conductivity was
evaluatedor a qualitativecomparison tdhe effectivehydraulicconductivitieswhich would,
for a homogenous isotropic aquifer, be ed@lpta et al., 2006)



1.1 Aim and hypothesis

The aim of the thesiwasto conceptualize a sedimentological model and usg at laasis for
descriptionandanalysisof spatial elationshigin relation tomeasured hydraulic conductivity.
The purposevasto evaluate the usefulnesstlé conceptual moel as a first step fanaquifer
conceptualisatiorand characterisationThis was then used to evaluate aquifer behaviour
(connedatvity and anisotropyand to select possible locatfor infiltration and pumping
Further, the median hydraulic condudiyvbbtained from short duration hydraulic tesias
compared tahe effective hydraulic conductivity.

1. Is the conceptual model okdimentology in Varbergn agreement with resulfsom
short duration hydraulic tests?

2. Can horizontal aquifdneterogeneity be described by short duration hydraulic tests?

3. Under the assumption tfo-dimensionalsotropic aquifers, catie effective hydnalic
conductiviy from transient pumpg tests be described lilge median valueesulting
from short duratiomydraulictest®

Slug test data (and basic time lag) can provide key inpwvaluation ofaquiferbehaviour

and infiltration designThe focuswas on hydraulic conductivity, K (or transmissivity, T),
variability (how spread out or closely clustered a set of data is) and median (50% larger, 50%
smaller) for a better selection of infiltration well location(@8enard et al., 2000)

In this workit was assumal that a transient (time dependent) pumping test 1) describes the
effective (median) hydraulic conductivity (transmissivity) aftwo-dimensionalisotropic
aquifer and that 2) observations in adjacent wells reflects the connectivity of the aquifer. The
intentionwasto investigate if there is aamgreement between the median value obtained from
local slug testing and results from transient tests. A high median &g low variability is
thought to result in a need for few(er) inftion points. A low median K (Tand a high
variability is expected to result in a larger number of points.

1.2 Delimitations

This work focuses on the unconsolidated sedisexpected in Sweden and more spealfic
Varbergand do not consider the bedrock.eTéffect of pumping(and infiltration) and the
development of radius of influence will be considered in relation to aquifer characteristics.
The thesis focuses on artificial recharge systasmia measur® maintain groundwater levels

in infrastructure pojects. Specific and sensitiveobjects (e.g. specific building and their
foundation, specific energy wells or energy wetlgt could be sensitive to a decline in the
groundwater surface will not be discussed in this thEsigher, parmetes relatedo technical
specificatiors such as pumping ratesd capacityof artificial recharge facilities will not be
discussedThefocuswill be onthe lower aquifes.



2. Background

2.1 Infiltration and hydraulic testing

Infiltration and/or pumpingdeals with restoringhe mass balance and the hydrologic equation

in an aquifer systemThe hydrologic equation is based on the law of mass conservation. The
hydrologic equation cabe expressed accordingRetter (2001ps inflow equals outflow plus

or minus the change of storage in the system. For a diydrogeological system the inflow
(recharge) and the outflow (discharge) are defined within a groundwater basin. The
groundwater basin is the subsurface area wisiclelineatel by boundaries (or groundwater
divides) where no groundwater flow contributegshe system budget outside the boundaries.

The movement of water in a porous media (in this case groundwater in sedlisdefined

by Darcyds | atesthaDtherdischarge (Q) ia pvopartioral to the difference in
height or pressure ohé water (h, hydraulic head) between two locations and inversely
proportional to the flow length (L). Further, the flow is proportional to the eses8onal area

(A) of the porous medium In combination with the proportional constant (hydraulic
conductivty, K), which is related to the character of the porous mekd&onedimensional
discharge for the system can be calculated by equhfiBetter, 2001)

0 00— Q)

Wheredh is the hydraulic gradierttetween two points andl is the distance between these
points. This means that groundwater moves from high hydraulic head to losauhgdead,
indicated by the negative signequation 1Lines between points with the same hydraulic head
(or potentiom&ic head) are called equipotential lines (or groundwater cos)todihe
groundwater flow is perpendicular to this line, from higlldaylic head to lowFetter, 2001)

Whenpumping water from aell connected to aaquifer the hydraulic head is lowered in and
around the well (drawdown) amggloundvater is moving towards the welktcording to equation

1. Under the assumption that an aquifer is homogenous and isotropic thpsodilce a radial

flow towards the pumped well. As groundwater level decline a cone of depression or radius of
influence willdevelop.Thegrowth of the radius of influenadepends on duration of the pump
test, discharge rate, aquifer transmissivity (anma@amsferred water per time unit through the
crosssection of the aquifer) or hydraulic conductivity, aquifer heterogengipe of aquifer
(confined or unconfinednd boundary condition&ruseman & De Ridder, 1994yheradius

of influencewill grow with time until steady state is reached. This is aestétequilibrium
where no further drawdown with time occur which simply state that the water pumped from the
well is equal tathe water transmitted by the aquifer.

Where the pumped aquifer does not reach equilibrium (steady statadlitne of influencevill
continue to grow until it reaches a boundary, or the hydrologic equation is balanced by recharge
from a supplying facily (artificial recharge)(Fetter, 2001) The madius of influencein a
homogenous and isotropinconfined aquifecan be calculated by a simple equasaggested

by Kirieleis-Sichardt (193Q)equation 2



Y onmnt WO (2)
Where R is the radius of influence andsthe drawdown at the pumped well.

In a confined aquifepumped groundwater is released from elastic or specific st¢&ga
confined aquifedoesnot get direct recharge froprecipitation(due to the comfing layer)and

the radius of influence will grow until a boundary is reacHgoundaries are divided into
rechargeand barrier boundaries. A recharge boundary is where the system (aqaifer)
replenished. Barrier boundaries are whereatigfer terminags by either meet an impermeable
boundary or thinnindFetter, 2001)If no recharge occur the radius of influence will grow
continuously as pumping contira@onequilibrium or transient flow(Fetter, 2001)Transient

flow means that the inflow pareeter in the hydrological equation is not in balance with the
outflow and he dange in the stageof the aquiferThe growth of the radius of influence is
hence timedependent for transient flowBherefore, the development of the radius of influence
for a two-dimensionalhomogenous and isotropic compressible confined aquifer, which is
horizontl and infinite in extent with no source of recharge pumped at constant rate can be
calculated by equation(&ooper & Jacob, 1946)

v 8

3)

Where r is the radius of influence, T is the transmissivity, S is the specific storages amel t
time sinceghe pumping bean.

