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S UMMARY

IN

S WEDISH

Utmaningar för grundvattenförsörjning i kustnära områden med litet jordtäcke inkluderar
begränsad grundvattenbildning under sommarsäsongen när behoven av vatten är som störst,
heterogenitet i vattenflöde, närhet till saltvattenkällor samt heterogen lagring och uttag. I områden
där det inte är möjligt att ansluta boende till kommunala VA-system behövs en bättre förståelse av
magasinens uthållighet för att tillgodose vattenbehoven under nuvarande och ändrade
klimatförhållanden. Syftet med forskningen har varit att undersöka det rumsliga beteendet hos
hydraulisk data och att öka kunskapen om grundvattnets sårbarhet i kustnära områden med
kristallin berggrund och tunna jordlager samt att utveckla verktyg för att beräkna vattenuttag och
användning i dylika områden. Projekten har bedrivits med hjälp av GIS-verktyg, parametriska och
icke-parametriska statistiska metoder såsom ANOVA, PCA, variogramsanalyser och
korrelationsanalyser, samt modellering med grundvattenbalanser och grundvattenlagring.
Brunnsdata från borrade brunnar, grupperade efter ålder och berggrundstyp visade på svag rumslig
korrelation. I områden med en antagen geologisk homogenitet hittades statistiskt signifikanta
skillnader i brunnkapacitetsdata vid slumpmässig gruppering längs ett lineament. Uppskattningar
av kinematisk porositet baserad på ytliga sprickmätningar har visat statistiskt signifikanta
korrelationer med brunnskapacitet. Ett multivariat prediktionsverktyg (GRP) för bedömning av
områden med god utvinningskapacitet har utvecklats och visade statistiskt signifikanta
korrelationer med kapaciteten från existerande brunnar.
GRP-metoden kombinerades sedan med en konceptuell grundvattenmagasinsmodell som visade
statistiskt signifikanta korrelationer med kloridhalter tagna från ett brunnskemiarkiv.
Magasinsmodellen visade sig ha en rumsligt beroende känslighet, vilket innebar att olika antaganden
inom modellen, bland annat avseende geologiska egenskaper i terrängen, hade varierande effekt på
modellresultaten. En grundvattenbalansmodell har också utvecklats i GIS och jämförts med
verkliga tidserier av grundvattennivå över en tvåårsperiod, med RMSE-värden varierande mellan
0,06 till 0,34. Som hjälp för att beräkna magasineringen i jordlager har en jorddjupsmodell
utvecklats och testats vilken visade god överensstämmelse med existerande borrhål i områden med
kristallint berg och stor berghällfrekvens.
Slutsatserna från dessa studier ger stöd till behovet av att ta hänsyn till det rumsliga förhållandet
hos grundvattenresurserna i områden med kristallin berggrund och visar hur den rumsliga
variationen kan beskrivas. Ökad kunskap om den rumsliga variationen kan ge möjlighet att utveckla
förbättrade uppskattningar av grundvattenresurserna vilket i sin tur kan leda till bättre användning
av befintliga vattenresurser. Dessutom har ett flertal nya verktyg utvecklats för potentiella
beräkningar av kvantitet, kapacitet och sårbarhetsanalyser för grundvattenresurserna vilka kan
användas för att analysera vattensäkerheten vid olika klimat- och markanvändningsscenarier.
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A BSTRACT
Challenges regarding water security in hard rock coastal regions with limited soil
cover are: a seasonal absence of recharge during times of peak residency,
heterogeneity and variability of the fracture network, close proximity to saline
water sources and spatially inconsistent storage and extraction. In areas where it
is not feasible to connect residents to municipal water systems, a better
understanding of the resilience of reservoirs is needed. The purpose of this study
is to investigate and describe the spatial nature of hydraulic data in these types
of terrains and present several novel GIS-based groundwater tools with the
intent of increasing local water security and aiding in sustainable water resources
management. Methods used in this study include groundwater balance modelling
and conceptual groundwater storage modelling, as well as a combination of
parametric and non-parametric statistical methods such as ANOVA, PCA,
correlation and semivariogram analyses. Specific capacity estimates from the
Geological Survey of Sweden’s well archive grouped by age or rock type showed
very little autocorrelation and in assumed homogeneous geological regions
showed statistically significant differences when arbitrarily grouped along a
lineament. Estimates of kinematic porosity based on surface fracture data were
found have statistically significant correlations with the well data. A GIS-based
multivariate prediction tool for assessing Groundwater Resources Potential
(GRP) was found to have statistically significant correlations with well data. The
GRP method was then combined with a conceptual groundwater storage model
and was subsequently found to have statistically significant correlations with
chloride concentrations in well quality tests. The storage model was found to
have a spatially-dependent sensitivity, meaning that different assumptions within
the model had varying effects on the model depending on the geological settings.
Incorporating the storage model into a spatial groundwater balance model was
then compared with groundwater level time series data over a period of two
years, where it was found to have a good explanative capacity and RMSE values
of the storage ratio (0.06 to 0.34). Additionally, a soil depth model was
developed, tested and found to produce promising results in regions with
frequent rock outcrops, where up to 86% of estimates were within 2 m of actual
soil depths. Conclusions from this study illustrate the need for a spatial approach
to groundwater resources in these types of terrains, and demonstrate a strong
potential of several new tools for quantity, capacity and vulnerability estimates
to increase water security in a changing climate.
Keywords: Crystalline Rock; Groundwater Balance; Kinematic porosity;
Groundwater Recharge; Water Security; Coastal Aquifer

I NTRODUCTION
Water security (UN 2013) in hard rock regions
with sparse soil cover is determined by the
same properties as in other geological regions:
namely flow, recharge, storage and extraction.
In terrains dominated by fractured crystalline
rock with limited soil cover however, it is
often neither environmentally nor economically feasible to connect all residences to
municipal water except as a last resort, as
construction of such a network would

essentially entail construction through the
hard rock and be prohibitively costly. Local
groundwater supplies are therefore arguably
the most socially, economically and environmentally defensible sources of drinking water
in such regions when, and only when, they are
managed with care. However, the resilience of
these reservoirs to external stresses such as
volumetric or spatial changes in extraction,
climatic variation and/or land use often
remain uncertain. As many municipalities in
close proximity to urban centres undergo
1
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shifts from seasonal to increasingly permanent
residency (Värmdö 2012; Tyresö 2017),
environmental strain on local resources will
increase and the effects of these changes are at
present seldom investigated.
In much of Scandinavia and in other preCambrian shield regions globally, crystalline
rock outcrops are ubiquitous and traditional
aquifers such as glaciofluvial deposits are
sparse and limited spatially (Fredén 1994).
Thus, these terrains are characterised by
extremely low kinematic (or effective)
porosities and hydraulic conductivities inherent to the fracture network (Freeze and
Cherry 1979; Singhal and Gupta 1999). High
levels of heterogeneity and anisotropy
(Shapiro and Hsieh 1998; Tullborg and Larson
2006; Courtois et al. 2010) imply that regional
characterization using a few point estimates
will be error prone and fail to adequately
capture the hydraulic behaviour of the subsurface. Kinematic porosity, referring to the
porosity that contributes to the flow regime,
may be erroneously approximated if equated
to specific yield, which may include drainable
dead end fractures (Stephens et al. 1998) or
total porosity, which includes zones not
accessible to fluid flow. Estimates based on
core samples may create, miss or misrepresent
pores through collection of the sample itself
or directional bias in sample collection
(Tullborg and Larson 2006). Tracer tests have
been shown to provide insight into kinematic
porosity of the fracture network (Li et al.
1996) but may introduce uncertainty
depending on the model used to represent
transport (Stephens et al. 1998). Regional
conceptual models based on apparent geological homogeneity may improve estimates
(Surrette et al. 2008; Chesnaux et al. 2009), but
may not be sufficient in classifying hydraulic
behaviour (Haaf and Barthel 2018) where
spatial correlations are often very weak
(Wladis and Gustafson 1999). In regions
where reservoirs undergo an annual rechargedischarge cycle (Sundén et al. 2010), assessing
in-situ kinematic porosity values without
factoring in drainable features such as stagnant
pores not directly contributing to the flow
regime is vital in identifying sustainably
extractable volumes of water.
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Large volumes of recharging water in these
types of terrains may be lost due to plugged
conditions on rock outcrops (Spence and
Woo 2002) only to find a more conductive soil
such as till to infiltrate (Olofsson 2002),
making regional estimates of recharge spatially
variable at even local scales (Larsen et al. 2002)
and difficult to model using infiltration
estimates based on soil cover or even spatial
recharge models such as WetSpass (Batelaan
and De Smedt 2001). During summer months
regional precipitation rates are exceeded by
potential evapotranspiration, resulting in
limited to no available recharge to hard-rock
reservoirs (Engqvist and Fogdestam 1984;
Johansson 1987; Knutsson and Morfeldt
2002; Olofsson 2002), where direct recharge is
likely more influential than indirect recharge
via subsurface flow due to low hydraulic
conductivities (Olofsson et al. 2001).
Hydraulic tests are often extremely useful in
determining key parameters such as storativity
and transmissivity, but may not be advisable in
close proximity to saline water sources as
affecting the groundwater level may have
undesirable environmental consequences such
as induced saltwater intrusion or upconing of
relic saltwater. However, groundwater behaviour will likely be closely influenced by
topography, slope, proximity to water sources
and catchment area as well as geological
indicators such as lineaments, bedrock and
soil (Sander 1997; Chandra et al. 2005;
Henriksen and Braathen 2005; Solomon and
Quiel 2006). Coinciding features may make
separation of their effects difficult to
parameterize, particularly when negatively
influencing effects simultaneously occur with
positive ones. Thus, heuristic solutions may be
advantageous for municipal groundwater
management in that they allow for more
accessible, rapid and numerous estimates
(Haaf and Barthel 2018) which may increase
understanding of not only the median
hydraulic properties but also the variance and
uncertainty. Geographical Information Systems (GIS) are thus a logical tool for regions
with significant spatial variability. Spatial,
multivariate methods have been applied in
other regions to characterize hydrogeological
behaviour based on surficial data (Dar et al.
2
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2011; Oh et al. 2011; Lee et al. 2012), however
these methods often rely on subjective
judgement regarding parameter classification.
The hydraulic nature of the fracture network
itself is governed by the fracture frequency;
aperture width, length, contact area and degree
of roughness; and connectivity within the
network. Hydraulic aperture, or the width of
an equivalent planar conduit, has been the
subject of a good deal of research (Zimmerman and Bodvarsson 1996; Cao et al. 2016).
However, several factors such as asperities
and closure due to overburden stress will lead
to anisotropy in estimates in various directions
(Gustafson 2009; Mortimer et al. 2011).
Connectivity within the fracture network must
also be addressed in kinematic porosity
estimates as only portions of the total fracture
network contribute to the total flow network
(Illman 2006). Fracture networks with
dominant orientations such as in anisotropic
gneissic rock may have negligible kinematic
porosities unless pathways are present to allow
for inter-fracture flowpaths. Carlsson and
Olsson (1993) attempted to address this by
adding a connectivity factor which varies from
1 to 3. This is done in order to represent the
three-dimensionality of the fracture network
and in practice rarely if ever reaches the higher
values in that range (Carlsson and Olsson
1993). However, estimates of this factor rely
on subjective judgement of the connectivity of
the network, often difficult to assess due to
bias of fracture orientations along a measurement face.
Water supply in coastal areas are then
effectively limited to local groundwater
storage capacities. Low hydraulic conductivity
in the bedrock (Engqvist and Fogdestam
1984) limits horizontal flows, and thus
constrains the area over which wells might
reasonable access water. Storage in the form
of kinematic porosity in the crystalline rock is
often limited to the range of 0.0001 to 0.001
(Singhal and Gupta 1999; Hiscock and Bense
2014), with glacial clays and tills having higher
kinematic porosities (Fetter 2001). Extremely
low kinematic porosity values characterizing
these coastal terrains indicate that storage
capacity is the limiting factor in groundwater
balances rather than meteoric or subsurface

recharge (Olofsson 2002). Excess recharging
volumes of water will be lost to surrounding
bodies of saline water if groundwater storage
is already at a maximum. Groundwater tools
should therefore incorporate the spatial
aspects of the terrain (Olofsson 2002;
Batelaan and De Smedt 2007), where even
subcatchment-scale
models
may
be
misleading. Additionally, the seasonal nature
of recharge indicates that reservoirs will reach
critical levels towards the end of the summer
season.
The importance of groundwater as being of
vital international and nation interest has been
illustrated via the European Water Framework
Directive and establishment of good quality
groundwater as one of 16 environmental goals
in Sweden. However, in crystalline rock areas
with extremely heterogeneous hydraulic
behaviour and with dispersed populations in
close proximity to saline water sources these
legislative directives require substantial
engineering efforts in order to be enacted with
the limited resources allocated to most
municipalities.

A IMS

AND OBJECTIVES

The aim of this work is to explore and describe
the spatial nature of hydraulic data in
crystalline rock as well as to introduce,
develop and evaluate several novel methods
with the intention of improving future water
security and sustainable groundwater use for
dispersed, coastal populations. Specific
research questions and objectives for this
work are:
Can continuous, existing geological and topographical
databases be used to predict local groundwater flow
characteristics?
•
Develop and test a multivariate method
for assessing suitability of well construction in terrains where heterogeneity in
hydraulic behaviour is the norm (Paper I)
How well can point estimates of hydraulic data explain
regional hydrogeological characteristics?
•
Evaluate and elucidate the spatial
behaviour of hydraulic data relating to
geological features and test whether
spatial variability can be linked to the local
geological settings (Paper II)
3
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Can numerous surficial fracture data be used to
improve understanding of the hydraulic properties of insitu bedrock?
•
Present and test the use of a technique
using simple field measurements to assess
the storage characteristics of the fracture
network (Paper II)
What connection exists between visible topography of
rock outcrops in the vicinity of a soil-filled valleys to the
soil depth at a given point?
•
Develop and evaluate a new method for
estimating soil depth in areas with ubiquitous rock outcrops based on topographic slope and soil data (Paper III)
How can existing GIS databases be used to improve
groundwater resources management and what is the
spatial nature of groundwater storage in terrains with
limited and sporadic soil cover?

