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S UMMARY

IN

S WEDISH

Vattenresurser i kristallin berggrund är svåra att karakterisera på grund av
heterogenitet och anisotropi i spricknätet, låg kinematisk porositet och
begränsad grundvattenbildning under sommarsäsongen. Tre metoder för
analys av grundvattenresurser har utvecklats och testats i syfte att underlätta
vattenförsörjningsplanering.
Potentiella grundvattenresurser uppskattades med hjälp av multivariat statistik,
där fysiska och geologiska variabler klassificerades med hjälp av ANOVA och
Fisher's LSD tester, baserat på deras inverkan på de hydrauliska egenskaperna.
PCA användes för att tilldela vikter för de olika klassade variablerna. Klasser
och vikter användes för att producera ett index (GRP), för beskrivning av
grundvattenresurserna, vilken korrelerar signifikant med brunnsdata. Nästan
80% av brunnarna med specifika kapacitetsvärden under medianvärdet hade
också GRP- värden lika med noll eller lägre.
Ostationära varianser observerades i de specifika kapacitetsvärden som tagits
från Brunnsarkivet vid Sveriges Geologiska Undersökning (SGU), trots
homogen geologi och topografi. Rumsliga statistiska analyser visade svaga
autokorrelationer i brunnsarkivets datapunkter, vilket innebär att regionala
beräkningar baserade på få punktdata är mycket felbenägna. Kinematisk
porositet beräknades med hjälp av ytliga sprickmätningar och korrelerades på
ett signifikant sätt med arkivdata. Låga korrelationskoefficienter indikerade att
brunnstester är sannolikt inte en lämplig metod för att förutsäga
magasinegenskaper. Den utvecklade metoden är effektiv och visar lovande
resultat i inledande uppskattningar av grundvattenlagringsegenskaper i
heterogen terräng.
En grundvattenbalansmodell som beskriver säsongsmässiga förändringar i
grundvattenmagasinet skapades för att bättre approximera grundvattensituationen i Svenska terräng. Modellen bygger på en massbalans i pixelskala
som tillåter uttag som inte är jämnt fördelat i rymden. Modellen visade att
grundvattenuttag i vissa regioner kan leda till allvarliga minskningar av
grundvattennivån i lokal skala, där dessa effekter annars inte skulle förväntas.
Modellering under torrperiod med 10% ökad avdunstning visade att flera
områden har en påverkan på grundvattenmagasinen med mer än 50%.
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A BSTRACT
Water resources in hard rock terrain are difficult to characterize due to
heterogeneity and anisotropy in the fracture network, low porosities and
limited recharge volumes available during the summer season. Three methods
were developed and evaluated in order to assist in water supply planning. A
groundwater resources potential index was estimated using multivariate
statistics, where physical and geological variables were classified using Analysis
of Variance and Fisher's Least Significant Difference tests according to their
effect on hydraulic properties. Principal component analysis was used to assign
weights to the different classed variables. Classes and weights were used to
produce an index referred to as groundwater resources potential (GRP), which
correlated significantly with well data. Nearly 80% of the wells with less than
median specific capacity values also had GRP values at those locations of zero
or lower. Non-stationary variance was observed in specific capacity subsamples taken from the Geological Survey of Sweden's well archive, despite
homogeneous geology and topography. Spatial statistical analyses showed that
spatial correlations were weak in well archive samples, implying that regional
approximations based on sparse point data are highly error prone. Kinematic
porosity estimated using superficial fracture measurements correlated
significantly with well archive data. However, low correlation coefficients
indicated that well data is likely not a suitable method for predicting water
supply characteristics. This approach is an efficient method which shows
promise in preliminary estimations of groundwater storage in heterogenic
terrains. A groundwater balance model which describes seasonal groundwater
storage changes was created in order to better approximate the groundwater
situation often found in Swedish urbanized and semi-urbanized hard rock
terrains. The model was based on a water budget approach at the pixel scale,
and allows for approximation of well extraction which is not uniformly
distributed in space. The model showed that in specific regions groundwater
extraction may lead to severe decreases in groundwater level, where these
impacts may not otherwise be expected. Dry season modelling with 10%
increased evapotranspiration showed that in several areas groundwater
reservoir depletion may be influenced by more than 50%.
Keywords: Coastal Aquifer; Crystalline Rock; Water Balance;
Geographic Information System; Water Supply Planning