For radial fow and a symmetricatadius of influenceto develop the aquifer must be
homogeneous and isotropic. In most natural aguiteese conditions are seldom the case
(Fetter, 2001) A nonhomogeneous (heterogenous) and anisotropic aquifer will create an
unsymmetricakadiusof influencedue tothe change m the porous medigsediment) Where

there ishigh hydraulic conductivityin the system (aquifethe radius of influencéends to be

wide and flat As thehydraulic conductivitydecrease theadius of influenceges steep and
narrow(Kruseman & De Ridder, 1994)

These aquifer paraetes are important when determining tiaglius of influencdor pumping
or infiltration and to determent if aradius of influence will reachsensitive objectk
(environmental or cultural) that need to be protectdterefor, determination of artificial
infiltration locationdependsipon these paramete#stificial infiltration can be used to limit
the developmenof the radius of influencby creding an artificial recharge bounda(izetter,
2001)

2.1.1 Artificial groundwater recharge

Artificial groundwaterecharg€ginfiltration) systemare systems that aim to restore or enhance
the mass balance in tlaguifer Artificial rechargecanbe used for ammunity water supply,
enhance groundwater quality and remediation, prevent saltwater int(Bsiower, 2002and
preventdewatering of surface water and sigence (setithg) (Wadaet al., 2010)Infiltration

can be done both in unconsolidated sediments atftkipedrock.There are several types of
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infiltration facilities dependent on local conditions. Surface infiltration in basins, vadose zone
(the unsaturated zobetween grouthsurface and the groundwater talg)nfiltration in wells

or trenchesnddirect injection in wells are common methods for artificial rechéBgpriwer,

2002)

In this thesis the focus is on artificial recharge systems as a methwevent the radius of
influenceof growingin the unconsolidated sedimenitsan aquifer system the drawdown from
the pumping decreasehe pore pressure and the effective stregh the consequence of
compression and consolidation of tleelisnents This situation is morpronouncedn confined
aquifers(e.g. a confining unit withow hydraulic conductivity covering more permeable
sediments)If the pore pressure increasas in the cas of too highwater pressure (tohigh
water column)in the infiltration facility the effective stress will increase and consequently the
sedimentwill expand(Zhang, Wang, Chen, & Li, 2017)herefore, recharge is limited by the
infiltration capacity of thesedimentsThe infitration capacity is defined by the capacity of soil

to allow water to percolate under the influence of gravity. The infiltration capacity varies
dependenbn sedimentheterogeneityPedretti, BarahonRalomo, Bolster, Sanch&ila, &
FernandezGarcia, 2012)This leads to that there are limits to which capacity and pressure an
artificial rechargdacility can have dependent on tresnenttype andheterogeneity

2.1.1.1 Surface infiltration

Surface infiltrdion usesinfiltration basins where water is gathered and can infiltrate the
sedimentsand percolate to the groundwater. This method requires that the vadose zone have
high enough permeabilitpr thatthe confining layer is thin enough b@ remove and enough

land areas. Where there are semnfined to confined aquifers with thicker confining loed

high vertical heterogeneityhis method is notecommended since perched wetdles ca

form and restrict the downward flow and recharge to the aquifer. Also, this type of infiltration
method requires adequate maintenance since cloggingsdemuto accumulation of suspended
solids, formation of bifdims or gases. This redus¢he hydraulke conductivity and hence
groundwater recharge decreafgsuwer, 2002)

2.1.1.2 Vadose zone infiltration

Where the unsaturated zone lasérhydraulicconductivity or where there is lack of land area

for infiltration basins vertical infiltration methods an be used. Water can be infiltrated in
trenches or wells in the vadose zone. Trenches are gerdguglty a depth of feterwith a
surface area adpproximatelyl meterin cross section. The trench is filled with coarse sand or
gravel. Water is usually applied in the trench through a perforated pip#latis.are also filled

with gravel or sand, ispproximately 1meterin diameterand water is applied through a
perforated pipeline in the centre of the well. The well is typically deeper than the trenches (up
to 60 metes) and is hence more suitable for areas with a thick vadose zone. Vadose zone
infiltration is a rather inexpensivafiltration method A disadvantage is that the system
eventually clogs up since backwashimgverse pumping oivater to wash out the clogged
layer) is impossible Both Vadose zone and surface infiltration has the advanthge
geopurification as the watepercolate through the unsaturated z@®uwer, 2002)
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2.1.1.3 Well injection

Where land surfaces are insufficient, the vadose zone has low permeability, aquifer is deep, or
theaquiferis confined direct injectionof water through groundwater wells aftenused This

method of infiltration sets high demand o thvater quality of the water infiltrated since no
geopurificationoccur. If the groundwater is used as drinking water the infiltrated weteds

to be of drinkingwvaterquality. The advantage of this rhed is that clogging can be preveat

by backwashing@nd hence the construction has a longer lifegBanwer, 2002)

2.1.2 Risks and opportunitieswith infiltration

The need for infiltration is dependent on whether there asetshjvithin theadius of influence
sensitive to a change in the groundwater levidiereforerisks and opportunities féheusage
of infiltration facilities must be evaluated to the riskattfollows if no measures are taken.

2.1.2.1Remediation and spreadingof contaminants

Where infiltration is needed there is a possibility to remediate contaminated aduifapsng
gives the optiorto remove polluted groundwater byh e meump ardl tre@t clean the
water,then infiltrate it back into the aquiféChen et al., 2019)f surface infiltration is possible
(basinspumped groundater can by geopurification be remediated wheretisaturated zone

is of acceptable thickness and permeabilitgeopurification is not possible (for example in
confined aquifer) the groundwater needs to be treated before injection in the @@pufeer,
2002) Though, there is ask with these systems that contamination plumes spread or dilute in
the aquifer rather #m get remediated. In the lostgrm there is a risk of increasing dilution of
contamination plumes in heterogenous aquifer systems because of spatial vamaboity i
velocities(Kitanidis, 1994)

2.1.2.2Aquifer depletion

If aquifer depletion occusrin the vicinity of the ocearthe risk of saltwater intrusion must be
considered. If the groundwater levels are loedethe hydraulic gradierttould cause saltwater

to intrude ino the groundwagr system. In the lonaterm sedevel rise as a consequence of
global warming couldeadto saltwater intrusioyif sealevelsriseabove the groundwater levels
(Werner et al., 2013Another risk associated with aquifer depletion is the risk of subsidence
and settling(Wada et al., 2010)in confned aquifes these effects are gerally irreversible
(Bouwer, 2002) In an aquifer system that feeds surface watéich is often the case in
Swedena change in thgroundwater levels could resultdnainage otlose bywaterbody like

lake or riverswhich could havescological consequenc@runner, Cook, & Simmons, 20Q9)

2.1.2.3Enhanced groundwater movement

Clogging is a common problem in infiltration systems which reduces the infiltration rate
(Bouwer, 2002) The opposite problem could also arise since infiltration and pugrgyistem
increase thegroundwater movement. As groundwater movement increaseerosion rate
increass, and theefore thehydraulic conductivity of the aquifer could increase over time
(GetteBouvarot et al., 2015)Pumping of groundwater ngpresses the soils and make them
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move towards the pumped well. Infiltration or recharge have the opposite effect, the soils
expandand move away from the infiltration facilifZhang et al., 20170ver time this could
lead to a change in the aquifer characteristic.

2.1.3 Short duration hydraulic tests

To describethe hydraulic properes of an aquifer hydraulic tests are performéd.short
duration hydraulic testoften referred to as slug tests when a volume of water or a
displacement body is abruptly addedor removed froma borehole raiag/or loweringthe
hydraulic headh) temporally compared tahe static water leveffigure 1). The resulting
pressure changeeates typeurves with pressure and time. These curves can be used for
evaluation of aquifer characteristics.