TRITA-ABE-DLT-1932

Develop and discuss a spatial groundwater balance model and assess the
impact of parametric uncertainty in
modelled
storage
characteristics
(Paper IV)
How well can an uncalibrated, conceptual groundwater
balance model with limited storage represent actual
groundwater levels with limited storage? What benefits
can be achieved from combining stochastic models with
conceptual models in predicting groundwater
vulnerability?
•
Evaluate a spatial groundwater balance
model against time series data and assess
the feasibility of combining statistically
based multi-variate methods with
conceptual models as a means of
estimating
reservoir
vulnerability
(Paper V)
•

Figure 1.
The conceptual structure of the thesis. Two main topics (outer rings)
comprising of several linked studies/method occasionally spanning both topics. Arrows
indicate that a study or method was used as a conceptual basis for another.
4
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M ATERIALS

AND METHODS

The structure of the thesis
This work is divided into two primary,
overlapping conceptual subjects, namely the
development of groundwater resource
management tools and hypothesis testing of
the spatial behaviour of hydraulic indicators
(Fig. 1). Methods for improving groundwater
resource management include a spatial
groundwater balance, conceptual groundwater
storage model, groundwater resources
potential model, a method for estimation of
bedrock kinematic porosity from field
measurements, simplified regolith model and
a spatial groundwater extraction model. The
spatial groundwater balance incorporates the
conceptual storage map and spatial groundwater extraction model. The Conceptual
groundwater storage model in turn directly
incorporates experience from kinematic
porosity estimates, the simplified regolith
model, and experience from the investigation
of spatial autocorrelation of hydraulic data as
well as groundwater recharge calculations. The
conceptual groundwater storage model was
combined with the groundwater resources
potential model to generate a statisticalconceptual vulnerability indicator. Testing the
spatial behaviour of hydraulic indicators
involved
statistical
and
geostatistical
evaluation of kinematic porosity estimates, the
simplified regolith model, autocorrelation of
well data in relation to geological data and to
some extent the spatial behaviour of
groundwater recharge with respect to geology.

Study areas and geology
Situated east of Stockholm and extending
roughly 80 km into the Baltic Sea, the
Stockholm Archipelago is characterised by
frequent crystalline, hard rock islands with
little
soil
cover
spanning
several
municipalities. Much of the region was also
covered by glacial ice until approximately the
last 10 000 years, and was subsequently
covered with saline sea water. Although
meteoric volumes have since recharged the
upper depths with freshwater, at greater
depths the risk for higher saline concentrations exists (Olofsson 1994). Also due to
recent glaciation, much of the regolith consists

of till, where topographic depressions are
often filled with glacial and postglacial clay and
silts. On-going and historical land upheaval in
the region led to topographically higher
outcrops being freed of sediments through
wave action as the land mass breached the
water surface. Periodic, although infrequent,
eskers are present throughout the region but
often water supplies are obtained from wells
drilled into the hard rock. Peninsulas and
islands are surrounded by the brackish water
of the Baltic Sea, which raises the risk for
saltwater intrusion. Four major study areas
(Tyresö (Paper I, II, III), Vallentuna/Österåker (Paper I, II, III), Östhammar (Paper
IV) and Värmdö (Paper V)) were examined in
this study (Fig. 2 and Fig. 3), as well as three
minor study areas (Blackeberg/Nockeby
(Paper II), Blidö (Paper II) and Vätö
(Paper V)).
Tyresö Municipality is located roughly 20 km
southeast of Stockholm and had population of
47 000 in 2016 with an expected population
growth of 38% by 2035 (Tyresö 2017).
Geological maps of the region indicate that
bedrock in Tyresö is mainly comprised of
sedimentary gneisses with a few regions of
granitic intrusions (1.86 - 1.96 GA), which are
mostly consistent with regional foliation in the
gneisses. Brevik is part of a large-scale
geological fold, which is indicative of high and
variable in-situ stresses which were present
during previous geological periods. Although
53% of the municipality has limited or no soil
cover, a glaciofluvial deposit of sand and
gravel exists to the west in a north-south
direction. Topographically the elevation of
Tyresö varies from 0 to 85 m.a.s.l..
Vallentuna and Österåker municipalities are
located 20 km north of Stockholm, and have
populations of 30 000 and 40 000 people,
respectively. Bedrock is comprised mainly of
younger granites (1.88 - 1.74 GA), with
Österåker having older granitic rocks with
some ultra-basic to intermediate rocks such as
granodiorites and gabbro. Elevation of the
municipalities ranges from 0 to 78 m.a.s.l..
Östhammar municipality (Fig. 3) is located
100 km to the north of Stockholm. Soils in the
area are mostly glacial, post-glacial clay or till
filled valleys with frequent bedrock outcrops
5
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(SGU 2018a). Bedrock consists of gneissicgranite (1.87-1.96 GA) or younger granites
(1.75-1.83 GA) with a few areas of metarhyolites or meta-diorites. Elevation ranges
from 0 to 43 m.a.s.l..
Värmdö municipality is situated southeast of
Stockholm and has a population of roughly
40 000 which is expected to increase to 65 000
by 2030 (Värmdö 2012). Värmdö, due to its
infrequent glaciofluvial deposits and otherwise
limited soil cover (SGU 2018a), has
experienced water stress in the past, and has
several regions which are identified as being at
risk for water scarcity, saltwater intrusion or
salinization of groundwater, particularly the
island of Vindö. Vindö is located on the
eastern side of the municipality, and has
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several ecologically sensitive areas (Värmdö
2012). While other regions in the municipality
receive drinking water from larger wells
located on glaciofluvial deposits or from
surface water directly from Lake Mälaren,
Vindö will likely need to rely on drilled wells
for the foreseeable future in order to satisfy
water demand due to lack of soil cover and
distance from the existing municipal water
network. The municipality in its entirety
mostly consists of rock outcrops (62%) with a
few areas covered by glacial till (12%) and clay
(10%). Glaciofluvial deposits account for only
4% of the total land area. Mean modelled soil
depth (SGU 2018b) in the municipality is
1.6 m, with a maximum estimated depth of
54 m. Topographically the study area ranges

Figure 2.
Major
and Minor Study area
locations in the
Stockholm region
shown with elevation
(Excluding
Östhammar).
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areas, with 33 100 properties relying on
private water supply to meet drinking water
requirements (Norrtälje 2013). Towards the
coast in the vicinity of the island Vätö, the
municipality is comprised of roughly 64% till,
22% rock outcrops and 10% clay. The island’s
bedrock is comprised of granodiorite-granites
(1.92-1.87 G.A.), with topography ranging
from 0 to 43 m.a.s.l..
Two minor study areas were also selected:
Blidö and Blackberg/Nockeby. Blidö is
located in Norrtälje Municipality and was
selected due to its apparent homogeneous,
younger-intrusive granitic bedrock and the
fact that the island is located along a
lineament. The soils on the island are
comprised of till and glacial or post-glacial clay
with some glaciofluvial deposits on the
northern part of the island (SGU 2018a).
Blackeberg/Nockeby is situated close to the
Stockholm city centre, and was selected due to
the apparent capacity differences in wells
located in younger granitic rocks.

Figure 3.
The Östhammar study
area, elevation and well locations.

Data and statistical methods
The Geological Survey of Sweden’s (SGU)
well archive (SGU 2018d) holds a record of
drilled wells across Sweden with information
such as drill depth, soil cover, depth to
groundwater surface at the time of drilling and
position. Wells constructed prior to the
registration laws (SFS 1975:424 and SFS 1985:245) were introduced might not be
included in the archive, and positional
accuracy is recorded as 100 m, 250 m or
unknown. In the latter case the well location is

from 0 to 86 m.a.s.l.. The bedrock mostly
consists of granitic gneisses with period
intrusions of greywacke and gabbro-diorites
or granodiorites (1.92-1 .87 G.A.) and a few
areas of younger granites (1.84-1.74 G.A.)
towards the eastern part of the municipality.
The island of Vätö, Norrtälje Municipality is
located roughly 70 km to the north-east of
Stockholm on the coast of the Baltic Sea. The
municipality currently has a population of
57 000, with roughly 40 000 living in rural

Table 1.

Basic Well information for the study areas.
Mean Specific
Capacity

Median
Capacity

Mean Depth

Mean Soil
Depth

Mean Depth to
groundwater

(l/hr per m)

(l/hr per m)

(m)

(m)

(m)

Tyresö

7.3

2.2

105

2.3

7.3

349

VallentunaÖsteråker

23.4

4.8

107

2.6

6.9

1960

Värmdö

14.7

3.2

105

1.6

4.1

9942

Östhammar

31.6

9.5

65

1.4

2.1

1540

Blackeberg/Nockeby

15.9

2.3

159

2.8

7.9

472

Blidö

10.8

2.9

71

2

6.3

498

Area
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usually given as the centre of the property
where the well is registered. Well locations are
more biased towards areas with less soil cover
in order to minimize drilling costs (Törnros
2007) and also towards areas where residences
are constructed. Typical well depth for
drinking water wells is roughly 70 m and often
in the range of 40-90 m (Table 1). Energy
wells are typically significantly deeper, usually
exceeding 100 m in depth. A Theis-type
solution (Theis 1935) is used at the time of
drilling to estimate well capacity, and specific
capacity can be estimated according to Wladis
and Gustafson (1999):
𝑞𝑞

𝑆𝑆𝑆𝑆 = 𝑑𝑑−𝑤𝑤

(Eq. 1)

where 𝑆𝑆𝑆𝑆 is specific capacity [L3T-1L-1], 𝑞𝑞 is
capacity [L3T-1], 𝑑𝑑 is total well depth [L] and 𝑤𝑤

Figure 4.
Location of wells 96_1 and
96_2 in Eknäs, Värmdö and surrounding
soil geology. Red indicates hard rock
outcrops, yellow indicates clay, blue
indicates till and brown indicates organic
soils. Two databases used as extraction
points in the spatial groundwater balance
are shown: private wells from the SGU
archive (black dots) and residential
buildings (white polygons).

is the depth to groundwater level [L]. Well
archive data was used to estimate point
transmissivity (T, [L2T-1]) according to
Carlsson and Carstedt (1977):
𝑇𝑇 = 𝜉𝜉 −1 10(𝑌𝑌−9)
(Eq. 2)
9
𝑌𝑌 = log(10 𝑞𝑞)
(Eq. 3)
where 𝜉𝜉 is an empirical value often between
0.9 and 1.1 (Carlsson and Carlsedt 1977).
Hydraulic conductivity (K [LT-1]) was
estimated by dividing T by the saturated well
depth. Regional hydraulic conductivity values
for the study areas varied from 4.1·10-6 m/s to
5.7·10-6 m/s (Engqvist and Fogdestam 1984).
Time series data from Eknäs, Värmdö in two
wells which are representative of typical
conditions for drinking water wells were
obtained from SGU, wells 96_1 (N6573638,
E701547) and 96_2 (N6572639, E701568)
(Fig. 4). The wells are constructed in a
tonalite-granodioritic bedrock to depths of
108 m and 105 m below the ground surface,
respectively. Well levels are measured biweekly beginning Jan 15, 2008. The ratio of
approximate full reservoir was estimated by
taking the ratio of estimated full reservoir
minus groundwater level change in the time
series from an estimated full reservoir, which
was chosen based on a visual evaluation of the
annual winter peaks in order to allow for
comparison with groundwater balance
models. Precipitation data and catchment
outflow data were obtained from the Swedish
Meteorological and Hydrological Institute’s
(SMHI) 98140 Stormyra station and air
temperature was taken from SMHI’s 98160
Skarpö A station. Additionally for Norrtälje
Municipality, precipitation data was obtained
from the station 98500 Norrveda station and
outflow data collected at the 2429 Finsta
station (SMHI 2018; SMHI 2019). Samples
taken by drinking water well owners were
analysed for several quality indicators which
are often indicative of water quality, most
relevant to this study chloride, and then
reported to SGU. The database for Värmdö
consists of 1125 records extending back from
2007 to 2009. Statistical analyses were carried
out using SPSS Statistics 19 and extracted
using ArcGIS 10.1 to 10.4.1. Statistical
methods used in this work are include:
8
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Analysis of Variance (ANOVA), Principal
Component Analysis (PCA), parametric and
non-parametric correlation analyses and ttests. ANOVA is a method used to analyse the
variance within multiple groups against the
total variance of a combined dataset (Johnson
et al. 2011). It allows for the comparison of
greater numbers of groups than would be
possible with a standard t-test which only
allows direct comparison of two groups.
Fisher’s least significant difference (LSD)
post-hoc test allows for a pairwise comparison
of the inter-group means (Johnson et al. 2011).
PCA (Pearson 1901) is often used to reduce
the number of parameters in multivariate
analysis through eigenvector covariance
decomposition (Bengraïne and Markhaba
2003; Abdi and Williams 2010). In PCA a
dataset is remapped using an axis which
accounts for the maximum variance through
the minimum sum of squared differences in
the dataset and subsequent axes which are
orthogonal to the preceding and accounting
for the next-greatest variance. Principal
Components (PC’s) were calculated using a
correlation matrix and defined as:
𝑧𝑧 ′ = 𝐴𝐴′ 𝑥𝑥 ∗
(Eq. 4)
where z' is the matrix of PC scores, a matrix
A’ is comprised of eigenvectors and
eigenvalues of the correlation matrix and x*
are the standardized variables obtained from
the covariance matrix, comprised of
parameter variance in the diagonal elements
and covariance in the off-diagonal matrix
elements (Jolliffe 2002). Loadings on a PC
were calculated by dividing the squared value
of the variable’s coordinate on the PC-axis by
the PC’s eigenvalue (Abdi and Williams 2010).
To evaluate the spatial nature of the well data,
simple spherical semivariogram models were
applied and fitted by minimizing the root
mean square error (RMSE). Semivariograms
examine the variance between a pair of points:
𝛾𝛾 =

(∆𝑥𝑥)2
2

(Eq. 5)

where ∆𝑥𝑥 is the difference between two points
and 𝛾𝛾 is the variance between the points. In a
semivariogram, the “nugget” or y-intercept of
the model and can be inferred to represent the
inherent variability in the dataset (Curran

1988). The “sill” refers to the maximum
variance in the model and usually occurs at the
“range” which corresponds with the
maximum range of spatial correlation. Semivariograms were created from all well data
from wells located on rock outcrops, and later
were sorted according to main rock types in
both Tyresö and Vallentuna. In Tyresö the
wells were sorted according to either granitic
or sedimentary gneissic and in Vallentuna the
wells were sorted as either granitic or granitic
gneissic. Lags for the semivariogram models
were estimated by taking the average nearest
neighbour distance calculated in ArcGIS. The
variable used for comparison of the spatial
data was specific capacity of the wells, which
was transformed log-normally in order to
produce an approximate normal distribution
and avoid scale effects (Liu et al. 2013).
Normality was tested using the KolmogorovSmirnov test in SPSS Statistics.