I NTRODUCTION
Water is essential to human survival and is
both a physical as well as a cultural need.
More than one billion of the Earth’s
inhabitants live within just 100 km of the
coast (Small and Nichols 2002), illustrating
the degree to which mankind is drawn to
water. However, as many coasts are located
adjacent to saltwater bodies, potential
conflicts emerge as humans attempt to fulfil
their physical needs as well as their cultural
and economic ones. More than 97% of easily

accessible freshwater reserves exist as
groundwater, so it is logical that these
resources would be the most tapped in order
to fulfil drinking water requirements.
However, in proximity to saline water bodies,
water with elevated chloride concentrations
may be drawn inland as the groundwater
level is lowered via abstraction. Additionally
in Sweden, much of the central area between
Gothenburg and Stockholm is located at
lower elevations than the highest marine
shoreline, meaning that much the region has
been covered by saline or brackish water
1
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following the last glacial episode. The legacy
of this geological event in relation to
groundwater resources is the presence of relic
saltwater, where 20 to 25% of the wells in
this area exhibit increased salinity (Olofsson
1994). Over-extraction of groundwater in
these areas reduces the local hydraulic head,
and can lead to mixing of the relic salt water
or sea water with meteoric water in coastal
areas and can lead to groundwater contamination.
Further complicating this problem is the
relative infrequency of typical aquifers found
in recently glaciated areas such as Sweden,
except where glacial-fluvial deposits are
present. Most often soil cover has limited
groundwater storage capacity, consisting of a
few meters of till and clay. Also, likely due to
recent glaciations less prominent weathered
zones at the bedrock-soil interface are
common (Olofsson et al. 2001; Courtois et al.
2010), which would have increased porosity
and conductivity values. Lack of a significant
saturated soil layer and weathered zone in the
bedrock mean that lateral hydraulic conductivity values will be somewhat limited. Thus,
horizontal transport of water in regions
where residents must rely on local water
supplies is limited, meaning recharge from
surface water bodies or high-porosity soils via
subsurface flow is far often less significant
than direct recharge from meteoric water.
Often during the warm summer months
when seasonal residency is highest, water
demand will also increase accordingly. During this season there is an excess of potential
evapotranspiration over precipitation (Engqvist and Fogdestam 1984; Johansson 1987;
Olofsson 2002), leading to very slight to nonexistent recharge from meteoric water and
declines in the piezometric surface are often
observed for the entirety of the growing
season. Thus, local water reservoirs must
have sufficient capacity to fulfil the water
supply needs for the entirety of the summer
in order to avoid freshwater shortages where
extraction is high. Furthermore, climate
models point towards a general increase in
length of the growing season (Sundén et al.
2010), which will likely place a further burden
on these small scale aquifers.

TRITA-LWR LIC-2014:03

Heterogeneity in the fracture network
severely inhibits regional generalizations with
respect to groundwater potential supply rates.
Hydraulic conductivity in crystalline rock is
often cited in literature as reaching a span of
many orders of magnitude, often 10-4 to
10-12 m/s (Singhal and Gupta 1999, Freeze
and Cherry 1979). Even over the span of a
single borehole transmissivity values can vary
by several orders of magnitude (Brace 1980).
Fracture patterns, frequency, aperture and
orientation are dependent on the geological
history and stress patterns of an area, and as
such can be exceedingly difficult to characterize (Stephansson et al. 1989). This
heterogeneity in the fracture network has
several implications, the first is that it is
important to consider the variability of the
hydraulic properties of the bedrock in
hydrogeological studies as some statistical
tools may rely on the assumption of equal
variances which may not always be the case.
The second implication is that there is a
statistical likelihood of an element of the
subsurface having a certain hydrogeological
characteristic which may not be immediately
apparent from superficial data and may not
be identifiable without extensive testing.
Kinematic (effective) porosity is one of the
most complicated and misused variables in
hydrogeology. Simply, it can be defined as
the volume of voids within a pore system
which is accessible to flow (Koponen et al.
1997). As kinematic porosity in combination
with recharge will dictate the volume of water
which can be sustainably extracted from a
reservoir, a good estimate of this factor is
necessary. However, kinematic porosity
varies significantly when estimated on different scales (Tullborg and Larsson 2006).
Estimates based on core samples will often
give erroneous results, as major fractures are
often missed entirely depending on the
orientation of the borehole (Tullborg and
Larsson 2006), or new pores are opened by
the act of obtaining the core itself. The use of
tracer tests (Li 1995; Li et al. 1996) may be
more accurate in predicting kinematic
porosity values, but resource and time
requirements may limit their practical applicability. Within crystalline bedrock, the
2
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hydraulic conductivity of the rock matrix
itself is sufficiently low (Singhal and Gupta
1999) that all flow occurs throughout the
fractures themselves. In practice it is
therefore reasonable to assume that
kinematic porosity will be almost entirely
dependent on the fracture system, although
porosity may be higher close the fracture
within the rock mass (Cvetkovic 2010).
Within the fracture system governing factors
will include hydraulic aperture, frequency,
contact or matedness and connectivity.
Hydraulic aperture is often discussed
(Zimmerman and Bodvarsson 1996; Cvetkovic 2010), and is dependent on roughness
and contact area ratio, as well as flow
behaviour within the fracture itself. While
often idealized as perfectly laminar plates in
order to follow the Cubic Law (Snow 1969)
or the Quadratic Law (Cvetkovic and
Frampton 2012), it is quite possibly more
appropriate to conceptualize flow paths
within natural fractures as occurring through
channels, as in Gustafson (2009).
Carlsson and Olsson (1993) created a
simplified model which attempted to account
for aperture, frequency and connectivity of a
fracture system as a means of roughly
estimating kinematic porosity. However, their
method involves only estimation based on
open fractures, and assumptions that fracture
sets will be similar in frequency and aperture.
The method assumes that in a well-connected
open system the dominant fracture set
porosity may be multiplied by a factor of
three theoretically and often as high as 2.4 in
practice. However, in natural bedrock,
different fracture sets will occur through
different stress environments and may be
directionally biased with differing characteristics. Also, it is difficult to identify
fractures which are truly open to fluid flow.
Thus, an alternative method may be to
identify all fractures and make some
assumptions as to what proportion of them
will be involved in the flow system.
Geographic Information Systems (GIS) are
widely used in environmental investigations,
especially in groundwater forecasting (Aller et
al. 1987; Doerfliger et al. 1998; Sander 2007;
Dar et al. 2011; Oh et al. 2011; Lavoie et al.