Slug and bailerare two commonly used methods slug is a heavy cylinder with a certain
volume which can both raise (by insed the slug inthe well) or lower (remawg the slug

from the well) the hydraulic head. The bailer method only lowers the hydraulic heaclty ins
the bailer under the static water level. The bailer is filled with water and is then rapidly removed
(Holting & Coldewey, 2019)

The theoretical background for slug test is that the time for equalization of pore waterepressur
in response to a change in hydrostatic head is inversely proportional toydnaulic
conductivity of thesediment The timerequired for eliminating pressure differences is called
the time lag. On a serAvgarithmic plot, the head ratio versus timel\wi linear. The slope of

the line is proportional to the permeability of eoguifer(Hvorslev, 1951)

Land Surface
h_._,_——""-'_‘_-—_ __‘——u_.____—

4 ¥, = Initial Velocity
Water Level in Well = hit) L

. Hir.t) = Head in Aquifer
Sratic Water Level ~

3

—

Z, = Static Water Column
Above Screen

777 - PV P P P A

Screened Interval = bL-—
(FAAAAHIIAIAIIII I AP AAII AT NG

Figure 1. Typical slug test situation.

Figure 1. The configuration of a short duration hydraulic tegten fromMcElwee (2001)Application of a nonlinear slug
test modelRetrieved fronmttps://www?2.scopus.com/inward/record.uri?eids2.00031149311&d0i=10.1111%2f].1745
6584.1997%b00110.x&partnerID=40&md5=8f6¢c41705459be6ac41041c716cdD4e7

Hvorslev (1951) Cooper, Bredehoeft, and Papadopulb®6() and Bouwer and Rice (1976)
are the most widelysed methods for slug test evaluation. All these three are linear theoretical
models and assunaguifer homogeneity and isotropiyhe Cooper et al. (196 /nethodis the


https://www2.scopus.com/inward/record.uri?eid=2-s2.0-0031149311&doi=10.1111%2fj.1745-6584.1997.tb00110.x&partnerID=40&md5=8f6c41705459be6ac41041c716cd04e7
https://www2.scopus.com/inward/record.uri?eid=2-s2.0-0031149311&doi=10.1111%2fj.1745-6584.1997.tb00110.x&partnerID=40&md5=8f6c41705459be6ac41041c716cd04e7

only method that accounts for storativity. It assumes a fully penetratingtweitimensional
radial flow to or from the welin a confined aquife(Mas-Pla, Yeh, Williams, & McCarthy,
1997) The Hvorslev and Bouwer amtice methods are developtxat usage on both fully and
partialy penetrating well{Bouwer & Rice, 1976; Hvorslev, 1951)he Baiwer and Rice
(1976) methodvasdeveloped to be more suitable for unconfined aquifers and if the well screen
is above the water table.

The most suitable method for evaluatiomf aquifer propertiesdepends on aquifer
characterisatiofficonfined, unconfined expected storativity of thaquifer, aspect ratio of the

test interval and the radius of twell screer{Mas-Pla et al., 1997)The screen (or filter section)

is the open or perforated interval of the well where groundwater can move from or into the well
andaquifer.

Mas-Pla et al (1997) compared these three methods in a sandy asuifeoncluded that the
Hvorslev an the Bouwer and Rice method are most representative ifotyghe ofaquiferand

that these two methods resulted in similar hydraulic conductivitl@s was thought to be due

to that the only difference in the two methods is the form factor related to the well function.
The Hvorslev method generally yielded lower hydraulic conductivitias the Bouwer and
Rice methodMas-Pla et al., 1997)

For evaluation ofthe hydraulic conductivity (KButler Jr, Bohling, Hyder, and McElwee
(1994)reported thathe Hvorslev method provideacceptable pametr estimates in the ratio
of screen length to the radius of the screen between 3 anBa3@0etr estimate®f hydraulic
conductivitiesvhere within 20 percent of actuaydraulicconductivitiegButler Jr et al., 1994;
Hyder, Butler, McElwee, & Liu, 1994)At larger aspect ratios and storage parsCooper
et d. provides better estimat¢dasPla et al., 1997)The Bouwer and Ricenethodhas been
reported to estimatdydraulic conductivity pareneters within 30 percent of the actual
conductivity values in unconfined, isotropic and homogeneous aq(ifgder & Butler, 1995;
MasPla et al., 1997)

Short duration hydraulic tests are easier and less si@eto perform thn pumping tests
(Holting & Coldewey, 2019; MaPla et al., 1997)These are atsproven valuable when testing

is needed atantaminated areas because there is no extraction of groundwater (é@tiag

& Coldewey, 2019) Shat duration hydraulic tests are thought to give a good estimation of
spatial variability of hydraulic conductivity and hence the horizontal heterogéBedtychler,

Hu, Hu, & Ptak, 2012; Ma®laet al., 1997)

There are also methods developed for multilevel slug teatatgsethe vertical heterogeneity
(Brauchler et al., 2010; Zemansky & McElwee, 20@mansky and McElweg@005) found

that averagednhultilevel slug tes showed hydraulic conductivities in the same magnitude as
results from slug test conducted over the entire screen length. Jones (1993) found relationship
betweenresults from pump tests in the same magnitoidbydraulic conductivity & results

from slug tests in unweathered tiutler Jr and Healey (1998)und that, on average, slug test

data yield lower hydraulic conductivitydah pumping test within theame formation.



The drawbek with slug testis that they only sample on local scale around the well and the
well function, installation and development may be dominant in rqsuli®nes, 1993When
performing multiple slug teswvith different initial heads the linear theoretical methods states
that the type curves should coincide on a segrithmic pld. If this is not the caseonlinear
effects influence the evaluated result. Nonlinear effect are effects related téaotbesthan

the soil permeability. The nonlinear effects can be caused by turbulence because of the slug
velocity, friction loss, adius change in the well b and mobile fine fraction in the soil.
Nonlinear effects are most pronounced in aquifenish high hydraulic conductivity
(underdamped or oscillatorgquife). Underdamped or oscillatory response is when the
hydraulic conductiity is high enough to prode pulses (waves) by the velocity of the slug, as
on a free water surface. Nonlinear effezds be of importance in medium and Ibwdraulic
conductivity (overdamped or nonoscillatory) aquifers as wiet example if there is abile

fine fraction in theaquifer Exactly how to deal with nonlinear effects is unci@amansky &
McElwee, 2005)

Nonlinear effect can be determihby conductingeveral slug tests with different initial head
(H(0)). If the response is changing with initial head, there are nonlinear effects. If multiple slug
test with the same initial head response in different ways, there is noise in the detayelt t

is changng as tests are conducted. As the hydraulic conductivity increase towaidaoveed

or oscillatory responseelocity and acceleration of the inserted slug becomes significant for
the result. If corrections are not made the velocity ewtlater column Wl decrease pressure

and the head is underestimated. When mobile fine grain material is present Hvorslev model
may not be valigqMcElwee, 2001)

2.1.4 Transient pumping tests

Pumping tets are thought to be representative for thedrae hydraulic conductivityof an
isotropictwo-dimensionahquifer(Renard et al., 2000Both slug tests and pumping tests deals
with estimation of hydraulic properties of aquifer systems. While thg ssts (or sho
durationhydraulictests) increase or decrease the hydraulic head in the well by adding or remove
asmallervolumeof water pumping test involve groundwater withdrawal by larger quantities.