Groundwater resources potential
A multivariate approach to forecasting
groundwater resources potential (GRP) was
applied using classification through ANOVA
and variance decomposition with PCA (Paper
I). The method is based on the Probability
Variable method (Skeppström and Olofsson
2006) which was used to predict presence of
radon in groundwater, and uses a weighted,
linear combination of variables:
𝐺𝐺𝐺𝐺𝐺𝐺 = ∑𝑛𝑛𝑖𝑖=1 𝑉𝑉𝑖𝑖 𝑃𝑃𝑖𝑖
(Eq. 6)
where 𝑉𝑉𝑖𝑖 is the class of variable i, 𝑃𝑃𝑖𝑖 is weight
and n is the total number of variables used in
the analysis. Classes were assigned ranging
from -2 to +2 based on their perceived
influence over groundwater resource
behaviour, based on Dehkordi (2009).
Classification maps for each variable were
created and well data from a calibration
dataset was then extracted at these points,
excluding zero values in the well dataset.
Classes were then evaluated against their
influence on estimated specific capacity using
ANOVA and intergroup behaviour was tested
using Fischer’s LSD test. If the classes did not
show an increasing mean specific capacity as
group score increased, the classes were
reassigned. Weights were assigned using PCA,
where the variance in the dataset was
9

Robert Earon

TRITA-ABE-DLT-1932

decomposed for all variables including
estimated specific capacity from the calibration dataset, and the PC’s which were most
influential to specific capacity were identified.
The total combined loadings of the other
individual variables on the identified PC’s was
then normalized, resulting in a weighting
scheme:
𝑃𝑃𝑖𝑖 =

2 𝜓𝜓−1
∑𝑖𝑖𝑛𝑛=0 𝑎𝑎𝑛𝑛
𝑛𝑛

(Eq. 7)

𝑗𝑗

2 𝜓𝜓−1
∑𝑚𝑚=0 𝑎𝑎𝑚𝑚
𝑚𝑚

where a is the coordinate of the variable along
the PC axis, 𝜓𝜓 is the eigenvalue of the PC, i in
this case corresponds loadings on the PC-set
for one particular variable and j in this case
corresponds loadings on the PC-set for all
variables. The PC-set mentioned corresponds
with all PC’s where specific capacity had a
significant loading.
The method was tested in two study areas,
Vallentuna/Österåker and Tyresö, using 1736
wells from the SGU well archive. A total of 12
variables were examined: assumed soil thickness (SGU 2018d), soil data (SGU 2018a),
rock type (SGU 2018c), distance from
lineament and lineament node (SGU 2018c),
distance from rock type interface (SGU
2018c), slope, elevation (Lantmäteriet 2018)
and relative elevation, catchment size, distance
to potential stream and distance to potential
lake:
𝑅𝑅𝑅𝑅 = �𝑧𝑧

𝑧𝑧−𝑧𝑧𝑚𝑚𝑚𝑚𝑚𝑚

𝑚𝑚𝑚𝑚𝑚𝑚 −𝑧𝑧𝑚𝑚𝑚𝑚𝑚𝑚

�

(Eq. 8)

where RE is relative elevation, z is elevation,
zmin and zmax are the minimum and maximum
elevation (m.a.s.l.) values within a 100 m
radius. The performance of the method was
tested by comparison with a verification
dataset, which was created by randomly
dividing the total well dataset from the study
areas prior to any analysis. Parametric and
non-parametric correlation analyses in
addition to ANOVA was applied to evaluate
the method. Additionally, GRP values were
sorted at well locations and compared against
whether the well had an above-median
specific capacity or not.

Kinematic porosity
Kinematic porosity was estimated based on
surficial scanline fracture measurements in

Tyresö (64 locations) and Blackeberg/Nockeby (22 locations) with a total of 1217
individual fracture measurements (Paper II).
Measurements were collected on exposed
rock faces with approximate unobscured
lengths of 10 m or greater. Fracture data
including strike, dip, approximate length of
fracture and approximate width were collected
using a handheld compass. Additionally,
visible flow and mineral filling were recorded
as field notes. Fractures much less than 1 m in
length or with widths that were very thin were
not recorded, as the majority of the flow
network in fractured rock is biased towards
the largest flow paths (Gustafson 2009). As
uncertainty relating to the orientation and
aperture is high, particularly on weathered
faces where the fracture opening may not be
representative of the true aperture, a priority
was placed on collecting as much fracture
information as possible from the study areas
rather than precision in measurement. As the
spatial nature of the fracture network varies
greatly, collecting large numbers of slightly
less-accurate data may allow for a more clear
regional picture of the near-surface hydraulic
nature of the fracture network. An estimate of
the in-situ kinematic porosity was taken from
Carlsson and Olsson (1993):
(Eq. 9)
𝑛𝑛𝑘𝑘 = 𝜖𝜖𝜖𝜖𝜖𝜖
where 𝑛𝑛𝑘𝑘 is the kinematic porosity, 𝜖𝜖 is a
parameter relating to the connectivity of the
fracture network, 𝑁𝑁 is the frequency of open
fractures [L-1] and 𝑒𝑒 is the median aperture [L]
within the fracture network. This model does
not account for the contact area of the
fracture, which inhibits flow and reduces the
kinematic porosity of the rock to the extent
that in cases where contact area approaches
half of the fracture, flow may approach zero
(Zimmerman and Bodvarsson 1996; Gustafson 2009). The most common fracture type
in Sweden are shear fractures (Olofsson et al.
2001), which may result in open channels
despite convergent rock stresses. Fractures
such as tension fractures, however, may
demonstrate inhibited fluid movement due to
mineral precipitation, particle clogging, or
partial closure. This results in a complex flow
network even in cases of fractures which

10
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appear parallel and perfectly smooth.
Uncertainty in the characteristics of the flow
network at depth and whether superficial
measurements of fractures are truly representative of it require a modification of Eq. 9:
𝑛𝑛𝑘𝑘 = 𝜀𝜀𝑁𝑁𝑎𝑎 𝑒𝑒𝑔𝑔 𝜆𝜆
(Eq. 10)

where 𝑁𝑁𝑎𝑎 is the frequency of all observed
fractures with lengths considerably longer
than the fracture spacing [L-1], and 𝜆𝜆
represents the ratio through which fluid flow
can occur. An estimate of the hydraulic
aperture 𝑒𝑒𝑔𝑔 [L] was modified from Zimmerman and Bodvarsson (1996):
(1−𝑝𝑝)

𝑒𝑒𝑔𝑔 = 𝑒𝑒 (1+𝑝𝑝)

(Eq. 11)

where 𝑝𝑝 is the probability of rock contact,
possibly ranging between 0.15 and 0.35 in
Sweden (Zimmerman and Bodvarsson 1996).
This estimate is intended to represent asperities within the rock fracture and their
influence on the flow network, but is extremely difficult to approximate in the field. As
such, a conservative value of 0.5 was used for
all kinematic porosity estimates.
In order to estimate the degree of connectivity
𝜀𝜀 in the fracture network the ratio of the mean
fracture angle at a measurement location to
the angle of a perfectly connected fracture set
(e.g. 90°) was taken. Angle between fractures
were estimated using the dot product of each
fracture’s normal:
�1 ∙ 𝑁𝑁
�2 =
cos 𝜃𝜃 = 𝑁𝑁
𝑥𝑥1 𝑥𝑥2 +𝑦𝑦1 𝑦𝑦2 +𝑧𝑧1 𝑧𝑧2

(Eq. 12)

0.7L𝑎𝑎𝑎𝑎𝑎𝑎

(Eq. 15)

�𝑥𝑥1 2 +𝑦𝑦1 2 +𝑧𝑧1 2 �𝑥𝑥2 2 +𝑦𝑦2 2 +𝑧𝑧2 2

�𝑖𝑖 = (𝑥𝑥𝑖𝑖 , 𝑦𝑦𝑖𝑖 , 𝑧𝑧𝑖𝑖 )
𝑁𝑁
(Eq. 13)
where 𝜃𝜃 is the angular different between two
fracture planes, 𝑥𝑥𝑖𝑖 , 𝑦𝑦𝑖𝑖 and 𝑧𝑧𝑖𝑖 are the
�𝑖𝑖 for an
coefficients of the normal vector 𝑁𝑁
individual fracture i. The parameter λ was
estimated using the ratio each fracture’s length
to the maximum estimated length at a
measurement location and adjusting the
fracture for roughness and closure due to
depth:
𝜆𝜆 ≈ 𝜆𝜆′
(Eq. 14)
𝜆𝜆′ =

𝐶𝐶𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚

where Lave and Lmax are the measured average
and maximum length of fractures [L],

respectively, the coefficient 0.7 relates to a
decrease in capacity at depths which are
representative of drilled wells (Rehbinder and
Isaksson 1998; Okko et al. 2003; Neves and
Morales 2007) and C is roughness parameter
estimated by:
𝐶𝐶 = �1 + 8.8(𝜔𝜔1.5 )�
(Eq. 16)
where 𝜔𝜔 usually varies between 0.4 and 0.5
(Carlsson and Olsson 1993).
As the total number of fractures parallel or
nearly-parallel to fracture measurement faces
will be underrepresented, the average fracture
frequency was calculated by assigning a
fracture set to each fracture, estimating the
fracture frequency based on fracture spacing
and then calculating the average fracture
frequency by:
𝑁𝑁𝑎𝑎 = ∑𝑖𝑖1 𝑛𝑛

𝑀𝑀

𝑖𝑖 sin 𝛼𝛼

(Eq. 17)

where 𝛼𝛼 is the angle between the fracture
measurement face and fracture set 𝑖𝑖, 𝑀𝑀 is the
length of the measurement face [L] and 𝑛𝑛𝑖𝑖 is
the number of fractures in each set. Fractures
were assumed to belong to a set if their
orientations were within ±15°. If unique
fractures were found, the fracture spacing for
that set was set as the length of the
measurement set, usually 10 m.

Soil depth model
A soil depth model was created using elevation
data and spatial extent of bedrock outcrops
and evaluated against other methods for
estimating soil depth (Paper III). The
simplified regolith model (SRM) uses a search
algorithm where, for each cell it searches in 8
directions at 45° increments beginning at
north. Up to a defined maximum search
distance for each direction the algorithm
moves cell by cell in a predefined search
direction until the edge of a bedrock outcrop
is detected according to SGU soil maps. The
algorithm then finds the point at which the
elevation of the outcrop no longer increases
along the search direction, and calculates the
angle of the slope of the outcropping surface
relative to horizontal, simplifying the slope to
a straight line. This plane is then projected
from the outcrop to the original cell, where
depth is estimated based on the extrapolation
11
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(Lantmäteriet), which has a resolution of 2 m
and an average horizontal accuracy of 0.25 m
(Lantmäteriet 2016; Lantmäteriet 2018;
Lantmäteriet 2019a). As the likelihood of
upconing of fossil sea water as well as
saltwater intrusion increases with depth in
areas below the highest marine shoreline
(Olofsson 1994; Boman and Hanson 2003;
Lång et al. 2006), the reservoir column (1.5
multiplied by elevation) was considered to be
a reasonable assumption to ensure groundwater of good quality, despite assumptions in
porous media of freshwater columns being
considerably larger (Fetter 2001). SGU
assessments of allowable drawdown of the
natural groundwater levels usually depend on
topography and in-situ geology, but often
recommend avoiding disturbances more than
30-40 m below the natural groundwater levels
(Lång et al. 2006). In Värmdö local drawdowns of more than 20 m are advised against
and have used this as a guideline for the height
of the reservoir column in fractured rock
(Lång et al. 2006).
Using a soil depth model (e.g. Paper III or
SGU 2018b), the total soil column was divided
into kinematic porosity sections based on
assumptions of representative soil stratigraphy
(Table 2), for example if the surface consisted
of clay the total soil depth minus the last meter
would have a kinematic porosity of 0.001
where the deepest meter of soil would have a
kinematic porosity of 0.05. The remainder of
cell’s storage-column would be assigned a

of the slope. Depth estimates were adjusted
for soil compaction by subtracting the
difference in elevation from the search cell to
the outcrop edge if the elevation difference
was greater than 10 m. In order to place a
greater emphasis on closer outcrops, the
estimated depths from the different search
directions were weighted using inverse
distance weighting (IDW). A minimum search
distance was also included, where if three or
more outcrops were found within that
distance, the algorithm would use that data
and not proceed to the maximum search
distance. The algorithm was tested in
Stockholm County using regolith thickness
obtained from SGU well archive data.

Spatial groundwater balance
modelling
A groundwater balance model was created in
a GIS environment which incorporates limited storage capacity in the terrain, which was
developed conceptually following Olofsson
(2002) (Paper IV, Paper V). For each cell the
soil at the surface is identified from SGU
1:25000 soil maps (SGU 2018a) and a
conceptual stratigraphy (Table 2) was assumed
based on typical layering found in Swedish
terrains (Fredén 1994; Jamali 2016), drillings
presented in geological maps and experience
from similar areas in Sweden. The total height
of the storage column was assumed to be 1.5
times the elevation of the cell which was
obtained from a digital elevation model
obtained from the Swedish Land Survey

Table 2.
model.