2013). The ability of GIS to incorporate
different layers of data and superpose them
onto one another allows for simultaneous
analysis of several large datasets. In terms of
the scope of this work, many geological and
physical factors can be incorporated into a
hydrogeological model. Similar work (Dar et
al. 2011; Oh et al. 2011; Lee et al. 2012a; Lee
et al. 2012b) forecasts groundwater resources
potential via weighting of factors including:
topography, slope, regional stress, lineaments,
fractures, runoff, overburden and bedrock
type and land-use. The most influential
hydraulic factors which may influence the
potential of an aquifer for use as a water
supply are groundwater level, hydraulic
conductivity and kinematic porosity. Natural
factors which likely play a dominant role in
directly influencing these hydraulic variables
in Swedish terrain are elevation, soil type and
thickness, bedrock type (Olofsson et al.
2001), distance from fracture zone, distance
from water body with relatively constant
piezometric head and slope.
The supply of groundwater of good quality is
explicitly stated in the European Water
Framework Directive (EU WFD 2000) and
one of the Swedish Parliament’s environmental goals. In order to fulfil this
requirement, decision-makers and societal
planners should have tools for characterizing
and evaluating groundwater resources which
are comprehensive, easily understandable,
and that do not require massive amounts of
model input. Tools which are spatially-based
and take into account the local topography,
geology and climate in order to estimate
changes to hydrogeological characteristics
over time may help in order to increase the
overall effectiveness of water supply planning, particularly in regions where water
supplies are dispersed spatially over many
private wells rather than being concentrated
in a few municipal reservoirs. Currently, there
are few tools which satisfy these requirements. Modelling tools which can describe
such a complex environment, such as discrete
fracture networks, will often require data and
computational power which may not be
accessible due to time and/or resource
limitations in groundwater supply invest3
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igations. Conversely, groundwater balances
which are often carried out are far too simple
for this type of terrain, and fail to account for
heterogeneity and the spatial distribution of
local reservoirs such as small pockets of soil.

P URPOSE

AND

A IMS

The main purpose of this work is to examine
and evaluate new methods which may
contribute to a better understanding of the
hydrogeological characteristics of coastal
terrains in recently glaciated regions.
Heterogeneity will be investigated in well
archive data for several areas in order to
determine the strength of spatial correlations
present and the effect of geology on this
spatial heterogeneity. Methods will be
examined which may be useful for water
supply planning and management in hard
rock coastal regions, including the use of
multivariate statistics and methods which rely
on inexpensive field measurements. Multivariate statistics will be assessed as a method
for prediction of aquifer characteristics based
on spatial data, and will be used to assess the
link between geological or physical factors
with hydraulic properties in the subsurface.
The link between superficial fracture measurements and the hydraulic properties of the
bedrock will be examined. A new approach
to assessing the importance of these factors
will be implemented and tested. A new
groundwater balance approach will be
examined in order to assess the effect of the
spatial distribution on extraction and different geological strata with differing porosities. Additionally, the effect of increasing
extraction via increasing permanent residency
in traditional seasonal-residency areas and
changing climatic conditions will be
examined.