During a pumping test groundwater withdrayggnerally with a constant raie performed in

a well. The responses in one or several other wells around the stressed well are recorded to
determent the heterogeneity and connectivity in the aquifer sy@famadis, Lefebvre,
Gloaguen, & Giroux, 2016 The influenced area of the tesssa function of the system
hydraulic conductivity (or transmissivity), aquifer condition (unconfinediced) and aquifer
heterogeneity or diffusivity (speed of pressure disturbance is aquifer sykiers¢man & De
Ridder, 1994; Paradist al., 2016) Aquifer paraneterestimate determined by pumping test
involve the median (mean or effective) hydraulic conductivity. The early response between the
stressed well and the obsernat well (interwell region) are most sensitive to pareter
estimate(Gupta et al., 2006; Paradis et al., 2016; Renard et al., .288@he influenced area
increass outside the intewell region the influence gfaranetes within the intemwell region
decreaséParadis et al., 2016)



2.2 Geological and hydrogeological description

A relevant conceptual model of the stratigraphy (geology) and type of aquifer (hydrogeology,
e.g. confined, uranfined) are key for the evaluation of the raulic properties. The following
section describes a conceptual model of the sedimentology in different parts of Sweden. This
aims to demonstrate differensdetweenaquifer systems dependemt geographical location.

An early and relevant hypothesis bétgeological conditions will allow for confirmatory rather
thanexploratory investigations.

2.2.1 Quaternary geologyand geological historyin Sweden
The unconsolidate sediments in Sweden are mainly quaternary deposits from the latest ice

age(Kleman, Stroeven, & Lundqvist, 28; Stroeven et al., 201@pdthe most common soil

type is till. Around 75 percent of all unconsolidated soits Sweden are til("Geology of
Sweden," 2019)As mentioned in sectio.1 recharge to an aquifer is dependent on the
infiltration capacity, the transmissiy of the aquifer, the type of aquifer and the heterogeneity

of the aquifer(Bouwer, 2002; Pedretti et al., 2012)ll these parmetes are related to the
sedimentology of an area. Different depositional environments and processes form different
types of sediments and hendeet aquifer character is related to these processes.

Theconcepualisationof typical Swedistsedimentology and stratigrapiwil be based on and
further developd basean the geographical and ice dynamic sectors suggested by Stroeven et
al. (2016).Glacier dynamicscontrols,to a large extenthe erosion and deposition patterns
within anglacier(Kleman et al., 2008)n acold-basedjlacier, the ice is frozen to the bed. The
consequence of this is that the ice b internal deformation rather than slidifenn &
Evans,2014) This slows erosionates down and increases the preservation potential of older
sedimentgBergman, 2018; Kleman et al., 2008; Stroeven et al., 2@l @)arm-basedce is

above the freezing poirdt the bed interface and the glacien &lide. This has the opposite
effectin that itenhance erosion rates and decrease preservation pdté€laimbn et al.2008;
Stroeven et al., 2016)

In the following setions a generapicture of thesurficial sediment of Sweden and the
processes involved will be preged The aim is to give a picture of which type of aquifer
system that can be expected to be found dependent on loceSamden.

2.2.2 Glacial history of Sweden
During the quaternary period Sweden has been subjected to several glacHimrast

glacidion, the Weichseliaroccurred between 1151.7thousand years ago (k@njar, 2012)
During Weichseliarseveral glaciation and warm periods, called interglacial mrsadial,
occurredMost of the older deposited sediments was removed during/éehselian(due to

the erosive power of glacierahd hence most unconsolidated sediments found in Scandinavia
are 115 ka oyounger(Mangerud Gyllencreutz, Lohne, & Svendsen, 2011)

The last glaciamaximum (LGM) during the Weichselian occurred2& 20 thousand years

ago and it covered all of Scandinavia, the Baltic states, western Russia, Northern Belarus,
Poland, Germany, Denmark, Netlads and all the way to Irelar{@troeven et al., 2016)
Before the LGM threenajorinterstadial had occurred during the early and middle Weichselian,
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where large parts of Sweden were ice free. These are the Brgrup, Odderade and Alesund
interstadials. Dring the Brgrup and Odderade interstadials, which occui®@8damhd 80ka,

where characterized by almost Hitee conditions in entire Sweden. During the Alesund
interstadial (3835 kg most of southern and central Sweden wherdree while the northern

part where mainly below ice, excepsmall part of the easbast(Mangerud et al., 2011)

The lateWeichselian is the phase of the LGMonfinal deglaciationMangerud et al., 2011)
During the Late Weichselian deglaation there where severstiandstill ande-advances. One
major readvance ocaued during a colder glacial period callédunger Dryas, 12 ka, which
produced the Middle Swedish Entbraine zone. The glacial front was then positioned on the
latitude of Lickdping (Johnson & Stahl, 2010; Stroevet al., 2016)

The glacial history of Sweden suggests that there could be several glacial and deglacial
sequences in the stratigraphic recokiswever,the erosion by later glaciers has often erased
older deposited sediments. Still, sediments have ba@md from edier interstadials and
glaciations where glacier dynamics has been favou(Blelen & Evans, 2014; Bergman, 2018;
Hattestrand & Stroeven, 2002; Kleman, Borgstrom, Robertsson, & Lillieskéld, 1992aKlem

et al., 2008; Lagerback & Robertsson, 1988; Mdller, 2006; Maller, Anjar, &&ju2013)

2.2.3 Conceptualsedimentologicalmodel of Swederas a basis for aquifer
characterisation

2.2.3.1Northern Sweden (north of Luled)
Most of northern Sweden have besaid-basel upon final glaciatior{Hattestrand & Stroeven,

2002; Kleman et al., 2008; Stroeven et al., 2088)prolitega zone in the lower soil profile
which represents deep weathering in the bedrochkhe sratigragical recordindicaie low
erosion ratesduring former glaciations The lack of features indicative for thawed bed
conditions and reshaping by glacial ghdifurther strengthens this theofBergman, 2018;
Ebert, Hall & Hattestrand, 2012; Hattestrand & Stroeven, 20D2posits of organic or nen
glacial cold climate sedimentsave been found also indicating preservation of sedsnent
deposited during interglacial cold periods, Brgrup and Oddé@ibard, 1992)The northern
part of Sweden has been glaciated during the longes{&imoeven et al., 2016)

Thecentral and nortbf Sweden was below an ice cap that was approximat2)y Rilometes.
This have led to considerable suppression of the buoyant lithosphere and hergtagmist
isostatic uplift as a consequence of unlogdiGranas & Ising, 2008)The highest coastline
(HK) is the line that repseent he highest point where the land has been below sed Bjtetk,
1995) The highest coastline ithe northern Sweden is approximately 26tetes above
(todays) sea level MASL) (Passe & Daiels, 2015) Because of thjglaciomarine sediments
can be found far inland from todagoastline.

There are well developed deglacial landforms as well as inheritddtpré/eichselian glacial
landforms such as Veiki moraine, drumlins, and eskerthénnath of Sweden. During
deglaciation stagnant ice could covekers and glaciofluvial deposits laythinner layer of
meltout till (Lagerback & Robertsson, 1988)jowards the coastal areBe Geer moraines
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indicate acalving ice marginFurther inland deglacial landforms agenerallyless developed
(Stroeven et al., 2016)

Advance of a cokbased glaciershat override of frontalepositions and lakes can create
considerable basal debris layer. Thengrates a thrust block moraine of sand, gravel and silt
(Hambrey & Glasser, 2012puring deglaciaon of acold-basedglacier the major landform
recorded is lateral meltwater chann@&nn & Evans, 2014)This gives a simplified glacial
advance and recession stratigraphy of thrust block moraine below clastidasgtdiment.
Bergman (2018) presented till deposition from three glaciations, Saale, middle and late
Weichselian. Thee till units are often separated by organic or clastic waigsediments. This
stratigraphy is well consistent with the above explanatiate Weichseliartill is generally

only a thin sequence ofd metes covering old glacial and neglacial depogs (Stroeven et

al., 2016) The moraine in the north of Sweden is generally sghdgerback & Robertsson,
1988) Most of the aquifeyabove the HK are therefore thought to be unconfined and made up
of sandy till. The till could has considerabléhicknesssince it can represent three different
glaciation cycles and be dividéy waterlaid and organic sedimentigure 2)

Below the HK the laté&Veichselian deglaciation was maritime. Earlier, during the two glacial
interstadial cycle and tle last advance before the LGNhe glaciation environmenwvas
terrestrial(Mangerud et al., 2011Yherefore, the model for sediment deposition acogrth
Bergman (2018) would applyhough, drringthefinal deglaciation the thermal regime in these
areas changed to watibased which typically enhance eros{@enn & Evans, 2014; Stroeven
et al., 2016) Therefor sequees of advance and piage Weichselian deposits are not thought
to be as continuous as further inland.