Assumed stratigraphy examples used in spatial groundwater balance

Soil

Soil Depth

Kinematic Porosity
Range

Clay

>1

0.0005-0.002

1 m till, remaining soil column clay

Clay

<=1

0.0005-0.002

Entire soil column assumed as clay

Peat

all

0.2

Entire soil column assumed as peat

Till

all

0.025-0.1

Glacial Sand

all

0.1-0.3

Glacial Gravel

all

0.15-0.45

Entire soil column assumed as xgravel

Postglacial Sediments

>5

0.1-0.45

1 m till, 1-2 m clay, remaining soil column
according to surficial soil

Postglacial Sediments

<=5

0.1-0.45

Soil column according to type of soil

0

0.0001-0.0005

Outcrop

Soil Storage Description, assumed
stratigraphy examples

Entire soil column assumed as till
Entire soil column assumed as sand
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kinematic porosity of the bedrock-type obtained from SGU 1:50000 bedrock maps (SGU
2018c), for example 0.0005 for granitic rock
types. From this model a continuous surface
of the total storage capacity was created for a
modelled region.
Rather than applying wells as a point sink,
extraction was modelled by assuming a radius
of influence, often 250 m in this work. An
average mass loss corresponding to typical
water use for a household was assigned to a
circular area around each well. Overlapping
radii were summed and this extraction was
assigned to a point value at the centroid of the
shape corresponding to the overlapping areas.
These point values were then interpolated
using IDW. Extraction rates were set at 300495 l/d per household (SCB 2010) with
seasonal residences having the lower range of
extraction. As the SGU well archive has no
data on seasonality of use, seasonality was
assigned based on a uniform distribution with
probabilities given as a user-input percent
permanent residency. Summer months were
assumed to be May-Sept during which all wells
would be in use, and during winter months
wells would be in use at lower capacity.
A mass balance was then carried out over the
study areas over the course of a desired time
period, with a time step of one day but using
averaged monthly values for precipitation and
evapotranspiration:
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑃𝑃 − 𝐸𝐸𝐸𝐸 − 𝑊𝑊 ± 𝑄𝑄𝑔𝑔

(Eq. 18)

where 𝑆𝑆 is storage [L], 𝑃𝑃 is precipitation
[LT- 1], 𝐸𝐸𝐸𝐸 is evapotranspiration [LT-1], 𝑊𝑊 is
extraction [LT-1], 𝑄𝑄𝑔𝑔 is groundwater flow
[LT-1] and 𝑡𝑡 is time [T].
A simplified flow estimate was incorporated
into the model, where it was assumed that the
majority of transport to the drilled wells would
occur through the fracture network but
treating the bedrock as a porous medium.
Hydraulic conductivity values were assumed
to be constant, conservatively set at
K=10-8 m/s (Engqvist and Fodestam 1984;
Freeze and Cherry 1979; Singhal and Gupta
1999). In this model, the hydraulic head h in
each cell was assumed based on the elevation,
kinematic porosity and ratio of the reservoir

remaining (initially set at maximum capacity).
Area, A, was assumed to be the ratio of the
remaining reservoir of a cell to the maximum
capacity of the cell times 1.5 the elevation. The
horizontal distance x was taken as the cell size.
From this the flow to and from each cell was
calculated using Darcy’s Equation:
𝑑𝑑ℎ

𝑄𝑄 = −𝐾𝐾𝐾𝐾 𝑑𝑑𝑑𝑑

(Eq. 19)

where Q is flow [L3T-1], A is area [L2], h is
hydraulic head [L] and x is horizontal distance
[L]. Flow was calculated on a daily basis in the
model, and using a directional search through
the storage matrix over the study area. The
direction of the search was also reversed in
order to evaluate the influence this simplification would have on the results, as opposed
to simultaneously solving the set flow of
equations over the area.
The groundwater balance results are presented
using remaining reservoir ratio (RR). This
ratio was calculated as the stored volume in a
cell after a particular time period divided by
the maximum storage of the cell. This
indicator was used to place emphasis on the
overall impact of groundwater extraction
rather than the absolute groundwater levels. In
order to compare with available time series
data, the actual groundwater levels were
recalculated as the ratio of the current groundwater level at a given time step divided by the
assumed full-reservoir groundwater level of
the time series. As such, RMSE values are
presented as ratios of the maximum stored
volumes and are unitless.
Several study areas were investigated using the
groundwater balance model for different
purposes. Sites within Östhammar and
Norrtälje municipalities were examined in
order to evaluate general model results, but
also to examine the sensitivity of different
assumptions in the storage model. This was
done by adjusting the different components of
the storage model, mainly the type of soil
depth model used (SRM in Paper III or SGU
2018b), the kinematic porosity of the clay (e.g.
0.001 or 0.01) and till (e.g. 0.02 or 0.05),
bedrock (granites from 0.0005 to 0.001 and
gneisses from 0.0003 to 0.0008), and thickness
of till layers (1 m or 2 m) assumed to be
underlying clay layers. Värmdö was used to
13
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evaluate the model against time series data in
Eknäs at wells 96_1 and 96_2 for 2016-2017,
and also to examine the feasibility of combining storage estimates based on conceptual
geological models with stochastic models to
produce groundwater vulnerability maps. The
model was run in the Eknäs area using known
wells from the SGU well archive using 250 m
radii of well influence, both evaluated at the
well points and also taking the average of the
cells within a 100 m radius from the wells. In
this scenario typical climate data was used to
estimated recharge. Additionally, the model
was run using residential buildings (Lantmäteriet 2019b) as the modelled extraction
points with 100 m radii of well influence and
using recharge estimates from the catchmentoutflow analysis. A catchment-scale, empirical
model originally used in surface water and
nutrient transport applications, S-Hype
(Strömqvist et al. 2011) has been applied to
approximate groundwater levels of different
types of reservoirs (SMHI and SGU 2018),
based on climate, previous water level and

TRITA-ABE-DLT-1932

geological data. The model is currently used by
SGU as a tool to improve water management
and in reaching the national environmental
goal for attaining groundwater of good quality,
and as such this model was used as a standard
for comparison with results from the spatial
groundwater balance in Eknäs, Värmdö.

Recharge and evapotranspiration
estimation
Recharge was estimated from 2016 to 2017
using a simple hydrograph method (Healy and
Cook 2002; Delin et al. 2007; Jie et al. 2011)
using the data from wells 96_1 and 96_2 in
Eknäs, Värmdö (Paper V). Hydrographs were
extended visually, estimating the continuation
of the slope of the groundwater decline
observed during the summer periods. Kinematic porosity was assumed to be 0.016 at 96_1
and 0.02 at 96_2.
dh

∆h

R = Sy dt ≈ nk ∆t

(Eq. 20)

where 𝑅𝑅 is recharge [LT-1] and 𝑆𝑆𝑦𝑦 is specific
yield.

Figure 5.
Calculated GRP map for Vallentuna/ Osteråker (left and upper left) and
Tyresö (bottom right) regions. Wells locations and their relative specific capacity values
are shown.
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For groundwater balance calculations in
Eknäs, evapotranspiration was estimated
using several methods including an analysis of
the catchment by taking the difference of the
precipitation falling on the contributing area
upstream of a measurement gauge located at
98140 Stormyra station and the measured
outflow. The total inflowing volume of water
was estimated using the flow direction and
accumulation tools in ArcGIS 10.6 after
topographic data (Lantmäteriet, 2019a) was
treated using the fill-sinks tool. Additionally,
the model was run using evapotranspiration
estimates based on a temperature-based
model intended to estimate evaporation
(Linacre 1977):
𝐸𝐸0 =

700𝑇𝑇𝑀𝑀 /(100−𝐴𝐴𝐿𝐿 )+15(𝑇𝑇� −𝑇𝑇𝑑𝑑 )
(80−𝑇𝑇� )

(Eq. 21)

where E0 is the evaporation [L] which was
used to approximate evapotranspiration, TM =
𝑇𝑇�+0.006z where z is elevation in meters above
sea level, 𝐴𝐴𝐿𝐿 is latitude in degrees, 𝑇𝑇� is mean
temperature, and Td is the mean dew point.
Finally, evapotranspiration was also estimated
using the Penman-Monteith (Allen 1998)
equation:
𝐸𝐸𝐸𝐸𝑃𝑃𝑃𝑃 =

0.408∆(𝑅𝑅𝑛𝑛 −𝐺𝐺)+

𝛾𝛾′ 900
𝑢𝑢 (𝑒𝑒 −𝑒𝑒𝑎𝑎 )
𝑇𝑇+273 2 𝑠𝑠

∆+𝛾𝛾′ (1+0.34𝑢𝑢2 )

(Eq. 22)

Where ET is evapotranspiration [LT-1], T is
average daily temperature in [°C], Rn is the net
radiation in MJ/m2 per day, G is the soil heat
flux density in MJ/m2 per day, ∆ is the slope
of the vapour pressure curve curve in kPa, es is
saturation vapour pressure in kPa, ea is the
actual vapour pressure in kPA, u2 is average
daily wind speed in m/s and 𝛾𝛾 ′ is the
psychrometric constant in kPa °C-1.

R ESULTS

Groundwater resources potential
When the values of variable-class maps (e.g.
classed rock type or classed soil) were
extracted to calibration well locations (Fig. 5),
ANOVA results showed that differences in
the specific capacity variances of the classes
for each variable were significant with 99.9%
confidence, except for distance from rocktype interface (94%) and distance from
lineament node (81%) (Table 3, Paper I). Post-

hoc LSD tests showed that the classes for each
particular variable were not always significant
but still predominantly demonstrated that the
mean specific capacity values for each class
increased with increasing class score (Table 3).
Correlations between the classed variables and
specific capacity were significant with 99%
confidence, except for with rock-type
interface and lineament node (Table 4,
Paper I).
PCA analyses of the classed variables
(including specific capacity) required six PCs
to account for 72% of the variance within the
dataset and nine were required to account for
88% of the variance. Specific capacity
communality for the first nine PCs was 99.1%,
which indicates that this level of variance can
be explained by these PCs. For specific
capacity, five PCs accounted for 95.6% of its
variance. Using these PCs to assign variable
weights resulted in values between 0.05 to 0.11
(Table 5, Paper I).
Four GRP weighting schemes were created: a
raw GRP score with weights based only on
PCA loading, an unweighted scheme, a 100 m
mean average GRP score, and a GRP weight
based on strength of correlations between
specific capacity and classed variable (Table 4).
GRP values created from (Eq. 6) were then
extracted at well locations of the verification
dataset (Fig. 5). Hydraulic data (transmissivity,
conductivity and specific capacity) were
transformed log-normally in order to approximate a normal distribution. Spearman’s nonparametric and Pearson’s parametric correlation coefficients typically ranged from 0.09
to 0.18 (Spearman) and 0.12 to 0.21 (Pearson).
Results were significant with 95% confidence,
except in the case of raw-GRP scores.
Grouped GRP scores demonstrated significant differences between the groups with
regards to specific capacity (Fig. 6), hydraulic
conductivity and transmissivity with post-hoc
analyses showing increasing mean values
corresponding with increasing class value
(Table 6). In the dataset, 71.2% of negative
GRP values corresponding to well locations
also showed a less-than median (𝑞𝑞�=3.87 L/
hr per m) specific capacity value at the same
location (Paper I). Taking a 100 m radial
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Table 3.
ANOVA significance and Post-hoc LSD tests of the different classed
variables in columns with respect to specific capacity. Rows show mean specific capacity
values for each class group (i), compared to mean values of all other class groups (j) and
post-hoc LSD significance, in order to compare mean specific capacity values between each
variable’s classes.
Rock Type

ANOVA Significance

.00

Class
(i)

i-j

Sig.

-1
Post Hoc Comparison of Means Using LSD

-1

i-j

Sig.

i-j

Sig.

i-j

Sig.

i-j

Sig.

i-j

Sig.

.0

.97

.4

.04

-.3

.04

-.4

.02

-.1

.96

.00

.00

.3

.18

-.6

.0

.79

-.1

.88

1

-1.3

.00

.3

.02

.00

-.2

.39

-.3

.80

-1.0

.00

.5

.06

.58
.04

-.5

2

.1
.6

-1.3

.00

-.2

.30

-.9

.42

-2

.0

.97

-.4

.04

.3

.04

.4

.02

.1

.96

0

1.4

.00

-.1

.76

-.3

.11

.4

.01

-.1

.61

1

.3

.51

-.3

.36

-.2

.27

.2

.36

-.2

.48

2

.5

.28

.2

.63

-1.0

.00

.2

.33

-.8

.02

-1.4

.00

-.3

.18

.6

.00

.88

.00

.1

.76

.3

.11

.79
.01

.1

-1.4

.0
-.4

.1

.61

.9

.00

1

-.4

.06

-1.1

.00

-.2

.57

.0

.82

-.2

.29

-.1

.73

2

-.1

.52

-.8

.01

.3

.48

-.7

.03

-.3

.22

-.7

.06

-2

1.3

.00

-.3

.02

-.1

.58

.5

.00

.2

.39

.3

.80

-.3

.51

.3

.36

.2

.27

-.2

.36

.2

.48

0

.4

.06

1.1

.00

.2

.57

.0

.82

.2

.29

.1

.73

2

.3

.17

.2

.39

.5

.22

-.8

.03

.0

.96

-.6

.18

-2

1.0

.00

-.5

.06

-.6

.04

1.3

.00

.2

.30

.9

.42

-.5

.28

-.2

.63

1.0

.00

-.2

.33

.8

.02

-1
0

.1

.52

.8

.01

-.3

.48

.7

.03

.3

.22

.7

.06

1

-.3

.17

-.2

.39

-.5

.22

.8

.03

.0

.96

.6

.18

ANOVA Significance

Distance from
Stream

.00

Post Hoc Comparison of Means Using LSD

-1

0

1

2

Distance from
Lineament

.00

Class

-2

.19

1.4

Size of
Catchment

(i)

.06

.00

-1

2

.00

-.9

-1

1

.06

Distance from Distance from
rock type
Node
contact

0

-2
0

.00

Relative
Elevation

Mean Specific Capacity Difference and LSD Signficance
(j)

-2

Distance from
Water

Soil

Elevation

.00

Slope

.00

Soil Depth

.00

.00

Specific Capacity Difference and LSD Signficance
(j)

i-j

Sig.

i-j

Sig.

i-j

Sig.

-1

-.5

.06

-.6

.02

-.8

.00

i-j

Sig.

i-j

Sig.

i-j

Sig.