M ATERIALS

AND

M ETHODS

Data
Well data used in this study was taken from
the SGU well archive, which contains data
from more than 500000 wells in Sweden,
with an increase of roughly 25000 yearly.
Information contained within the well
archive includes spatial location with a stated
accuracy of either 100 m, 250 m or undet-

ermined, depth of well, groundwater level
depth at the time of drilling, type of well, and
capacity (litres per hour). Capacity of the well
data is estimated during the time of drilling
by emptying the well and matching the
recovery against a Theis-type curve.
Estimates according to this method are errorprone, as steady-state conditions are not
achieved, and in wells with extreme capacities
it may be impossible to completely drain the
well and a very rough estimate of capacity is
used. In the dataset, wells with values of zero
were removed as these wells likely had very
low capacities rather than a no flow situation
and time limitations during drilling resulted in
a null value. Drilled wells for the purpose of
small-scale water supply are typically 40 to
90 m deep, and often have capacities which
are roughly 100 to 1000 l/hr. Specific
capacity (l/hr,m) was estimated by dividing
the capacity by the well depth below the
groundwater level at the time of drilling.
Spatial data in this study consisted of geological data obtained from SGU (soil type,
bedrock type, lineament data and water
bodies) in vector format, and the National
Land Survey of Sweden (elevation data) in
raster format. Well data was transformed into
a point format from the SGU well archive
data. Geological data had resolution of
1:50000 and elevation data had a resolution
of 5 m. Meteorological data was obtained
from the Swedish Meteorological and
Hydrological Institute.
Superficial fracture measurements were
collected from 86 different locations with
1217 separate fracture measurements. The
fracture measurement transects comprised
rock surfaces free from vegetation and
primarily vertical surfaces, such as rock cuts
along roads. It was theorized that fractures
measured at these orientations would likely
be most influential for transport of water to
drilled wells. Fracture data included strike,
dip, aperture at the surface, length, and
mineral filling. Typical surveying practice was
in this case to collect data of all significant
fractures with apertures of approximately
1 mm or greater over a rock surface length of
approximately 10 m and a height of at least
1 m. An emphasis was placed on quantity of
4
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measurements rather than absolute detail, as
errors in individual measurements such as
aperture would likely make detailed data of a
few fractures less representative of the true
population than rough approximations of
many fractures.

Statistics
In this project, primary statistical analyses of
hydraulic and geological parameters included
Analyses of Variance (ANOVA), principal
component analyses (PCA), non-parametric
(Spearman) and parametric (Pearson)
correlations analyses. Normality of distributions was tested using the KolmogorovSmirnov test. When appropriate, datasets
were transformed to approximate a normal
distribution, often using a lognormal, BoxCox or power (Eq. 1) transformation. All
statistical analyses were performed using the
SPSS Statistics 19 and 21 software packages.
Confidence levels are presented as one minus
the level of significance.

yi

(λ )

yλ −1
= i λ −1
λ( y)

(Eq. 1)

Where y is the data point, λ the given
exponent, and ӯ is the geometric mean of the
sample. Box-Cox transforms were carried out
by using this equation but omitting the
geometric mean term.
Analysis of Variance (Johnson et al. 2011) is
advantageous as it allows for the comparison
of mean values for more than two groups. By
comparing the total variance within each
group to the total variance of the population
sample, ANOVA allows for evaluation of
multiple groups simultaneously as opposed to
the standard t-test which only allows for
direct comparison between two groups.
Fischer’s Least Significant Difference (LSD)
(Kim and Daily 2008) test was used to
examine the intergroup means, and can be
equated to a simplified t-test between groups.
Principal Component Analysis was first
implemented by Pearson (1901), and is a tool
often used for factor reduction prior to

regression analysis or to analyse the structure
of the dataset (Abdi and Williams 2010).
Through eigenvector decomposition of covariances (Bengraïne and Markhaba 2003),
PCA applies an orthogonal transformation to
a dataset with multiple independent variables
where an axis is oriented so as to minimize
the sum of squared differences between the
axis and the plotted variables. A second axis
is then oriented orthogonally to the first in
the same manner, and so on. PCA analyses
were performed using correlation matrices,
calculated from the sums of squares and
cross-products of standardized data, which
allows for comparison of factors measured
with different scales (Joliffe 2002). Contribution or loading of individual variables on
a principal component (PC) were calculated
by dividing the squared value of the variable’s
coordinate on the PC axis by the eigenvalue
of the principal component (Abdi and
Williams 2010).

Study Areas and Geology
The primary focus of this project is water
supply characteristics in recently glaciated,
coastal areas. Much of this report will focus
on areas close to Stockholm, mainly the
municipalities of Tyresö, Vallentuna and
Österåker (Fig. 1). Stockholm’s coastal areas,
including the archipelago, are dominated by
gneiss-granite and sedimentary gneissic (1.86
to 1.96 gigaanum or GA) rock with very thin
soil cover. Some younger granite (1.74 to
1.88 GA) areas exist, mostly to the north of
Stockholm. Bedrock in Tyresö mostly
consists of sedimentary gneiss, with roughly
53% of the region having no significant or
very thin soil cover. Soil in the region is
mostly glacial and post-glacial clay underlain
by glacial till, sometimes covered by pockets
of peat. To the west of Tyresö there is a
glacio-fluvial esker with a north-south orientation. Vallentuna and Österåker are comprised of gneiss-granites and younger granites,
with 28% of the region having little or no soil
cover. Soils are again primarily clay and till.

5
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Figure 1
Map of primary study areas and bedrock geology. Secondary study areas
shown in frames. Well locations in the study areas represented by points.