The De Geer moraines reveals a calving margin with pc@jlevater depth in excess of 150
metes during deglaciatio(Lindén & Moéller, 2005) Basal till is first deposited. As the glacier

front recede subaqueous fan deposited at the grounding line by sediment gravity flows.
Suspended material is carried by water and deposited further away covering the earlier
deposited sediment3hese finggrained sediments can be deposited along with drop stones
from icebergs(Benn & Evans, 2014; Hambrey & Glass@)12) Fine-grained material
continue to deposit and overgoes to mud and organic deposits as the ice front retreats further
(Hambrey & Glasser, 20)2sostatic uplift causes regression and the shoreline retreat causing
rewaking by waves and redeposition of the outwash material, such agPsss® & Daniels,

2015) Below the HK aquifers are suggested to be confined and sediments below the confining
layer are basal till and sedimegravity flows.Reworking and demition of postglacial sands

could create &wo aquifer system with an uppenconfinedaquifer of outwash sedimerasd

sand above the confined aquitégure 2)

2.2.3.2Central Sweden (south of Lulea to a line draw between Norrkoping-Karlstad -
Stromstad)
The deglaciation in the central of Sweden was maarhestria) exceptin the coastal areas and

valleys below the HKconnected to the coasthe HK in central Sweden is found between
approximatelyl40 to 300MASL. The most pronounceadosatic upliftis foundin the province
of Angermanland and tHeast prounounceia the southern agg around Norrkdping, Karlstad
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and Stromsta¢l). Lundqvist, 189; Passe & Daniels, 201Below the HK the deglaciation was
in lacustrine to maritime environment, since the Ancylus lake developed to the Yoldia sea
during the deglaciatio(Mdller, 2009.

The area otentralSweden ishought tohavehada more polythermaland warmbasedasal
thermalregime A polythermal glacier has a mixed basal thermal regimetestiperatureboth
below and above the freezing pdiBenn & Evans, 2014The tensive record of striae, eskers
and lineation indicate domination of warnibased thermal regimgStroeven et al., 2016)
Therefore, compared to the naeth partof Sweden,prelate Weichselian landforms and
depositarerarer.Still, the mountains ithe west are thoughtive beesubjected to coldbased
ice for considerable time leading to preservation of older glacial defétitsestrand &
Stroeven, 2002; Kleman al., 1992; Moller et al., 2013)his hasbeen concluded by the
finding of organic layers which represent patesfacegrom interstadialgKleman et al., 1992;
Moller et al., 2013)

During the Weichselian glaciation the areas subjected tdour interglacial and three
interstadial§yMangerud et al., 2011)This makes the central part of Sweden the area where
most glacialinterstadial cycles have occurred during the Weichselian glaciation. During the
LGM central Sweden was celthsed. But upon the final deglaciation almost the entire central
of Sweden was warthased, except in the western mountain #§8teoewen et al., 2016)In
central Jamtland and Ljungatijusnarn area larger iedammed lakes was developed leading
to deposits of glaciolacustrine sedimefi@enn & Evans, 2014; Stroeven et al., 2016)

Prelate Weiclselian deposits are considered erased from the sedimental record under the late
Weichselian warnbased ice. Stillat the western mountain area fae Weichselian tills
separated of paleosol has been fo(iildman et al., 1992)n these areas lacustrine aajgfon
deposits intemeted as deposited durindarine Isotope Stagdb (MIS 3b), the interstadial
before LGM, has been found. These sediments are overlaid by basal till fror{MGMr et

al., 2013) The many glaciainterstadial cycles are therefore suggested to create a more
complex stratigraphy in this areamd at he mountaimpre-late Weichselian depositould be
foundunderLate Weichselian deposits. In the northern and western part of central Sweden, the
ice recession changed direction transverse across valleys causing a cease in deposition o
glaciofluvial depogs since drainage in valleys occurred under shorter sippaasKleman et

al.,, 1992; J. Lundqvist, 1969)This also contribute tchigher preservatiorof prelate
Weichselian sediments.

In thesouthern and eastern areas in central Swedlérbasedylacierdid not prevail upon final
deglaciation Therefore, most of the sediment recm@e thought to be from the last
deglaciation(Klemanet al., 2008)Larger esker systems generally follow valky/stem both

in supraaquatic and sulquatic depositional environments. These larger esker systems have
often erased older sediments to the bedrock. Above the HK damymee lakes produced
lacustrine deltas which some places developed to sandur syMérase larger glacial lakes
existed, sukaquatic eskers covered with figeained deposits can be fou(8enn & Evans,
2014; J. Lundgvist, 1969; Moller, 2008)hick deposits of quaternary sediments in valleys are
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covering the bedrockToward higher ground the deposits gets thinner and the heights are
generally covered with a thinner unit of (iMdller et al., 2013)

Below the HK sukaquatic eskers have developed to deltas dstamgstillan the ice recession

(Benn & Evans, 2014; J. Lundqvist, 1969; IMd, 2006) Thesestandstillscan be seen by trace

of marginal moraines in UppsalRudmark, 200). The sedimental modeare generally the

same as the model presented for the northern of Sweden below the HK. The difference is that
more commonly,the prelate Weichselian sedimentsivebeen eroded by theasm-based ice
(Kleman et al., 2008; Stroeven et al., 2018)e sedimenibad is suggested to be higher due to
higher erosion ratand higher discharge of water and metdstantialproximal and distal

deltas can build ufHambey & Glasser, 2012Jfigure 2

2.2.3.3Southern Sweden (from Scania to a line between Stromstad and Norrkoping)
The southern parts of Sweden only experienced one glateastadial cycle before the LGM

(Mangerud et al., 2011The deglaciation of southern Sweden was mostly slow and terrestrial
with major standstii and minor readvanceswhich have resulted in ice marginal fimations.

The thermal regime in southern Sweden during deglaciationvamas-basedwvhich affect the
erosion. Still, at some places the basal condition remainkHbasedduring the complete
deglacation which resulted in limited glaciatosion(Stroeven et al., 2016pouthern Sweden

has only had two interglacial during the Weichselian and has therefore been glaciated shorter
time than the northern and central Swed@dhangerud et al., 2011The southern of Sweden

will be subdivided into fourareas, Mt. Billingen, Southwestern aresgwefeden, South central
Swedenand Scania.