0

-.5

.00

.5

.01

-.2

.29

1

-.4

.05

.5

.01

-.6

.00

2

-.6

.00

.3

.11

-.8

.00

-2

.5

.06

.6

.02

.8

.00

0

-.1

.84

1.1

.00

.7

1

.1

.79

1.1

.00

.2

.00

-1.3

.10

-.3

.67

-.3

.05

.29

-1.4
-1.8

.08
.02

-.9
-1.3

.16
.04

-.6

2

-.1

.67

.9

.00

.0

.88

.00

.1

-2

.5

.00

-.5

.01

.2

.29

.93

-1

.1

.84

-1.1

.00

-.7

1

.1

.52

.0

.96

-.4

.00

1.3

.10
.64

.67
.08

.05

-.1

.3
-.6

.3

.02

-.3

2

-.1

.71

-.2

.48

.02

-.6

.00

-.5

.01

-1.0

.00

.3

-2

.4

.05

-.5

.69

.01

.6

.00

-1

-.1

.79

0

-.1

.52

-1.1

.00

.29
.02

.08
.64

.16
.08

.00

.1

.9
.6

.6

.96

-.2
.4

1.4

.0

.3

2

-.2

.02

.38

-.2

.50

-.2

.36

-.4

.00

-.4

.00

.7

.43

-2
-1

.6

.00

.11
.00

.00

.67

-.3
-.9

.8

.1

.0

.88

1.8

.02

1.3

.04

-.1

.93

0

.1

.71

.2

.48

.6

.00

.5

.01

1.0

.00

-.3

.69

1

.2

.38

.2

.50

.2

.36

.4

.00

.4

.00

-.7

.43
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Table 4.
Variables and their corresponding classes and weights used in making
Groundwater Supply Potential Maps. Correlation coefficients with specific capacity as the
dependent variable at well locations (Spearman’s ρ) and significance (α) are shown.
Factor

Soil

Weight
%

ρ

6

-0.11

SC

α
0.00

Soil thickness

9

0.14

0.00

Rock type

9

0.17

0.00

Distance from rock
type interface (m)

Distance from
lineaments (m)

Distance from
lineament nodes (m)

Elevation (m.a.s.l.)

Relative elevation
(%)

Slope (degree)

Distance from
potential stream (m)

Catchment area (m2)

Distance from water
bodies (m)

10

8

7

6

11

9

11

9

5

0.01

0.13

0.05

0.13

0.16

0.12

-0.09

0.12

-0.09

0.87

0.00

0.87

0.00

0.00

0.00

0.01

0.00

0.01

Classes (examples)
Sand, Gravel, Peat
Till
Coarse silt, outcrops
Silt
Clay
Very Thick (Postglacial Clay)
Thick (Clay)
Medium (Till)
Thin to none (Rock Outcrop)
Granite
Metagabroid/gneissgranitoid
Gneiss-granite
Sedimentary gneiss
50-100
100-150
150-250
>250
0-50
0-50
50-100
100-150
150-250
>250
50-100
100-150
150-250
>250
0-50
0-20
20-40
40-60
>60
0-20
20-40
40-60
60-80
80-100
0-5
10-maj
15-okt
15-20
>20
0-50
50-100
100-150
150-200
>200
0-20000
20000-40000
40000-60000
60000-80000
80000-100000
0-100
100-150
150-200
200-300
>300
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Class
2
1
0
-1
-2
2
1
0
-1
2
1
0
-2
2
1
0
-1
-2
2
1
0
-1
-2
2
1
0
-1
-2
2
1
0
-1
2
1
0
-1
-2
2
1
0
-1
-2
2
1
0
-1
-2
2
1
0
-1
-2
2
1
0
-1
-2

Mean
Ln(SC)
1.27
1.51
0.53
1.78
1.78
1.15
1.80
1.53
1.28
1.64
1.94
1.62
0.79
1.44
1.56
1.39
1.71
1.37
1.78
1.76
1.40
1.90
1.16
2.11
1.43
1.67
1.49
1.41
1.75
1.43
1.38
0.02
2.28
1.65
1.69
1.53
1.25
1.68
1.34
0.67
0.38
1.28
1.10
1.11
2.09
1.64
1.82
1.57
1.74
1.56
1.21
1.16
1.51
1.26
1.11
1.63

Weight
0.000

0.009

0.000

0.220

0.000

0.405

0.014

0.006

0.001

0.001

0.002

0.063
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Figure 6.
Classed
GRP results for different
weighting alternatives
including (a) unaltered
GRP score using a PCAbased weighting, (b) a
GRP score with equally
weighted variables, (c)
100 m averaged GRP
score (PCA based) and
(d) alternate-weighting
GRP score (weightings
based on strength of
correlations). Boxplots
show the range of data,
outliers, ﬁrst and third
quartiles, and median.

Table 5.
Contribution (%) of each individual variable’s loading on the total variance
in the dataset sorted according to principal component, principal components most
influential for specific capacity shown in bold. Final weighting for each variable was
calculated by normalizing the contributions of each variable on principal components
1,3,6,7 and 8 by the total variance explained by those principal components for all
variables.
Principal Component
13

Variable
Weighting

0.8

0

0.09

0.6

0.2

0.06

0

0

0

0.1

0.2

1.2

0.1

0

0.07

0.4

1

0

0.4

0

0.05

0.2

1.6

0.8

0

0

0

0.09

0.5

0.1

1.2

1.2

0

0.1

0.3

0.09

0

0.1

0

0.1

0.2

2.4

0.1

0

0.08

0

0.1

1.1

1.5

0.3

0.3

0

0.4

0.1

0.11

0

1.5

0

0.2

0

0.4

0.3

0

0

1

0.09

0.8

0.1

1.1

0.2

0

0.1

0

0

0.1

0.7

0.8

0.11

0.2

0.4

3.6

0

1.1

0

0.9

0.5

0.3

0

0.3

0

0.06

0

0.8

0

0.2

1.7

1

2.9

0

0

0

0

0

-

1

2

3

4

5

6

7

8

9

10

11

12

Soil Depth

0.5

0.1

2.7

1.9

0.3

0.6

0.2

0

0.3

Elevation

0.7

2.8

1.6

0.1

0.4

0.3

0.1

0

0.2

0.1

0

0.2

0.5

Distance to rock-type
interface

0

0.1

0

1.6

1.5

3.1

1.2

0

0

0

Distance to lineament node

1

0.6

1.7

0.6

1.7

0.2

0

0.2

0.2

Distance to water body

0.9

3

0

0.1

0.4

0

1

0.3

Slope

1.8

0.6

0.6

0.3

0.5

0.1

1.2

Catchment size

2.8

1

0.4

0.1

0

0

Distance to lineament

2.6

1.3

0.7

0

0.1

Relative elevation

1.8

0.7

0.4

0.9

Rock Type

3.6

0.7

0

Distance from Stream

3.7

0.2

Soil

0.3

Specific capacity

1.1
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Figure 7.
Vulnerability maps generated by (a) GRP and the conceptual storage
model and (b) Värmdö Municipality’s risk map for water scarcity and saline groundwater.
average value of GRP increased this value to
74.7% and using only wells with depths from
40-90 m, which represent common depths for
local drilled wells, showed an increase to
79.6%. Weightings based on strength of
correlation of the variable class to specific
capacity demonstrated that 61.3% of wells
with negative GRP values also had less-than
median specific capacity values.
Normalized GRP maps divided by estimated
cell-storage volume correlated (Fig. 7a)
significantly with chloride concentrations
taken from water chemistry analyses taken
between 2007 and 2009, with greater than
99% confidence in Värmdö Municipality
(Paper V). Correlation coefficients were 0.147
and 0.082 for parametric and non-parametric
analyses, respectively. Chlorine concentrations
were grouped, with three groups of 0100 mg/l, 101-200 mg/l and >200 mg/l.
Using ANOVA, statistically significant
differences between the groups were seen with
the vulnerability score as the dependent
variable with more than 99% confidence.

Post-hoc LSD analyses showed that increasing
group scores were seen to coincide with
increasing vulnerability score, although
statistical significance was only seen in the
>200 mg/l group. A roughly similar but much
less complex structure was seen in the
vulnerability maps obtained from Värmdö
Municipality (Värmdö 2012, Fig. 7b), which
were based on water use, precipitation and
catchment size.

Kinematic porosity and spatial
correlation of well data
Semivariogram models from Tyresö and
Vallentuna/Österåker showed high levels of
heterogeneity (Paper II). In Tyresö a
subdivision was made according to bedrock
type was made that showed that in sedimentary gneissic rocks very little evidence of spatial
autocorrelation was found whereas in granitic
gneissic rocks at least some autocorrelation
was seen, up to at most 600 m (Fig. 8a).
However, γ-value differences between the sill
and nugget were small, indicating weak
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Table 6.
ANOVA Significance and Post-hoc LSD results from the grouped GRP
scores against the chosen hydrogeological indicators for the raw GRP map, a GRP map
without parameter weighting, and a GRP map with an alternate weighting method.
Grouped GRP are compared via LSD test where a group mean (i) for each GRP group is
compared with all other grouped GRP means (j).

Post Hoc Comparison of Means Using LSD

ANOVA

Raw

No Weighting

Alternate Weighting

Sig

Sig.

Sig.
SC
T
K
GRP Group
(i)
GRP<-0.5

-0.5<GRP<0

0<GRP<0.5

0.5<GRP

0.03
0.03
0.13

0.05
0.00
0.05
0.00
0.25
0.11
Mean Specific Capacity Difference and LSD Signficance

(i-j)

sig

(i-j)

sig

(i-j)

sig

-0.5<GRP<0

-0.29

.067

-0.30

.081

-0.33

.071

0<GRP<0.5

-0.34

.054

-0.40

.027

-0.56

.002

0.5<GRP

-0.94

.006

-1.04

.025

-0.84

.001

GRP<-0.5
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Figure 8.
Semivariograms (spherical model) from wells located on rock outcrops in
Tyresö, sorted according to bedrock type (a) and from wells located on granite rock
outcrops in Vallentuna-Österåker, separated according to age of rock (b).
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Figure 9.
Arbitrarily grouped wells
located along a lineament in Blidö.
correlation. Similarly, in Vallentuna/Österåker well data showed weak autocorrelation in
ranges up to roughly 600 m, with slightly
higher levels in older granitic rocks (Fig. 8b).
Average specific capacity values and correspondingly both nugget and sill values in the
semivariograms were far higher in
Vallentuna/Österåker (Table 1). In Blidö, γvalues were grouped arbitrarily along a
lineament and analysed using ANOVA and a
t-test (Fig. 9 and Table 7). In both tests the
samples were significantly different with
99.9% confidence, regardless of whether equal
variance was assumed or not. Samples were
transformed to approximate a normal
distribution using a Box-Cox transformation
with an exponent of 0.19.

Interpolated surfaces from kinematic porosity
estimates based on fracture measurements in
Tyresö and Blackeberg/Nockeby (Fig. 2,
Fig. 10 and Fig. 11) were found to have
significant non-parametric correlations with
specific capacity and transmissivity values with
more than 90% confidence and with hydraulic
conductivity with more than 99% confidence
(Paper II). Additionally, similar correlations
with specific capacity and hydraulic conductivity were observed in Blackeberg/Nockeby
with more than 95% confidence. Spearman’s
Rho coefficients for these correlations were
low, 0.079 for specific capacity and transmissivity correlations in Tyresö and 0.139 for
hydraulic conductivity correlations. In
Blackeberg/Nockeby, coefficients ranged
from 0.09 and 0.12 between kinematic
porosity estimates and specific capacity.
Grouped log-normal specific capacity values
showed increasing mean and upper quartiles
with increasing kinematic porosity estimates,
while lower quartiles in the groups were fairly
consistently low (Fig. 12). Comparing the
kinematic porosity estimates with distance
from either brittle or unspecified deformation
zones identified by SGU showed both
parametric and non-parametric inverse correlations with more than 95% confidence.
Regarding the different variables in (Eq. 10)
significant inverse correlations with distance
from deformation zone were found between
fracture frequency and estimated kinematic
porosity with more than 95% confidence.

Soil depth
Using three different search distances the
SRM depth model was evaluated in Tyresö,
Österåker and Vallentuna and compared with
several other soil depth estimates (Table 8,
Paper III). RMSE values ranged from 3.38 m
to 4.35 m, with a 500 m search radius
providing the best results at 3.38 m to 3.61 m.

Table 7.
Distribution characteristics of differences between log-normally
transformed specific capacity (l/hr per m) variance in arbitrarily grouped wells located
along a lineament.
Area

Median
Distance

n

Mean

Median

Variance

Skewness

Kurtosis

North

1802

10264

1.04

0.39

3.18

3.92

23.43

South

1930

14169

1.45

0.53

5.46

3.33

15.32
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Figure 10.
Interpolated kinematic porosity calculated from fracture measurements
and specific capacity (l/hr per m) values from SGU well archive in Tyresö.

Figure 11.
Interpolated kinematic porosity calculated from fracture measurements
and specific capacity values (l/hr per m) from SGU well archive in Blackeberg/Nockeby.
Dashed and solid lines indicate deformation zones.
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Figure 12.
Grouped lognormal specific capacity
(l/hr per m) estimates from
drilled wells compared with
kinematic porosity
estimated from field
fracture measurement data.
1st and 3rd quartiles shown
in grey with median marked
in the centre of the box.
Maximum and minimum
values are denoted by
whiskers. Outliers (circles)
and extreme outliers
(asterisks) as identified by
SPSS Statistics shown.

The soil depth model yielded better results
than estimates based on average slope values
within a specific radius, and comparable
results to using an IDW interpolation of well
data or linear regression (Paper III). Errors in
soil depth were much more consistent
between the three areas using the SRM as
compared to other methods, with inter-area
differences in RMSE at 0.23 m for a 500 m
search radius compared with ranges greater
than 2 in the radial-average slope methods and
around 1 for the linear regression and IDW
interpolation methods. This can also be seen
in comparing the model results to a threshold
value, where approximately 60% of all wells in
the three areas were within 2 m of well archive
depths, showing roughly the same
performance as IDW interpolation methods.
The model was also applied in Östhammar
using 1068 wells, where 64% of prediction at

well archive locations had an error less than
2 m, however the RMSE for the dataset was
high at 6.58 m. If the major island to the north
east of Östhammar, Gräsö, was evaluated
separately 86% of wells were within 2 m.
Average outcrop distance for Östhammar
municipality is 63 m, more than double that of
Gräsö which was 26 m. Errors were examined
based on Euclidean distance from a rock
outcrop (Fig. 13) which showed that a bias
exists towards overestimation of soil depth at
distances from the outcrop becomes greater
than 200 m.