6
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Table 1
Basic specific capacity
statistical data of wells in the two main
study areas.
Tyresö
(l/hr,m)

VallentunaÖsteråker
(l/hr,m)

349

1960

Mean

7.30

23.35

Median

2.19

4.76

330.16

5533.36

n

σ

2

Groundwater Resources Potential
The calculation of groundwater resources
potential (GRP) (Fig. 2) is based on the
Probability-Variable (PV) method (Eq. 3)
(Skeppström and Olofsson 2006), and was
originally used on a small scale in the
Stockholm Archipelago (Dehkordi 2009).
The PV method has been used effectively to
predict radon in groundwater (Skeppström
and Olofsson 2006), assess the vulnerability
for groundwater drawdown from a tunnel
construction and to predict risk for
contamination from de-icing salt near
roadways (Grontier and Olofsson 2003).
Sharing some characteristics with methods
such as DRASTIC (Aller et al. 1987;
Mendoza and Barman 2006) and EPIK
(Doerﬂiger et al. 1998), this method is
advantageous as variables are not predetermined by the method itself, but can be added
or removed during the processing of the data
as analysis dictates. The method initially
classifies geological and physical variables
according to their observed impact on hydraulic characteristics of the subsurface, either
positive or negative and range from +2 to -2.
The purpose of this classification is to treat
all pertinent variables in a similar manner,
regardless of whether they are quantifiable

Regional hydraulic conductivities were
estimated from well data (Table 1) according
to Carlsson and Carlstedt (1977; Eq. 2).
Values ranged from 2 × 10-6 to 5 × 10-11 m/s
which is within the range of common values
(Singhal and Gupta 1999).
10[log(10 SC )−c ]
K=
αd
9

(Eq. 2)
Where K is hydraulic conductivity (m/s), c is
a constant estimated as 9.436, α is an empirical coefficient related to the pumping time
and diameter of well, often between 0.9 and
1.1 (Carlsson and Carlstedt 1977), SC is
specific capacity estimated from the SGU
well archive and d is well depth.
Data collection and qualitative
parameterization

Factor weighting of the contribution of
different variables to specific capacity

GRP map generation

PCA:
• Weighting of factors based on
loadings on individual principal
components
• Alternative weighting schemes
based on strength of correlations,
equal and random distributions

Weights and factors
• Raw map
• 100 m average values
• Incorporate spatial
uncertainty dataset
• Alternative
• Random and uniform

Factor classification depending on well
capacity influence

Statistical analysis of the effects of
variables on specific capacity

Verification using well archive

Factors divided into categories and
given weights from -2 to 2:
• Rock type
• Distance from rock-type interface
• Soil type
• Soil depth
• Elevation
• Relative elevation
• Slope
• Distance from deformation zones
• Distance from deformation zone
nodes
• Distance from water bodies
• Distance from potential stream
• Watershed size

ANOVA
• Calibration and class value
adjustment

Available Data:
Vector data:
Rock Type
Soil Type
Deformation zones
Water Bodies
Raster data:
Elevation
Point data:
Well Archive

Figure 2

Well Archive
Dataset
separation:
• Calibration
• Verification

PCA
• Analysis of parameter behavior
with respect to hydrogeological
indicators
Correlation
• Assessment and testing of
ANOVA results

Workflow of GRP map generation.
7

ANOVA
• Comparison of means
from individual classes
Correlation coefficients
• Comparison well
dataset with GRP
Median value
comparison
• Success/failure rate
analyzed with respect
to SC median values
and GRP scores
over/under 0
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Figure 3
Conceptual in ArcGIS
showing extraction from wells per unit
area (Q) and radius of influence (r).
Dots represent well locations and circles
represent limits of influence of the wells.
(e.g. distance from lineament) or not (e.g.
bedrock type). Classes were initially set
according to those used in Dehkordi (2009),
and were adjusted based on ANOVA results
of the classed variables with specific capacity
as the dependent variable. Finally, PCA was
used to determine the weight of the
individual variables. In testing of the methodology, two study areas were selected:
Tyresö and Vallentuna/Österåker. In these
areas, wells from the SGU well archive
(N = 1736) were divided randomly into
calibration (49.5% of wells) and verification
(50.5% of wells) datasets. Evaluation of the
methodology was performed through the use
of ANOVA and correlations analysis with
hydrogeological indicators (specific capacity,
transmissivity and hydraulic conductivity), as
well as by examining the success rate of
predicting wells with a less-than-median
specific capacity.
n

∑ (V P ) = GRP
i =1

i

i

(Eq. 3)