2.2.3.4Mt. Billingen
A colder peiod called Younger Dryas was initiated here. As a consequence a frontal advance

took placgJohnson & Stahl, 20107 he ice sheet retreat slowed down and oscillatory advances
occurred creating the Swedish Middle End Moraine Zone (MSEBhnson, Wedel,
Benediktsson& Lenninger, 2019) The area west and east of Mt. Billingess been subjected

to processes related to the outburst of thei®Bhle Lake, the development to the Yoldia Sea
and later the Ancylus dke (Andrén, Lindeberg, & Andrén, 2002; Bjorck, 1995)he
development of the area started watplacial phase. As the deglaciation took place the Baltic
Ice Lake started to evolyBjorck, 1995) The lake was dammagp and had no contact with

the sedBjorck, 1995; Stroeven et al., 201&Yhen the deglaciation reached Mt. Billingen, an
outlet was opened connecting the Ralte Lake with the Atlanti©cean, a phase called the
Yoldia Sea. The following regression resulted in disconnection to the Atlantic and a new
freshwater phase started, the Ancylus Lake which later on drained through Oresund and
developed into the Baltisea (Bjorck, 1995)

The history of this area makes the stratigraphy different from otheriar8agedenJohnson
(2010)Analysed sediment cores west of MBillingen and found out that theveereno prelate
Weichselian deposits in the sequences. Théesehwas 120130meter above todays sea level
and during deglaciatiormainly fine-grainedglaciomarinesedimentswere deposited. Till is
generally arare £diment type in the area. Thick lag@f glacial varved clayhas then been
deposited in areas below seael (Johnson & Stahl, 2010; Johnson et al., 2028) the ice
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front reached the north of Mt.Billingen arazection between the ocean and the Bateclake

was opened. A drainage of the Baltic Ice Lake followed. Two drainage event is thought to have
occurred but evidence of drainage deposits is lackiimfinson etl., 2019) During the
construction of EQ in G6tene poorly sorted sand and gravel was found in between layers of
varved marine clay indicativef an outburst ever{fohnson, Stahl, Larsson, & Seger, 2010)
Outwash fans, some eskers &odnmockytopography, which is irregular morainic topography
associated with supraglacial origidenn & Evans, 2014 pare found on intemoraine flats. The
sediment depth can be up to @tes but is generally 280 metes (Johnson & Stahl, 2010;
Johnson et al., 2010)

The area east of MBillingen generlly has a thin layer of till beneath the thicker figeined

layer which is of both lacustrine and maritime origin. Before the opening of Mt. Billingen
connectionthe deposition was lacustrine at the ice front. AfterBaltic ice Lake wtburst, the
conditions become glaciomariferomm, 1976)The isostatic uplift deonnected the twareas

and the laustrine phase of Ancylus Lake was developed. During the final phase of the
development of the Baltic Sea most of the area was above sea level. Only a bay in the area of
Norrkoping was still below sea levijorck, 1995) At heights a thinner cover of basal sandy

till was depositedFromm, 1976)

2.2.3.5Southwestern areaof Sweden (Amal down to Varberg)
The relief of the west coast thought to have shaped a landscape during deglaciation with

drainage in longer valleygalving bays,and archipelagosThe ice moven@ was down in
fjords and fissure valleyShis left a rather shallow layer of till at the hill toghe valleys
acted as drainage channéHillefors, 1979) There has been several mirmdvances and
standstillsduring thedeglaciationPlink-Bjérklund & Ronnert, 1999; Stroeven et al., 2Q1%)
major standstill and ie&ront advance mixed deposited glacial clay with till which produced
clay moraine and also the pronounced end mosaseen in the west coast ar@dillefors,
1979)

The sedimentology of west coast of Sweden is characterised by maritime, glaciomarine deposits
and larger endnoraine ridges. Generally, the presence of till is sparse cechpathe rest of
Sweden. The shallow deposits are dominated by bare rock and glacial and postglacial clays.
Glaciofluvial deposits are more rare in this aremtine rest of @eden(Adrielsson & Fredén,

1987)

The glacial settings of the south western Sweden with vieased ice andrainage in valleys
suggests that preservation of old sediment is (Benn & Evans, 2014; Hillefors, 1979)
Therefore, sediments are assumed to be deposited duringsthiedlaciation phaseince

valleys acted as drainage channels glaciofluvial material is expected to be foun®therg
deglaciation the bottom layer of basal till or glaciofluvial material was depaostiédfors,

1979) Atice margins deltasavebuilt up duringstandstillsin the recessio(Plink-Bjérklund

& Ronnert, 1999)A major standstill and iefont oscillationmixed deposited glacial clay with

till which produced clay moraine and the pronounced end moraine seen in the west coast area.
As the area becomes e glacomarine clay deposite@illefors, 1979)
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As deglaciation continued the sea level decreased due to is¢Btsse & Daniels, 2015)
Around 10000/earsbp the sea level rise overcome the isostatic uplift and a transgréssk
placewhich reached its highest poitound7000bp (Passe & Daniels, 2015 he glaciaktlay

was reworked at many places and gglatialfine grained sedimentgsas deposite(Adrielsson

& Fredén, 1987)Due to the high deposition of clays covering high conductive glaciofluvial
material, eskers or deltas are asteasily found by geomorphological features as in othes part
of SwedenThe till on the west coast is generally sandy to silty in compogifidrielsson &
Fredén, 1987)The suggested dominated aquifer system is confined adfidgfigre 2)

2.2.3.6South central Sweder(highlands in Smaland)
The highlands in Smaland is locaied¢he middle othe south of Sweden are thought to be an

area wherghe thermal regime of the ice sheet has beeld-basedfor a longer while during
the last glaciatior{Stroeven et al., 2016Yhe area hasever been below sdavel and fine

grained sedimentare therefore glacial, glaciolacustrine or lacustfiremdahl et al., 2013)
Larger and thicker layers ofay and silt as therefore rarer than in the coastdsand hence
confined aquifers are rar€he area was subjected to terrestrial and slow deglac{&icreven
et al., 2016)

Glacial topography such as ribbed moraine, drumlines, hummocky marrainglaciofluvial
depod#ts are common ithe aregMagnusson, 2009; Mdller, 2010; Mdller & Murray, 2015)
Ribbed (or Rogen) moraine genesis are not fully understood but it could be glacial reshaping
pre-existing Bndforms and therefor an indicator of preservation of deposits from older ice
sheetqJ. Lundqvist, 1997; Moéller, 2006pther suggest that the landform is more polygenetic
and the term only lould be used as a daemptive, morphological term(Moéller, 2010)
Glaciofluvial deposits generally increase in frequency west of Vaxj6 and isdes®fit to the
east(SGU, 2019) Glaciofluvial depositsare generally the top most sediment but could be
overlaid by a layer of til(Magnusson, 2009

2.2.3.7Scania
Scania is the region in Sweden that has been glaciated dbesportest periodRingberg,

1989) Most of Scania is located above the HK except areas near theTdoasirea has never
beencold-basedStroeven et al., 2016$cania has many glacioflial deposits and striae which
indicate sliding and warrhased conditiongHebrand & Mark, 1989; Ringberg, 1988, 1989;
Stroeven et al., 2016)

What is unique for Scania is the widespread upper unit of till with high clay comteatis
because¢he bedrock in Scania is different from other parts of Sweden which have resulted in
production of more fingrained tills.This unit is most common from the west coast to the
higher areas in the central of Scania. In lowlands this unit grades intoTtligyclay unit
generally overlay one or two layers of claydsilt which is divided by a layer of gravel and
sand(Berglund & Lagerlund1981) Underneath this unit sand and clay layaeslowest unit
thatis found which generally compose of another till la§Ringberg, 1989)