Groundwater storage, parametric
sensitivity and recharge
Changes in the parameters of the storage
model showed strong influence over the
behaviour of the storage maps, particularly in
that these changes showed strong evidence of

Table 8.
RMSE values (m) for interpolated soil depth estimates (IDW), averageslope function estimates (TA), soil depth model (SRM), and regression-based soil depth
models (Regression).
Study area

IDW

TA 250

TA 500

TA 1000

SRM 250

SRM 500

SRM
1000

Tyresö

3.15

5.29

5.70

5.46

3.94

3.56

3.96

2.89

Vallentuna

3.23

3.00

3.00

2.92

3.59

3.38

3.82

2.55

Österåker

4.16

4.52

4.55

4.35

4.35

3.61

4.16

3.43
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Figure 13.
Soil depth
model error as estimated
soil depth compared with
soil depth from the SGU
well archive in
Östhammar Municipality
and average outcrop
distance for each estimate.

spatial sensitivity (Paper IV). Choice of soil
depth model led to localized changes of more
than 10 times in the storage model (Fig. 14a).
Comparing the models over a 34.5 km2 test
area on the island of Gräsö resulted in a mean
average difference of 94% with a standard
deviation of 760. Changing the kinematic
porosity of the clay (0.001 or 0.01) and till
(0.02 or 0.05) (Fig. 14b) resulted in a 41%
average storage difference with a standard
deviation of 160 in the test area. Varying the
kinematic porosity of the bedrock (0.0003 or
0.001 for granites and 0.0003 or 0.0008 for
gneisses) showed changes in storage which
averaged 56% over the test area with a
standard deviation of 50, but the storage
model was only sensitive in areas with limited
or no soil cover (Fig. 14c). Finally, changing
the thickness of the till layer (1 m or 2 m)
which was assumed to underlie clay or postglacial sand deposits showed a very few
spatially isolated changes in the storage model
which varied by more than 100% (Fig. 14d).
Average differences between the models were
3% with standard deviation of 17 over the test
area. Correlations between storage models and
specific capacity estimates at well locations
were significant with more than 99%
confidence (Paper IV). The distribution of the
storage model showed strong bimodal
behaviour, likely due to the vast differences in
kinematic porosity of the soil and bedrock and
the non-uniform spatial distribution of the soil
cover.
Recharge estimates (Table 9) from 2016 and
2017 based on hydrographs (Fig. 15) showed
increase in groundwater level of 1.65 m and
2.95 m (Paper V). Assuming a kinematic
porosity of 0.016 for the area around well

96_1 (Fig. 15a and Fig. 15b) led to apparent
recharge rates of 0.373 m/yr (2016) and
0.159 m/yr (2017). Recharge estimated based
on the hydrograph from well 96_2 (Fig. 15c
and Fig. 15d) assuming a kinematic porosity of
0.02 was 0.378 m/yr and 0.183 m/yr for 2016
and 2017, respectively. Neglecting the
recharge events during the 2016 summer
months would give an estimated recharge of
0.172 m/yr at well 96_1 and 0.191 m/yr at
well 96_2. Assuming negative P-ET balances
results in zero recharge, estimates using the
Penman-Monteith method were 0.157 m/yr
(2016) and 0.246 m/yr (2017); using the
Linacre (1977) equation recharge was
estimated as 0.231 m/yr (2016) and
0.183 m/yr (2017); and finally using the
catchment-outflow method recharged was estimated as 0.171 m/yr (2016) and 0.220 m/yr
(2017) (Table 9).
Head changes during summer months were
less prominent in 96_2 when compared with
96_1, during 15/6/16 and 1/7/16 measured
at 0.41 m and 0.27 m for well 96_1 and 96_2,
respectively. For the second period, 15/8/16
and 1/9/16, the head changes were 0.18 m
and 0.01 m, for wells 96_1 and 96_2
respectively. Over the period of 15/6/16 and
1/7/16 SMHI recorded 76 mm of rain at
98140 Stormyra station, whereas 54.5 mm was
recorded between 15/8/16 and 1/9/16. The
final groundwater head change event for both
wells was quite similar, 1.65 m and 1.59 m for
wells 96_1 and 96_2, respectively, with
188 mm of rain occurring between
15/10/2016 and 1/1/2017. Looking at the
total decline during the summer period for
2016 (1/5/16-15/10/16) and 2017 (15/3/1731/8/17), a total head change of 1.6 m and
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Figure 14.
Example of difference in storage resulting from different estimates of soil
depth (a), changing the kinematic porosity of the clay (0.001 or 0.01) and till (0.02 or 0.05)
(b), changing the kinematic porosity of the bedrock (0.0003 or 0.001 for granites and 0.0003
or 0.0008 for gneisses) (c) and a doubling of the thickness of till layers where present (d).
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Summary of evaporation, evapotranspiration and recharge estimates (mm).
Penman-Monteith

Period

Linacre

Catchment Analysis

Hydrograph Analysis

Precip.

ETPM

R(ETPM)

E0

R(E0)

ET

R

R(96_1)

R(96_2)

2016

541

384

157

1086

231

370

171

172

191

Jan

38

12

26

0

38

25

13

-

-

Feb

29

11

18

0

29

2

27

-

-

Mar

32

13

19

14

18

10

22

-

-

Apr

49

24

25

40

9

31

18

-

-

May

14

47

0

129

0

9

5

-

-

Jun

77

57

20

184

0

74

3

-

-

Jul

18

62

0

243

0

18

0

-

-

Aug

67

49

18

208

0

67

0

-

-

Sep

15

38

0

177

0

15

0

-

-

Oct

45

38

7

71

0

45

0

-

-

Nov

127

14

113

15

112

60

67

-

-

Dec

30

19

11

5

25

14

16

-

-

2017

613

367

246

1045

183

393

220

159

183

Jan

39

11

28

0

39

16

23

-

-

Feb

28

19

9

0

28

18

10

-

-

Mar

42

15

27

6

36

11

31

-

-

Apr

25

32

0

20

5

16

9

-

-

May

11

47

0

98

0

9

2

-

-

Jun

50

54

0

172

0

50

0

-

-

Jul

38

64

0

217

0

30

8

-

-

Aug

69

49

20

229

0

69

0

-

-

Sep

103

34

69

170

0

83

20

-

-

Oct

140

22

118

101

39

62

78

-

-

Nov

68

19

49

32

36

29

39

-

-

Sum

1154

752

402

2131

414

763

391

331

374

1.8 m was seen in both wells. Using
precipitation data from SMHI and an estimate
of evapotranspiration (Eq. 21 and Eq. 22), the
net differences between these precipitation
and evapotranspiration were 0.231 m/yr and
0.183 m/yr for 2016 and 2017, respectively.

Groundwater balance estimates
Storage and extraction maps (Fig. 16a and
Fig. 16b) reveal the extent of heterogeneity in
the hydraulic characteristics of these types of
terrains. In Östhammar, for example, mean
Euclidean distance to areas with soil cover was
502 m. However, wells near the coast had
pockets of soil within roughly 100 m (Paper
IV). This can lead to extreme variability in
storage, where storage maps can vary two or

more orders of magnitude within a few
hundred meters. Similarly, simple extraction
maps showed increases in water use around
clusters of wells. In Östhammar, the
extraction map had a maximum value of
10-4 m3/m2 per day, with a mean value of
5·10-6 m3/m2 per day and a roughly lognormal distribution. The storage map had a
maximum value of roughly 35 m3/m2 and a
mean value of 1.6·10-1 m3/m2 (Paper IV).
The spatial groundwater balance showed good
agreement between time-series data at wells
96_1 and 96_2 over the period of 2016-2017
(Fig. 17 and Fig. 18, Paper V). Scenarios were
initially run using the Linacre evapotranspiration estimate with well locations from
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Figure 15.
Groundwater
level measurements (20162017) from SGU field
measurements for well 96_1
(a and b) and well 96_2 (c
and d). Red lines indicate
assumed continuation of
groundwater level decline
without recharge event used
to estimate seasonal
recharge.

the SGU well archive as extraction points
(Paper V). At well 96_1, error between the
model and SGU time series had a maximum
value of 10-11% difference in estimated
hydraulic head during the peak summer
months, corresponding to hydraulic head
differences of 1.1 m to 1.2 m. Average error

values for both years were 8% with average
yearly RMSE values at 27% of the RR. Taking
a radial, 100 m spatial average of the
groundwater balance for each month
produced reduced the RMSE to 22%. At well
96_2, errors were higher, with a maximum
100% hydraulic head error at the minimum

Figure 16.
Example of modelled storage used in groundwater balance (a) and
Example of extraction models used in groundwater balance using an extraction rate of
300 l/d per well and interpolated using Inverse Distance Weighting (b) from Gräsö,
Östhammar.
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Figure 17.
Relative groundwater level measurements, Spatial Water Balance model
results and S-Hype model results for well 96_1 from 2016-2017. Different estimates of
groundwater recharge were used, namely Linacre (1977)-based estimates for the model
run with SGU wells as extraction points, and catchment-outflow estimates for the model
with buildings as extraction points.

Figure 18.
Relative groundwater level measurements, Spatial Water Balance model
results and S-Hype model results for well 96_2 from 2016-2017. Different estimates of
groundwater recharge were used, namely Linacre (1977)-based estimates for the model
run with SGU wells as extraction points, and catchment-outflow estimates for the model
with buildings as extraction points.
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Figure 19.
Model results from an 8
month, 50% permanent residency
scenario with 300 l/d water usage in
Gräsö, Östhammar.
groundwater level in Oct 2016 and 89% at the
minimum in Sept 2017 which roughly
corresponds to an error of 3.7 m and 4 m in

hydraulic head. However, when taking the
100 m average of the groundwater balance the
maximum errors were 36% and 34% for Oct
2016 and Sept 2017, respectively. Average
errors for well 96_2 were 19% at the exact
point and 3% when taking a radial 100 m
average with average RMSE values of 34% RR
at the exact point and 15% RR taking a 100 m
average. When compared with results from
the S-Hype model (Strömqvist et al. 2011;
SMHI and SGU 2018), the RMSE errors were
greater at 62% and 61% of a full reservoir at
well 96_1 for till and glaciofluvial deposits,
respectively. At well 96_2 the RMSE was
lower at 55% and 56% of a full reservoir for
till and glaciofluvial deposits, respectively
(Paper V).
The spatial groundwater balance was also run
using the catchment-outflow analysis recharge
estimate, and buildings identified from the
property map as extraction points (Paper V).
Additionally, the summer recharge event of
8 mm during July 2017 was omitted as this
event was not seen in the other analyses. A
notable decrease in groundwater level during
summer months was seen due to the greater
number of extraction points. RMSE at wells
96_1 and 96_2 were increased to 31% RR and
44% RR, respectively (Fig. 17 and Fig. 18).
However, as the kinematic porosity in the

Figure 20.
Groundwater balance model results after 8 months using a 100 m extraction
radius and 50% residency from Vindö, Värmdö (a), estimated water use provided by
Värmdö Municipality (b), and absolute difference between the two estimates after the
spatial groundwater balance was converted to approximate water use (c).
29

Robert Earon

Figure 21.
Effect of Groundwater
flow in hard rock, coastal regions using
300 l/d water usage, 50% permanent
residency over 8 months in Gräsö,
Östhammar. Differences were calculated
as the ratio of the deviation from the
model with subsurface flows to the same
model without any groundwater flow.
hydrograph-recharge was estimated to be
0.016 to 0.02, the kinematic porosity was
adjusted to more closely reflect that value, for
the bedrock from 0.0003 to 0.001 and for clay
from 0.001 to 0.01. After this, the RMSE was
decreased to 30% RR and 6% RR for the two
wells (Fig. 17 and Fig. 18, Paper V).
Applying the model to Östhammar Municipality (Fig. 19, Paper IV) and Värmdö
Municipality (Fig. 20, Paper V) demonstrated
that the majority of storage is likely unaffected
by well extraction. In Östhammar (Paper IV),
local effects led to a ratio of lower than 25%
RR of the full reservoir during the summer
months, indicating that these areas would have
elevated vulnerability to environmental stress.
Affected areas are typically within 500 m of
the coast, coinciding with areas of low
elevation and limited soil cover. However,
some areas with large impacts on groundwater
levels can be seen more than 1 km from the
coast. In Vindö, Värmdö (Paper V) far more
extensive impacts are seen in an 8 month
scenario with an assumed 50% permanent
residency. Reservoir ratios are seen to reach
less than 25% RR throughout the island,
coinciding in subcatchments which use a
greater portion of their estimated water
budget (Värmdö 2012). Groundwater balance
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estimates from a typical 8 month scenario at
an assumed 50% permanent resident
correlated significantly with percentage use
according to water budget (Värmdö 2012)
with more than 99% confidence and
parametric coefficients of 0.232 and nonparametric coefficients of 0.308.
Comparisons between incorporating subsurface flows into the groundwater balance and
using a strict pointwise water balance at the
northern part of Gräsö, Östhammar demonstrated the limited influence of flow models on
the results (Fig. 21, Paper IV). At the
peripheral of areas showing the greatest
drawdowns differences of 50%-100% were
seen, but the vast majority of the model
showed differences within ±10%. These areas
often coincided with local pockets of soil with
higher kinematic porosities and where
extraction would have a proportionally lower
impact. Impacted differences in these
peripheral regions is often less than 50 m.
Directionality in the search algorithm (Paper
IV) of the flow model was found to have an

Figure 22.
Difference between 8
month scenarios using 50% or 15%
permanent residency rates with a usage
of 300 l/d in Gräsö, Östhammar.
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(a)

(b)

(c)

Figure 23.
Groundwater balance results from Vindö, Värmdö showing the remaining
reservoir ratio as a percent over an 8 Month, 50% permanent residency scenario using
2016 climate data and extraction radii of (a) 50 m, (b) 100 m and (c) 250 m.
average difference of 3% with a standard
deviation of 13%. Residency showed more of
an influence over results (Fig. 22). While the
differences between 15% and 50% permanent
residency rates is less drastic than between noflow and flow scenarios, the extents are
greater. Localized differences of 10% to 50%
are seen around areas which were found to
extract greater percentages of the groundwater
reservoir over the summer months. Extraction in Östhammar varied from 0 to
4·10-6 m3 per day per m2 or roughly 1 mm per
yr. The effect of changing the radius of

influence of well extraction was evaluated by
altering the radius within the island of Vindö.
Three model scenarios were run for 2016 with
identical parameters over an 8 month time
using average precipitation and evapotranspiration estimated from catchmentoutflow balances from 1976 to 2018 at 1835
Stormyra station. Models were run with
extraction radii of 50 m, 100 m and 250 m
(Fig. 23) based on domicile-buildings as the
point of extraction. Model results were
generally in agreement, but large differences
occurred at the fringes of areas affected by

(a)

(b)

(c)

Figure 24.
Groundwater balance results from the north Vätö, Norrtälje Municipality
showing the remaining reservoir ratio as percent over an 8 month scenario with 50%
permanent residency for increased evapotranspiration rates of 5% (a), 10% (b) and 20%
(c) from current (1991-2018) climate data averages.
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extraction, typically a difference of 25-50% in
RR within the difference of the two radii and
a smaller radius leads to much sharper borders
of affected areas.
The model was run over the island of Vätö in
Norrtälje municipality to examine the effects
of varying evapotranspiration rates (Paper V).
Precipitation and evapotranspiration rates
were estimated using precipitation data
collected at the 98500 Norrveda station from
the period of 1936 to 2018 and outflow data
collected at the 2429 Finsta station.
Evapotranspiration rates were increased by
5%, 10% and 20% over an 8 month, 50%
permanent residency model scenario, with all
other parameters fixed (Fig. 24). Model results
show that for the 5% (Fig. 24a) and 10%
(Fig. 24b) scenarios, usage on the island is
typically within 10% of the approximated total
storage. Exceptions to this occur on the
north-east portion of the island in the Fiskebyn
area, which is a traditional fishing village with
houses in close proximity to each other, which
likely have water use characteristics less than
or equal to average cottage use. In contrast,
the 20% scenario (Fig. 24c) shows extreme
changes when compared to the other two
scenarios.