Where V i is the value for variable class
(probability value), P i is weight of the
variable, n is the total number of factors used
in the study and GRP represents groundwater
resource potential.
Initially, 12 variables were used in this study
which were: soil thickness, soil type, rock
type, distance to lineaments, distance to

lineament intersections, distance to interface
zones between different rock types, elevation,
relative elevation (Eq. 4), slope, distance to
potential streams as estimated from elevation
data, watershed area, and distance to water
bodies. While these variables are not as a rule
traditionally used in hydrogeological investigations, they were selected based on their
availability. As these variables are generally
available for most of Sweden, and geological
and topographical data are often accessible
regionally elsewhere the motivation for their
use is that the method may be applicable in
other hard rock areas without the need for
further field investigations.

 h − hmin 
(Eq. 4)
R=
 × 100
h
h
−
min 
 max
Where R is relative elevation, h max and h min are
the highest and lowest elevations for a
specific area, and h is the elevation at a
particular point in the given area.
Initially, classed digital GIS layers were
created for each variable. At point locations
corresponding with well locations in the
calibration dataset, values for each variable
were extracted. Correlations analyses and
ANOVA were then used to adjust the
different class values against well data. Posthoc LSD analyses allowed identification of
mean values of classes which proved to be
significantly greater or lesser than those of
other classes and were used for reclassification of the variables. Weighting the
individual variables was performed by
identifying the principal components which
were most influential for specific capacity.
The loadings of the other 12 variables on
those influential components were summed
and divided by the total variance explained by
the sum of the influential components,
resulting in weights which sum to one.

Spatial Behaviour
Variance

of

Hydraulic

Heteroscedasticity, given in this instance as
non-stationary or unequal variances within a
dataset, was examined through the use of
semivariograms and their spatial behaviour.
Semivariograms can be useful in examining
spatial correlations, where the variance
8
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measured as half of the squared difference
between two points is plotted against the
distance. These plots often demonstrate a
fundamental geographical concept, where
features close to one another will exhibit
more similarities than those far apart. Most
notable common features of the semivariograms include the “nugget”, “range”,
and “sill” (Curran 1988). The nugget, or yintercept, may be a measure of the inherent
variability of the variable being measured or
the error in the measurement. Range and sill
are terms which indicate the distance at
which the mean variability stabilizes and the
level of that variability, respectively. Semivariograms were extracted using ArcGIS 10
from selected regions within Tyresö and
Vallentuna. While subjective judgement was
involved in the selection of the sub-groups of
the well archive, selections were made based
on geological criteria such as orientation with
respect to regional foliation, or based on
homogeneity of bedrock, topography or soil
type. Well archive values of specific capacity

were log-normally transformed in order to
maintain a normal distribution within the
dataset and avoid scale effects (Liu et al.
2013).

Kinematic Porosity
Using superficial fracture measurements from
Tyresö and Stockholm, estimates of kinematic porosity were made based roughly on
Carlsson and Olsson (1993) (Eq. 5). However, estimates based on this model do not
account for closure due to in-situ stress
(Carlsson and Olsson 1993; Gustafson 2009),
matedness and flow channels within the fractures, and also rely on subjective evaluations
of connectivity of the fracture network. This
model also does not take into account the
hydraulic aperture of the fractures, which is a
subject of much debate (Zimmerman and
Bodvarsson 1996). In this model, hydraulic
aperture, e g , is estimated based on the
probability of contact within the fracture
(Eq. 6) (Zimmerman and Bodvarsson 1996).

Figure 4
Sample extraction map using a well influence of 250 m and an assumed
extraction of 495 l/day per well using inverse distance weighting to interpolate
aggregated extraction rates.
9
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(Eq. 5)
n = εNe
Where n is porosity, ε is a factor which relates
the connectivity of the fractures within the
rock mass, N is the frequency of open
fractures and e is the median aperture width.

eg

(1 − p )
=e
(1 + p )

(Eq. 6)

Where p is the probability of rock contact set
conservatively as 0.5 in this study for
simplicity, but possibly of the range 0.15 to
0.35 in Sweden and e g is hydraulic aperture
(Zimmerman and Bodvarsson 1996).
The mean angle at a fracture measurement
location was thought to be representative of
the connectivity of the fracture network,
where a 90° angle would likely represent a
perfectly connected fracture network (Eq. 7
and 8). Normal vectors were calculated based
on the strike and dip of each fracture, and
dot products between two normal vectors
can be converted to an angular difference
between the fractures. The average value of
these differences was divided by 90° in order
to arrive at a coefficient, ε, which represents
the quantitative connectivity of the fracture
network. Another coefficient, λ, was used to
represent the continuity of the individual
fractures and aperture closure with depth
(Eq. 9 and 10). The average fracture
frequency was calculated by dividing the
frequency for each fracture set (Eq. 11) by
the total number of fracture sets. Finally, an
estimate of the average kinematic porosity,
n k , at the measurement location was given
based on the preceding equations (Eq. 12).
cos θ = nˆ1 • nˆ 2
=

x1 x 2 + y1 y 2 + z1 z 2
2
1

2
1

x +y +z

2
1

nˆ i = ( x i , y i , z i )