On the east coast the glacial brstis different from the west coast. The areas are subjected to
processes connected to the development of the Baltic sea abefstsectior?.2.3.4(Bjorck,
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1995; Hebrand & Mark, 1989; Passe & Daniels, 20TBg shallow layers on the east coast are
therefore often sahand gravel and at some places varved ¢ldgbrand & Mark, 1989)Also,
further inland, the eastern part of S@amias more subjected to damming up of ice lakes and
therefore the biding of deltas in lacustrine environments. Eskers and glaciofluvial deposits
are more often exposed compared to the western part of S8anme. eskers have eroded the
bottom unit of moaine and are in direct contact with the bedrdk a layer of tillis usually
beneath the glaciofluvial materigHebrand & Mark, 1989; Ringberg, 1991A general
stratigraphically model from bottom is till, overlaid by deltaic or outwash sediménth
could be overlaid by fine grained lacustrine sediments. Whewagung the coastal areas, the
till locally is overlaid by glaciofluvial deposits and glacial clay with a topmost thinner layer of
outwash material such as sgbdniel 1986; Hebrand & Mark, 1989; Ringberg, 199Mhe till

on the east coast of Scania is generally cldipaniel, 1986)

2.2.3.8Summary of conceptual model
Figure2 suggestsf our basi c and si mpingdnitheeahviramentaat i gr ap

glacier terminus andgylacier thermal regiem Over the highestoastline the aquifers are
generaly unconfined. Where there have been glaciolacustrine envirose@tfined aquifes

can be foundUnder the highest coastline confined aquifers are expected to be found. An upper
unconfined aquifer could be found whererth are outwash sediments and pasigl sands.

For somdocatiors, the stratigraphy will be very different because of different glacial history
such as the areas around Mt. Billing@ection 2.1.4.4yith thick layers of clays in direct
contact with the bedrock. Alsgjtuatiors that deviates from the proposeddel is the clay
moraine (confining bed) in Scansection 2.1.4.79r areas which whemgaciolacustrinesuch

as at_jungarntLjusnarn area described in section 2.2.8@nfined aquifers can hence be found
without being wmder the HK or in a glaciolacuste environment.The suggestion fo
constructiorof a conceptual model for a specific locatiorbased on the determination thie

ice dynamics during the deglaciatiand the location in relation to the HK (under/ovetei

one shouldlefine whether thre are specific glacial events that could complicate the basic and
simplified stratigraphy. Thereafter, modify the general stratigrgpbsented ifigure 2.

Glaciomarine, under HK

Cold based Warm based
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Figure 2. Four basic and simplifiedtimtigraphy's which can be used for aquitdraracterisation
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2.3Case study Varberg

Infiltration, hydrogeologyand heterogeneity are key topics of this thesis and foamsasase
study for the Varbergunnel projectVarberg is a smaller town locatedtae west coasbf
Sweden around 60 kimetes south of Gothenburg (figur8). Varberg is a part of the
infrastructure project AVast kusis luét hetween. I
Malmé and Gothenburg. In Varberg the train tracks with go through a tunnedrd in a
trough If the groundwater surface is above the turmmétoughgroundwater must beumped

out of the aquifer so the excavatidaesnot get filled with groundwateiPumpirmg of ground
wateror infiltration of watercreates aadius of influence angroundwater moves towards the
pumping facilityor away from the infiltration weklong the hydraulic gradie(fetter, 2001)

The growth of the radius omifluencedepends on duration of the pump test, discharge rate,
aquifer transmissivity (amount transferred water per timetbrough the cross section of the
aquifer) or hydraulic conductivity, aquifer heterogeneitype of aquifer (confined or
unconfinel) and boundary conditior{&ruseman & De Ridder, 1994)

This case studys focusing on the ladour paranetes which do not depend on technical
specificationsThe case stydwill include a conceptual model of unconsolidated sediments in
Varbergand in-situ measurement of the hydraulic conductivity by slioration hydraulic
teds. The purpose was tprovide guidance in relation to location and design of mitigation
measuredr the mitigation of pressure and flow focusing on infiltration and pumping

Varberg

higg -
7

-1 | Legend
——— Road Cropland
—— Traln trac Open ground

~* % | euiding Block area
Surface water Urban area

Forest Industrial area

Figure 3. Overview map of Varberg city.
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Il n the project AVarbergs tunnel o risks for
a drawdown that eeed 0.3 metes. During the maintenance of the train k&groundwater
drawdown are at some places though exceed 2metes and at maximum during the
construction 12metes (Tyréns,2016; Waag & Niord, 2018)The juridical decision from

Va ner slkaodragd&rsvironmental court (2018tates that infiltration is necessary and
should be used where consequences from drawdown are estimated.

2.3.1 Geologicaland environmental description of Varberg

2.3.1.1 Climate, hydrology, and topography
Varberg has according to Koppens climate classification a vganmerhumid continental

climate. Varberg has an annual precipitation betweerd800millimetes and an annual mean
temperature of 8legree Celsiu¢SMHI, 2020) The annual evaporation is 400 mm and the
potential are 600 mm per year. The potential evaporation is a measure of thigiléyr to
evaporate water compared to the evaporation which is an actual measugeevaporation
(SMHI, 2017) The city of Varberg is located on a gently slopiiigbetween two valleys with
the lowest point WASL and highest 5MASL. In the middle of Varberg there is a smaller
valley (figure 4) The valleys all trend northeast southwestwesteast direction This is
approximatelythe same direction as the ic@wement were during the last deglaciatidhe
red line represenatl5 MASL which is the highest coastline from the 7@®transgression
(Passe, 1990 here are no larger streams in the area. Varberg is positioned by the Kattegatt
ocean.

Digi

‘| Legend
— Highest coastline 7000bp
— — Local deformation zone
—=—=— Rail Road
[ Surface water
. | DEM
"~ | value
= High : 54,04
Low : -0,76

i @ Swedish Geological Survey

Figure 4. Topography, ilmmeterabove sea level, and theghiest coastline 7000p.
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2.3.1.2Sediments and quaternary geology
Figure 5showsthesurface sedimesfoundin Varberg.Thereis alocaldeformation zone going

throughthe valley south of Varberg (Apelviken valleyAlong this defomation zone further

inland larger glaciofluvial deposits can be found at Grimeton and Roli§agse, 1990 he
shallow sediments mostly consist of postglacial fine sand (or sand) and outwash sediments
(gravel)(figure 5) At heightstill or outwash till is thedominant sedimenGlacial clays can be

found in patches dlatter areas. In the norast part of the area moraine ridges can be found.
Outwash sediments are concentrated to heights while postglacial fine sand is found in valley
systemsAt heights here is shallow sediment degthbetween 0 to Bnetes. In valeys the
sediment deptincreasesand the thickest sediments are up tori@des. The Apleviken valley
generally have a sediment depth of2metes (figure 5.

© Swedish Geological Survey
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Figure 5. Surface sediments and sediment depth in Varberg.