D ISCUSSION
Spatial behaviour of hydraulic
indicators
Results from semivariogram analyses indicate
that a strong aspatial nature prevails in
crystalline bedrock, particularly in sedimentary
gneisses (Paper II). Even in datasets where
spatial correlations are seen, nugget values
account for two-thirds of sill values, implying
that inherent variability far exceeds spatial
variability. Regional averages showed more
similarity in some study areas, with sill values
in Tyresö much lower than those in
Vallentuna, corresponding to 7.4 l/hr per m
well and 55 l/hr per m well, respectively.
Additionally the standard deviation in wells in
the two areas differed greatly, where in the
Vallentuna dataset it was three times higher
than in Tyresö. Due to a limited weathered
layer in both of these regions, it is likely that
regional hydraulic behaviour from the well
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archive is representative of the inherent
hydraulic nature of the fracture system(s).
Implications of these results are that regional
estimates of hydraulic characteristics based on
a few point data may have elevated levels of
uncertainty and error, even if the measurements are in soil-filled reservoirs (Dethlefsen
et al. 2017) and is in agreement with Surrette
et al. (2008) and Voeckler and Allen (2012).
Results also indicate that all types of field
measurements intended for increasing conceptual understanding of the hydraulic nature
of crystalline rocks should be examined for
spatial correlations prior to use in further
studies or as decision-support information
(Paper II). Additionally, in close proximity to
saline water bodies the likelihood of a
hydraulic link with lower-quality water is
elevated and risks associated with quality
impacts arising from artificially altering the
groundwater level often far outweigh benefits
of the acquired data.
Similarity in the range, or distance where
spatial correlations are present, between
Tyresö and Vallentuna/Österåker combined
with differences seen in scale of variance may
point towards similar spatial behaviour even in
regions of vastly differing hydraulic performance or geology (Paper II). While the two
study areas differed in size by an order of
magnitude, lag size between the regions was
similar, between 100 m and 300 m. In Blidö,
where a set of wells was split arbitrarily in
otherwise homogeneous settings, statistically
significant differences between the groups
indicate that assumptions made without local
data are likely to be error-prone and may
require several closely-spaced estimates in
order to reduce uncertainty. Even in stochastic
models, inherent heterogeneity of the fracture
network may increase uncertainty to the point
where their explanative capacity is diminished
without several datasets with which to
generate the parameters to be used in the
model.
Statistically significant correlations between
kinematic porosity estimates based on fracture
measurements and hydraulic data indicate that
surficial measurements may provide data
which allows for improvement of hydro-
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geological models (Paper II). Kinematic
porosity estimates were comparable to literature values (Singhal and Gupta 1999;
Chesnaux et al. 2009). High statistical significance was seen in correlations between field
estimates and well specific capacity data
despite low correlation coefficients. This may
be due to several factors aside from variability
in fracture characteristics, for example soil
cover would dramatically increase local
storage due to soils typically having kinematic
porosity values orders of magnitude large than
crystalline rock (Freeze and Cherry 1979;
Singhal and Gupta 1999). Additionally, flow
data may not be representative of the actual
storage if a few larger fractures dominate. As
fracture flow is proportional to the third
power of the aperture (Snow 1969), a few
larger fractures will increase hydraulic
conductivity where storage is largely
unchanged. Grouped log-normal specific
capacities illustrate this, where increases in the
upper quartiles can be seen to correspond with
increasing kinematic porosity whereas the
lower quartiles do not (Fig. 12). Well
orientation may also partially explain this, as
vertical wells will be more likely to intercept
more open, sub-horizontal bedding-fractures,
causing an increase in apparent specific
capacity. Without subvertical connecting
fractures, however, the kinematic porosity
may remain low. Data points with lower
porosity coinciding with higher capacity
typically had lower connectivity with average
angle differences often lower than 60°. These
results may also indicate that flow characteristics may be unsuitable as indicators of
storage characteristics. Combined with the
observed variance of hydraulic data, large
numbers of data points may be preferable to
fewer, more detailed field tests.
Several sources of uncertainty may influence
the veracity of kinematic porosity estimation
results. Uncertainty in the position of well
archive data, given as either 100 m, 250 m or
unknown, will likely influence results in
terrains where characteristics change drastically within a few tens of meters. Assumptions of fracture set and fracture spacing are
also subject to some uncertainty. Assuming a
fracture spacing based on a single fracture may

greatly over-represent the in-situ frequency.
However, it could be argued that some
adjustment needed to be made in order to
account for bias in frequency arising from
orientation of the face on which measurements were carried out. Assigning a fracture
set to fractures also carries some degree of
uncertainty as some fractures may share
similar orientations but be unrelated. Adjustments made in hydraulic aperture, probability
of rock contact and closure are also difficult to
verify. However, it is likely that estimates
made based on apparent surficial fracture
characteristics without such modifications will
misrepresent the hydrogeological nature of
the fracture system. Finally, as fracture
measurements were carried out primarily on
exposed bedrock outcrops a bias is likely
present due a likelihood that the outcropping
rock likely represents the hardest, most intact
parts of the bedrock. Topographically lower,
and likely more fractured and weathered
portions of the rock might be missed entirely
due to soil cover.
While not novel, it is valuable to briefly reflect
on the recharge estimates for Eknäs as
recharge is fundamental in determining
groundwater response in terrains with such
limited storage (Paper V). Estimates based on
hydrograph evaluation were similar to simple
estimates based on the net difference between
evaporation and precipitation (the P-ET
balance). While some subjectivity arose from
the selection of kinematic porosity and visual
extension of the hydrographs, final recharge
events closely reflected the yearly estimates
based on climate data which lends support for
their use in this context. While Linacre (1977)
based estimates had far greater evaporation
rates during the summer than the PenmanMonteith estimates (Table 9), the resulting
recharge rates were similar as the net
difference in the P-ET should not be negative.
Seasonal behaviour between the P-ET
estimates and the catchment mass-balance
estimates were also very similar, indicating a
very low to zero summer recharge rate. Similar
changes in hydraulic head between the two
time series indicate that the local kinematic
porosity estimates should be quite close.
However, less variation is seen during the
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summer drawdown in well 96_2 as compared
with well 96_1. These events may be indicative
of heightened interaction with local soil cover
and vegetation, with increased local evapotranspiration resulting in the lessened responses seen in the hydrograph from 96_2
relative to 96_1. As such these responses
during summer months in the hydrographs
likely do not entirely reflect the meteorological
data, which may increase uncertainty of
summer-event recharge estimates. While using
typical climate data may not be sufficient to
estimate recharge for years with intense
periods of summer rain such as 2016 or in
cases where rainfall has a heightened temporal
variability which affects potential infiltration
(Yang et al. 2013), it may prove adequate in
representing more typical climate data for use
in water resources management.
The SRM results showed consistent
performance in areas which have frequent
rock outcrops (Paper III). As average
distances between outcrops increased past
200 m, the model tended toward an
overestimation of depth. However, an
optimization of distance-of-outcrop and
number-of-outcrops may yield more accurate
results. Using a maximum search distance of
500 m proved to yield the best performance,
indicating that while single outcrops may
cause an overestimation of depth at distances
greater than 200 m, having a greater number
of outcrops will to some extent compensate
for this error. While a weak negative trend is
seen when comparing soil depth with distance
from outcrop, no clear general relationship is
evident between distance from outcrop and
error at ranges less than 200 m. An advantage
this model has over other readily available soil
depth models is that it relies on surface
topography and soil data. So, in the absence of
data regarding the subsurface, for example as
used by SGU (2018b) which relies on
measured depths of soil obtained from new
and existing wells, the SRM (Paper III) might
outperform comparable models. The SRM
could also be used to generate additional
points which could be used as in-data for
SGU’s soil depth model which could decrease
uncertainty in areas with sparse data.
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Parametric sensitivity analyses of the groundwater storage variable (Paper IV) illustrate the
vital nature of this parameter in terrains where
groundwater balance is limited so dramatically
by the storage characteristics of the soil and
bedrock (Paper IV). Varying the soil depth, till
thickness and kinematic porosity of soil and
bedrock also showed that the behaviour has a
strong spatial component. Soil depth
uncertainty would then logically lead to
heightened model uncertainty and can
influence results on the order-of-magnitude
scale. Changing the kinematic porosity of the
bedrock unsurprisingly led to more consistent
changes in areas with limited soil cover, but
little change in areas with even a limited soil
cover. This points towards a hierarchical order
of importance of the different reservoirs,
which may change depending on local
conditions. However, when examining the
changes due to altering the thickness of till
layers which were assumed to underlie clay,
strong local increased sensitivity was seen in
the model, often constrained primarily to areas
with thicker soil layers. This may differ from
other areas with a more consistent and thicker
clay layer, where the relative storage increase
would be more consistent and dispersed
rather than constrained to a few isolated
valleys (Fig. 14d). These results indicate that
benefits achieved from decreasing parametric
uncertainty in groundwater balance models is
not spatially uniform and are strongly
dependent on in-situ properties. Furthermore,
parametric sensitivity analysis may provide
guidance as to how best allocate further
resource use in reducing model uncertainty.
Where resources are limited, identifying
strategic areas and subsequently the most
sensitive parameters in those areas will allow
for a better understanding of their resilience.
While the simplified conceptual storage model
(Paper IV) has advantages which arguably
support its use in decision support tools, the
geological complexity of the soil-strata and
bedrock cannot be overstated. Complex soil
cover, for example in glacially or post-glacially
washed sediments or areas close to eskers
below the highest marine shoreline would
likely not be adequately addressed by the
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storage model and increased uncertainty
would likely be present close to these deposits.
Additionally, in the contact zones between
rock-types, intrusive rock types or foliation
which is not sub-vertical the assumption of a
homogeneous rock-column is violated.

Groundwater resource management
tools
Statistical analyses of the GRP method
(Paper I) indicate that a spatial multivariate
approach to groundwater forecasting has the
potential to provide useful insights into
groundwater behaviour. Increasing median
specific capacity values seen in classed
variables corresponding with increasing class
value during ANOVA tests and correlations
between the different variables with specific
capacity demonstrate how intricate the
balance is between the different factors
determining the in-situ flow characteristics.
While dimension reduction was not possible
given the PCA results, the PCA-based
weighting was a novel approach which may be
promising as a tool for predicting reservoir
response. In addition to significant
correlations, grouped GRP results showed
increasing mean specific capacity with
increasing GRP-score regardless of weighting.
Mid-range GRP scores showed less promising
performance, whereas in the higher and lower
GRP-scores a more consistent trend was seen
regarding specific capacity (Fig. 6). Raw GRPscores consistently identified higher and lower
specific capacity values, which was not
observed in alternate weighting schemes with
more variability in the higher ranges. Perhaps
the most promising outcome of this method
is that the GRP method showed promise in
identifying areas with lower-than-average
flow. Implications of this are that unweighted
and raw GRP scores may have some
predictive value in demarcating areas with
elevated or diminished groundwater flow, but
fall short in predicting average values (Paper
I). This may prove useful in identifying areas
which are more vulnerable or could be
sustainably exploited further as groundwater
supplies.
Results indicate that vulnerability maps
created from storage and GRP models may