2
2

2
2

x +y +z

(Eq. 7)
2
2

(Eq. 8)

Where θ is the angular difference between the
normal vectors of the two planes, and i is the
individual fracture. The variables x, y and z
are directional coefficients.
0.7 Lave
λ=
CLmax
(Eq. 9)
Where L ave and L max are the average and
maximum measured fracture lengths, and C

is a roughness coefficient. The coefficient 0.7
relates to the apparent exponential decrease
in capacity with depth (Rehbinder och
Isaksson 1998).
C = (1 + 8.8(ϖ 1.5 )

(Eq. 10)
Where ω is often between 0.4 and 0.5
(Carlsson and Olsson 1993).
1
Na =
L sin α
(Eq. 11)
Where α is the angle between the fracture
plane and measurement plane, and L is the
measured spacing between fractures along
the measurement transect.
(Eq. 12)
n k = λεN a e g
Where n k is calculated kinematic porosity.

Groundwater Balance in Recently
Glaciated Terrains
Technically similar to a standard simplified
water budget (Eq. 13), a water balance was
developed which takes into account the
heterogenic nature of the water storage and
extraction systems in recently glaciated
coastal terrains. Storage characteristics are
exceedingly important within these types of
terrains, and water balances must account for
their limited nature (Olofsson 2002).
Extracted volumes were spatially distributed
according to well locations obtained from the
SGU well archive. An area of effect is
calculated around each well, with a radius
based on user input. In this study, a
maximum range of 250 m was assumed to be
a reasonable distance that small-scale wells
would influence, although cones of
depression in an equivalent homogeneous
media would be much less. These areas of
effect were overlapped and summed, in order
to identify areas where multiple wells could
potentially extract water (Fig. 3). The sum of
extractions was completed by creating unique
polygons in ArcGIS where well influence
overlaps occur, and creating a point at the
centroid of the polygon with an extraction
value equal to the sum of the individual well
extractions per unit area. These points were
then interpolated using a simple inverse
distance weighting (IDW) calculation (Fig. 4).
It was also possible to model increasing and
10
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ANOVA

Table 2
Groundwater resources potential factor classification using ANOVA and
Fisher’s LSD. Variables i and j refer to group means.
Rock Type

Class
Class Class
(i)
(j)

Post Hoc Comparison of Means Using LSD

-2

-1

0

F

Sig.

F

Sig.

F

Sig.

F

Sig.

14.3

.0

11.8

.0

2.2

.1

6.8

.0

2.3

.1

1.5

.2

i-j

Sig.

i-j

Sig.

i-j

Sig.

i-j

Sig.

i-j

Sig.

i-j

Sig.

.0

1.0

.4

.0

-.3

.0

-.4

.0

-.1

1.0

-.6

.0

.0

.8

-.1

.9
.8

-1
0

-.9

.0

1.4

.0

.3

.2

1

-1.3

.0

.3

.0

.1

.6

-.5

.0

-.2

.4

-.3

2

-1.0

.0

.5

.1

.6

.0

-1.3

.0

-.2

.3

-.9

.4

-2

.0

1.0

-.4

.0

.3

.0

.4

.0

.1

1.0

0

1.4

.0

-.1

.8

-.3

.1

.4

.0

-.1

.6

1

.3

.5

-.3

.4

-.2

.3

.2

.4

-.2

.5

2

.5

.3

.2

.6

-1.0

.0

.2

.3

-.8

.0

-1.4

.0

-.3

.2

.6

.0

.0

.8

.1

.9

-1.4

.0

.1

.8

.3

.1

-.4

.0

.1

.6

-2

.9

.0

1

-.4

.1

-1.1

.0

-.2

.6

.0

.8

-.2

.3

-.1

.7

2

-.1

.5

-.8

.0

.3

.5

-.7

.0

-.3

.2

-.7

.1

-2

1.3

.0

-.3

.0

-.1

.6

.5

.0

.2

.4

.3

.8

-.3

.5

.3

.4

.2

.3

-.2

.4

.2

.5

0

.4

.1

1.1

.0

.2

.6

.0

.8

.2

.3

.1

.7

2

.3

.2

.2

.4

.5

.2

-.8

.0

.0

1.0

-.6

.2

-2

1.0

.0

-.5

.1

-.6

.0

1.3

.0

.2

.3

.9

.4

-.5

.3

-.2

.6

1.0

.0

-.2

.3

.8

.0

.8

.0

-.3

.5

.7

.0

.3

.2

.7

.1

-.2

.4

-.5

.2

.8

.0

.0

1.0

.6

.2

ANOVA

0

.1

.5

1

-.3

.2

Class
Class Class
(i)
(j)

Post Hoc Comparison of Means Using LSD

0

1

2

Distance from
Node

Sig.

Size of
Watershed

-1

Distance from rock
type contact

F

-1

-2

Relative
Elevation

Sig.