The aea of Varberg was deglaciatedtween 1617 ka (J. Lundqvist, Lundgvist, & Lindstrom,
2011; Stroeven et al., 201®uring thedeglaciationthe Varbergareawas below sedevel. At

the time the coast line was Wietess above present shore leyBss & Daniels, 2015)The
deglacation was in a marine environment but turned terresaralind 15 kilonetersfurther
inlandwhere the landvashigher(Hillefors, 1979) The thermal regim of the ice was mainly
warmbased (Hillefors, 1979; Stroeven et al., 201d6)he simplified and basic iceecession
stratigraphy for a glaciomarine, watipased ice under the HK in figure 2 would therefore be
suggeted for the Varberg area.
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There are several ice marginal formations in the area indicsttamgistills ande-advances of
theglacier These formations are occurring from the sea up to the border to the highlaeds
area are a part of the Halland Coastadtmoraine zondJ. Lundqvist & Wohlfarth, 2001)
Terminal moraines such as De Geer moraines has also been found within the proximity of
Varberg (V. Bouvier, M. D. Johnson, & T. Passe, 201®arginal formations aréormed
perpendicular to the ice front and Varberg they have been describaslconsising of
glaciofluvial sediments, till and in some part clayslillefors, 1979; Passe, 1990)
Glaciotectonized material has been found in these ridgggeting ice frontal advancéPasse,

1990) The warmbased ice with a calving ice margin caused high meltwater rate and sediment
load (Hillefors, 1979; Stroeven et al., 26). During marinedeglaciationthe sediment loaded
water in channels are deposited as subaqueous fans on the basal till. Where rapid deposition
occureskes can be buried as cores below fan forms, turbidites sediment flow$ghdites

(Benn & Evans, 2014)As the ice retreatl fine-grainedsuspende sedimeng weredeposited

and coveedolder sediment structur¢Basse, 1990T his creates confined aquifer.

As the deglaciation reached the highland (approximatelyl@Bkies inland) valleyslrained
the hills. This resulted in fasice movementwithin the valleys At the terminus large
glaciofluvial deposits were built uplillefors, 1979) When the tacial front got to the HK ice
proximal deltas was produced in thelggs. As meltwater was continuing to feed the valley
with sediment icalistal aprons could be developgtillefors, 1979; Passe, 1990)

Offshore suspended matesalasdeposited in the deeper calmer wai(@&. J. Jones & Jas,
2015; Passe, 1990xebergs transported from the ice front could depositoatrdiamicton on
the finegrained sedimentHambrey & Glasser, 2012; Hillefors, 197%#s the deglaciation
continues isostatic Uiftl initiates a regressio(Passe & @niels, 2015)During theregression
wave action reworkd the deposited fingrained material of glaciomarine clay and €8t J.
Jones & Jones, 2015; Passe, 19%0e area was completely deglaciated at 1323800 yeas
ago(Pase, 1990)

10000 years ago the isosyavas slower tharhe sedevel rise followed by a transgression that
continued until 7008000 years agfPasse & Daniels, 2015The shore displacement was
around b metes above todays sdavel. Lower areas around Varberg was belowleeal and
beach processegeshaped the area. Several begéehtaces can be seen around Varberg
indicating different ancient shoreling®asse, 1990)A regression followed which has
continued ever since and is still ongoiif@isse & Daniels, 2019)puring thelast transgression
most of theheightsin Varberg was above séavel (red line infigure4 and 9.

The hill topsin Varberg is thought thaveaciedas an ice divide and drainage occurred in the
valleys and depressions in the bedrgekilefors, 1979; Passe, 1990At slopes turbidity
currents are thought teaveredistributed sediments and inhilgtl deposition of finegrained
materials such as clay and glivans & Benn, 2004)During the regressiowave action are
suggested to have been more powerful in erosion and redistribution at slopedhaigghtat
while on flatter and lower areas experienced lower energy ero$tus. led to higher
redistribution of sediments at hillsides.
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By reworking of clg by wave actions and beach deposition younger sandy or silty post glacial
sediments cover glacialays in the valleygPasse, 1990Y hereforebelow 15 MASLan upper
unconfined sandy to silty aquifeould beseparated by a clay layer to a lower confined aquifer
with till or glaciofluvial material. On the coastal plain of Varberg area few larger glaciofluvial
deposits have been found. Smalle meterthick, layers of glaciofluvial sediments which are
horizontally widespread have been found below the glacial ofBgsse, 1990)Since the
glacier dynamics whengarmbasedre-late Weichselian deposigsethought to be erased and
glaciofluvial deposits could be in direct contact with the bed{dckundqvist, 1969; Moller,
2006) The processes acting after deglaciation have concealed muchgeftnerphological
features and the marine clay have covered glasiaflmaterial which makes it hard to visually
find features compared to areas which are above the HK.

2.3.1.3Bedrock
The Varberg areas dominated by 1700million years old intrusive rockgGoransson,

Bergstrom, Shomali, Claeson, & Hellstrom, 2Q08he bedrock in Varberg wherfomed

during a long period, 800 million years, and have been subjected to at least two orogenic events.
The Gothian orogeny occurred 1750 to 1550 million years ago and the Sweconorwegian
orogeny, 1150 to 900 million years ago. During these eventsthed in Varberg has been
subjected to profound deformation and metamorphdsisndquist & Kero, 2008)
Granodioritiegranitic gneiss is the most common rock in Varbédigu(e 6). There are only

minor areas of Gneiss with other compositions. There are also some smaller areas of-gabbroid
dioritoid. The other major rockype s charnokite. Charnockite consist of hypersten and
orthoclase which indicate metamorphosis under high pressure and tempgraicuist &

Kero, 2008)
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Figure 6. Bedrock in Varberg
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2.3.2 Earlier performed short duration hydraulic tests in Varberg
There have been several short duration hydraulis pesformedn the Varberg aredigure 7).

Tyréns (2016performed several short duration hydraulic tests along the traknitr&@arberg

This will be referred to as the first testing campa#hwells wher¢ested whereas 39 of these
where wells drilled to the beack (in this thesighe focus is on the loweronfinedaquifer)

The method used for the short duration hydraulic tests was infiltration. Water was added into
the well to raise the head and the rary was measured. Where the recovery was fast the
Bailer method was used to remove water and lower the head. The evaluation method used was
Hvorslev (1951)equatiord.

b — (4)
Where K is he hydraulic conductivity, r is the radius of the well, L is the screen length, R is

the radius of the filter andoTs the time lagThe tests used in this thesis from the first testing
campaign is showed table 1.

Tablel. Results fromtsort duration hydraulic tests performed during the first testing campaign.

Renen K (m/s)
1473090 3.5x10°
1473091 1.6x10*
1473092 5.8x10°
1473065 4.5x<10°
1473100 1.1x10°
Southern trough and

tunnel

147713 2.4x10°
1477040 4.1x10°
14T7041 4.2x10°
14T7046 3.7x10°
1477047 2.4x107

2019 Golder Associatg8Viklund et al., 2019performed short duration hydrautests These

tests are referred to as the second testing campBiignhead irthe well was lowered by a
drainable pump and the recovery to the static water level was measured with pressure transducer
and piezmneter The recovery curves were evaluatedAqutesolv with Hvorslev (1951)

method The results from the tests apeesented in table.2The data from wells in the
southernmost area (Vareborg) where evaluated in this thesigure 7 the wells from earlier
performedshort duration hydraulitess are presented. Results from these weksemsed in

this thesis

Table 2. Results fromtsort duration hydraulic tests performed during the second testing campaign.

Southern trough and tunnel | K (m/s)
uo4G11 2.1x107
u04G16 1.6x10*
u04G38 2.5x10°

u04G40 1.5x10°
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Figure 7. Overview of earlier performed short duration hydraulic tests.
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