prove useful in identifying areas of risk for
saline groundwater and over-exploitation
(Paper V). The importance of geological
structures in assessing vulnerability is in
agreement with Mendoza and Barmen (2006).
Significant
correlations
between
the
vulnerability estimate and chloride concentrations indicate that areas with a low storage
and high transmissivity should be identified as
having an increased vulnerability. While such
inverted differences may rarely occur in
sedimentary deposits or sedimentary rocks,
they are not infrequent in crystalline rock
where single fractures may represent the bulk
of local fluid flow. Furthermore, if storage
coefficients are high the reservoir will behave
in a more resilient way, with even moderate
concentrations of incoming pollutants being
diluted. If hydraulic conductivity values are
low relative to median values in hard rock, the
spread of pollutants is impeded. In sedimentary aquifers where conductivities are much
higher, residence times of the reservoir might
be sufficiently low that risks are mitigated by
the short time interval over which
contaminants might be flushed. However, in
terrains dominated by hard, crystalline rock
individual fractures may allow for the
transport of contaminants to reservoirs with
very limited kinematic porosities while not
dramatically increasing residence time. It
therefore stands to reason that these types of
aquifers might be less resilient. Combining a
conceptual model of storage with a
probability-based model has a clear advantage.
By incorporating a reasonable, albeit simple,
geological model at high resolutions with
models with large numbers of statistically
weighted and classed variables, the inherent
variability of these types of terrains may be
addressed.
Incorporating both limited storage and spatial
variability into groundwater balances in these
types of terrains could potentially increase
water security in coastal, hard rock regions
(Paper IV, Paper V). Results demonstrate that
failure to account for limited storage while not
simultaneously maintaining a balanced spatial
resolution will drastically affect model results.
As both storage estimates and extraction have
high spatial variance even over a few tens of
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meters, even estimates at the subcatchment
scale may underrepresent local environmental
stresses. Due to the very low hydraulic
conductivity inherent in the fracture network
and lack of connectivity between soil-filled
valleys, scales above even a 100 m cell-size will
probably be misleading. While even a few
closely spaced wells may result in extreme
local drawdowns, regionally or at the
subcatchment level these effects might be
completely missed. General similarity between
the spatial groundwater balance results from
Värmdö with the water use regime predicted
by the municipality (Fig. 20) lends support to
the validity to the method, although a higher
level of complexity is apparent in the spatial
groundwater balance. However, a few
subcatchments with low predicted risk may
have underestimated risks due to an
overestimation of regional porosity based on a
few local soil pockets which may not be
accessible to water wells. The influence,
however, of these soil pockets as recharging
reservoirs is evident from differences between
model results and time series data from Eknäs,
Värmdö (Fig. 17 and Fig. 18). While model
results overestimate the impacts of extraction
in well 96_2, the model better predicts the
impacts of extraction at well 96_1. This is
likely a result of local small reservoirs
recharging extracted volumes, mitigating the
head declines. This is seen in a model
improvement when taking the 100 m average
and the result underscores the vital
importance of small reservoirs in coastal
terrains as a means of mitigating environmental stress from over-extraction.
The groundwater model over the tested
period outperformed S-Hype predications,
with RMSE values being roughly half of those
in the S-Hype predictions (Paper V). While
not strictly predicting the reservoir behaviour
in the hard rock, the S-Hype predications are
a measure of a regional groundwater
behaviour. As the S-Hype model is more
statistically based, contrasting the physicalconceptual nature of the spatial groundwater
balance model, it may provide an objective
measure of the model performance, at least on
the catchment-scale. The groundwater balance
model seems to afford some explanative
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power over the behaviour of the groundwater
levels in hard rock, where short term effects
such as air entrapment or air pressure changes
may not reflect the true nature of storage in
the fracture network. As it is unlikely that
recharging volumes are quick-acting due to the
low hydraulic conductivity values of the
bedrock, the more gradually reacting results
seen in the spatial groundwater balance are
more probable than the high variance seen in
the S-Hype results. It is possible that a few
directly connected, highly conductive
fractures allow for the groundwater reservoirs
at the well points to react immediately to
recharge events, however these are likely not
indicative of storage changes (Bockgård 2004).
Adding in-situ data regarding the model
improved performance, as seen through
increasing the kinematic porosity in the Eknäs
models. An over-estimation of groundwater
response was observed, particularly when
using building centres as estimates of
extraction (Fig. 17 and Fig. 18). It is difficult
to say if this is a result of an incorrect
simplification regarding well extraction
behaving roughly as a radius-of-influence, or
an underestimation of the kinematic porosity
of the cells. As the models dramatically
improved when the kinematic porosity was
adjusted, it is likely that the latter assumption
has a greater impact on the results. As seen in
both 2017 models using the catchment massbalance estimate, it is also likely that
groundwater recharge is over-approximated
when using this method. This is supported by
the fact that the measured groundwater level
estimates show only a very slight recovery in
well 96_1 and almost none in well 96_2.
Modelling extraction in fractured rock with
incomplete data regarding the fracture
network entails extremely high levels of
uncertainty. While it is incorrect to assume
that a radius of influence around each well
would reflect the in-situ behaviour of the
groundwater, for large numbers of extraction
points the clustered nature of the extraction
can be reflected at least in some way
(Paper V). Additionally, as the intended use of
this model is to aid decision-making by
identifying potential risk areas or areas of
potential increased extraction, it could be
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argued that the intended use allows for less
stringent requirements regarding uncertainty
(Enemark et al. 2019). Extraction maps show
a strong spatial component without knowledge of the fracture network (Paper IV),
which may represent the spatial weighting of
the groundwater use in areas with many drilled
wells. Changing the radius of influence
showed that the overall pattern of the
extraction was similar regardless of whether a
50 m, 100 m or 250 m radius (Fig. 23,
Paper V) was selected. However, differences
were seen at the fringes of these areas,
indicating that the radius of influence may play
a significant role in determining the
boundaries of affected areas, but not in
general identification of such areas.
Increasing evapotranspiration rates (Fig. 24)
in certain areas indicated that a critical level
exists regarding the precipitation evapotranspiration balance (Paper V). Given the
very small storage volumes available in these
types of terrains, often a few mm per month
is sufficient to avoid significant environmental
stress on the reservoir. However, once a
certain limit is exceeded, namely the
precipitation-evapotranspiration balance is
negative, drastic stresses are seen locally. This
could have serious implications for areas
which currently experience no groundwater
stress or risk for saline groundwater, but have
a slightly positive precipitation-evapotranspiration balance. If the balance is disturbed,
areas which are not currently identified as
problem areas may see a decline in
groundwater level as modelled in Vätö. As
similar slightly positive balances are evident
from historic climate data in Värmdö, it is
likely that many near-coast areas will be
similarly affected were the balance to shift. A
lack of advance knowledge of this may lead to
poor planning and legislative decisions at the
municipal level given current climate data. A
failure to account for the possibility of a
shifting precipitation-evapotranspiration balance and subsequent effects on groundwater
behaviour may result near-future exploitation
which will have severe long-term consequences for residents who rely on private
water supplies to fulfil their drinking water
needs.

Through the combination of geological
databases with topography and soil depth
estimates, it is possible to address the issue of
heterogeneity in storage and extraction
characteristics in a meaningful way by
adjusting the cell size to an appropriate order
of magnitude (Paper IV, Paper V). Through
simplifications in the flow model and
extraction regime, computational time is saved
which allows for rapid calculations over larger
areas. Additionally, given the uncertainty
inherent in the fracture network and heterogeneity in the soil cover, traditional groundwater models may be prohibitively costly and
time-intensive for water-planning applications. While surface flows are neglected,
they will often play a very limited role in the
overall water balance in coastal regions.
Modelling flow in the hard rock was found to
have limited influence over the overall
groundwater situation over the course of a
year (Paper IV), which is the critical time scale
in these types of reservoirs where groundwater
levels quickly recover as soon as evapotranspiration rates are exceeded by precipitation. However, at the spatial resolutions
examined in this study, it is unlikely that flow
paths will be adequately explained as a porous
medium, where a few large fractures will
determine the flow regime. Some assumptions
of effective porosity in the conceptual storage
model will likely not accurately reflect true
groundwater behaviour. One example of this
would be peat, which was modelled with a
high (0.2) kinematic porosity (Table 2) as a
balance between the very porous nature of the
peat and contrasting underlying material. As
peat will likely be underlain by a thick clay
layer, volumes of water in these layers may
essentially be inaccessible via well extraction.
If overlapping extraction radii fall on these
areas, the model would likely greatly underestimate the impact directly under the peat
cells, possibly misrepresenting ecological
impacts. However, if these areas were to be
exploited, the soil cover would need to be
drastically altered through additional fill of the
peat and/or drainage which would necessitate
a re-evaluation of the impacts. Additionally, as
few wells are located in peat-filled areas and
hydraulic conductivities are low, the impacts
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directly at the extraction points should be
identifiable even if the cells under peat appear
to show little impact. Lastly, the concept of a
full reservoir implies the absence of an
unsaturated zone, which is very infrequently
the case. Often in these types of terrains
groundwater levels will be at least a few meters
below the ground surface (Olofsson 2002;
Knutsson and Morfeldt 2002) and therefore
the model results should be interpreted as
being representative of the relationship
between the reservoir’s status at a given point
in time with the best-case groundwater
scenario. The groundwater balance model
developed in this study was never designed to
replace a robust model, but instead was
created to aid in increasing water security in
these areas by identifying local areas with low
resilience.

C ONCLUSIONS
Heteroscedasticity refers to the non-stationary
variance of a parameter, or to put it in another
way: heterogenic heterogeneity. This term
perhaps best describes the essence of
hydrogeology in many crystalline rock
environments. With regards to the hydraulic
properties in hard rock, high levels of varying
uncertainty are prevalent. In pursuing answers
to the vast number of questions which are
faced in applied hydrogeology for sustainable,
resilient water resources management in an
uncertain future, the most general conclusion
of this work is that reflection on the epistemic
uncertainty inherent in such investigations
must be carried out.
Spatial variability in the well archive data was
conclusively demonstrated through the use of
semivariograms and statistical analyses. Implications of this are that regional characterization of hydrogeological behaviour in hard
rock terrains requires great numbers of closely
spaced field measurements in order to
minimize uncertainty. Ranges in semivariograms showed that spatial correlations
exist at most up to a few hundred meters,
although inherent variability in the data
indicates that these correlations are extremely
weak. This supports the conclusion that
spatial density of field data such as traditional
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well-response tests are economically prohibitive and environmentally unadvisable in
regional studies, as the validity of such tests as
indicators decreases rapidly with distance
from measurement point. A novel method for
estimating kinematic porosity based on
surficial fracture data is presented and tested
in this work, which may provide vital
information for estimating the storage
characteristics of crystalline rock.
Statistical and multivariate methods based on
existing databases of topographical or geological data can help fill the gaps in knowledge
in terrains with elevated hydraulic variability.
Significant statistical correlations of different
methods such as the GRP or the vulnerability
method presented in this study with well and
chemistry data support the conclusion that
these methods can provide insight into the
spatial variability and nature of hydraulic data
in crystalline bedrock. Combined with more
precise field tests, these methods show
potential to provide a greater understanding of
the hydrogeological environment. Synergy is
apparent when conceptual and statistical
methods are combined, which allow for
merging regional geological and physical
understanding of the terrain with spatial
variation. Application of these methods as
tools for identifying areas of concern or
interest could prove extremely beneficial for
coastal communities with large numbers of
competing social, economic and environmental interests for limited resources.
Soil depth estimated with the SRM showed
promising performance when outcrops were
found within roughly 200 m. However, even
at distances greater than this the model could
provide vital data provided enough outcrops
were found by the model. This supports the
inclusion of outcrop slope-based models for
estimating soil depth. In areas with sparse
data, the model could be used to generate
synthetic soil depth points which could be
used to improve the performance of pointbased conceptual models, such as SGU
(2018b). This would directly benefit activities
which are affected by uncertainty in regolith
data, such as tunnel construction projects or
water supply planning.
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A spatial groundwater balance model demonstrated
explanative
power
regarding
groundwater levels over a two-year time
period at two separate locations. This supports
the conclusion that the method shows
promise as a tool which can aid in increasing
water security, reducing time and monetary
costs associated with groundwater resources
management and identifying groundwater
reservoirs with lower resilience. Furthermore,
as strong evidence of local effects were seen
with a 100 m2 resolution, results lead to the
conclusion that scales often applied to
groundwater balances are far too coarse to
adequately capture the behaviour of the
subsurface water. Spatial scales necessary to
do so will vary depending on the spatial nature
of the geological and topographical
surroundings. Effects of isolated soil pockets
seen when comparing model results with time
series data conclusively demonstrate their vital
role in the private well water supplies, as well
as the argument for their inclusion in
groundwater balance models. In regions with
such limited storage and heterogeneous
hydraulic behaviour, results conclusively show
that tools are needed which can address these
issues of scale and heterogeneity.
Many of the methods and tools presented in
this study benefit from the use of readily
available or easily obtainable data. The
application of GIS to hydrogeology is not
new, but the benefits and opportunities it
presents are still not fully explored. While not
replacing comprehensive field studies and
hydrogeological models, the heuristic solutions presented in this study may help to fill in
the gaps in understanding which arise from
the inherent heteroscedasticity in hard rock
hydrogeology.

Further research
Several of the methods and results presented
in this study require further application,
evaluation and refinement despite promising
initial results. The GRP method should be
applied to other regions of differing geology
and perhaps with more spatially consistent
and accurate data. Additionally, the method
should be applied and tested using in similar
geological settings to those presented in this

study using two approaches: the weights and
classifications presented here and reassigning
weights and classes based on the method
outlined. This would allow for testing the
external validity of the different class/weight
schemes and assessing whether these values
are unique to a particular hydrogeological
setting or simply unique.
Further assessment of the field based kinematic porosity estimate should entail
comparison of estimates in regions with
known kinematic porosities. Also, further
research is needed regarding some of the
parameters in the model, particularly hydraulic
aperture and effects of roughness.
The spatial groundwater balance method
should be applied in regions undergoing a
known shift in extraction with time series data
predating the shifts. This would allow for
several questions regarding recharge and area
of extraction influence to be answered.
Additionally, it would be beneficial to apply
the groundwater balance model in a few areas
of differing geology and topography with no
known extraction in order to ascertain an
empirical or perhaps behavioural model of
groundwater decline in the absence of extraction which is not currently incorporated in the
model. Furthermore, this in combination with
field and archived data from other geological
settings would allow for the possibility to
greatly improve assumptions regarding
stratigraphy in the conceptual storage model.
A more comprehensive stratification
algorithm should be adapted in order to better
reflect regional soil behaviour in the model.
The groundwater model should also be
modified to incorporate typical unsaturated
zone depths based on relative elevation data
and a statistical analysis of such depths in
different geological strata.
A robust analysis of the errors arising from the
soil depth model could provide invaluable
insight into the behaviour of the bedrock
surface throughout space and likely lead to
dramatic improvements in model performance. Empirical corrections to the model
based on number of outcrops found and their
characteristics (e.g. slope or size) can likely be
used to remove some of the errors in the
model. Additionally, application of other
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functions, particularly the hyperbolic cosine
function to soil depth could lead to massive
improvements in model performance.
Finally, these methods focus entirely on
crystalline rock settings. Further research
could, and should, focus on the exportation of
at least some of these methods to other
regions that will likely have fewer resources
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and face more difficult challenges in the
coming decades due to land use, population
and climate changes. As many of these areas
are located in areas with sedimentary rock
and/or more sedimentary deposits, it is logical
that further research should look into the
feasibility of applying these methods to such
regions.
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