-1

2

Distance from
Water

F

-1

1

Soil Type

Distance from
Stream

Distance from
Lineament

Elevation

Slope

Soil Depth

F

Sig.

F

Sig.

F

Sig.

F

Sig.

F

Sig.

F

Sig.

4.8

.0

5.0

.0

9.4

.0

6.0

.0

6.6

.0

6.0

.0

i-j

Sig.

i-j

Sig.

i-j

Sig.

i-j

Sig.

i-j

Sig.

i-j

Sig.

-1

-.5

.1

-.6

.0

-.8

.0

0

-.5

.0

.5

.0

-.2

.3

1

-.4

.1

.5

.0

-.6

.0

2

-.6

.0

.3

.1

-.8

.0

-2

.5

.1

.6

.0

.8

.0

0

-.1

.8

1.1

.0

.7

.0

-1.3

.1

-.3

.7

-.3

.1

1

.1

.8

1.1

.0

.2

.3

-1.4

.1

-.9

.2

-.6

.0

2

-.1

.7

.9

.0

.0

.9

-1.8

.0

-1.3

.0

.1

.9

-2

.5

.0

-.5

.0

.2

.3

-1

.1

.8

-1.1

.0

-.7

.0

1.3

.1

.3

.7

.3

.1

1

.1

.5

.0

1.0

-.4

.0

-.1

.6

-.6

.1

-.3

.0

2

-.1

.7

-.2

.5

-.6

.0

-.5

.0

-1.0

.0

.3

.7

-2

.4

.1

-.5

.0

.6

.0

-1

-.1

.8

-1.1

.0

-.2

.3

1.4

.1

.9

.2

.6

.0

0

-.1

.5

.0

1.0

.4

.0

.1

.6

.6

.1

.3

.0

-.4

.0

-.4

.0

.7

.4

2

-.2

.4

-.2

.5

-.2

.4

-2

.6

.0

-.3

.1

.8

.0

-1

.1

.7

-.9

.0

.0

.9

1.8

.0

1.3

.0

-.1

.9

0

.1

.7

.2

.5

.6

.0

.5

.0

1.0

.0

-.3

.7

1

.2

.4

.2

.5

.2

.4

.4

.0

.4

.0

-.7

.4
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Table 3
Loadings of the individual variables on the total variance (as percent) and
weightings of the difference classed parameters. Bold values correspond with most
influential principal components for the specific capacity variable.
Component
1

2

3

4

5

6

7

8

9

10

11

12

13 Weighted

Soil Depth

0.5

0.1

2.7

1.9

0.3

0.6

0.2

0.0

0.3

0.1

0.0

0.8

0.0

0.09

Elevation

0.7

2.8

1.6

0.1

0.4

0.3

0.1

0.0

0.2

0.2

0.5

0.6

0.2

0.06

Distance to rock-type interface

0.0

0.1

0.0

1.6

1.5

3.1

1.2

0.0

0.0

0.0

0.0

0.0

0.0

0.10

Distance to lineament node

1.0

0.6

1.7

0.6

1.7

0.2

0.0

0.2

0.2

0.2

1.2

0.1

0.0

0.07

Distance to water body

0.9

3.0

0.0

0.1

0.4

0.0

1.0

0.3

0.4

1.0

0.0

0.4

0.0

0.05

Slope

1.8

0.6

0.6

0.3

0.5

0.1

1.2

0.2

1.6

0.8

0.0

0.0

0.0

0.09

Watershed size

2.8

1.0

0.4

0.1

0.0

0.0

0.5

0.1

1.2

1.2

0.0

0.1

0.3

0.09

Distance to lineament

2.6

1.3

0.7

0.0

0.1

0.0

0.1

0.0

0.1

0.2

2.4

0.1

0.0

0.08

Relative elevation

1.8

0.7

0.4

0.9

0.0

0.1

1.1

1.5

0.3

0.3

0.0

0.4

0.1

0.11

Rock Type

3.6

0.7

0.0

0.0

1.5

0.0

0.2

0.0

0.4

0.3

0.0

0.0

1.0

0.09

Distance from Stream

3.7

0.2

0.8

0.1

1.1

0.2

0.0

0.1

0.0

0.0

0.1

0.7

0.8

0.11

Soil Type

0.3

0.2

0.4

3.6

0.0

1.1

0.0

0.9

0.5

0.3

0.0

0.3

0.0

0.06

Specific capacity

1.1

0.0

0.8

0.0

0.2

1.7

1.0

2.9

0.0

0.0

0.0

0.0

0.0

-

decreasing residency. Random uniform
distributions were used to assign whether a
well would be in use for the summer period,
assumed to be May through September,
based on user input. This simplification was
made as data was not readily available
regarding which dwellings were seasonal, but
also to allow for modelling new residencies
which may have a statistical likelihood of
being seasonal. Based on the same user input,
a uniform distribution was used to decrease
the overall extraction based on well use for
non-permanent residences (Statistics Sweden
2012).
dS
(Eq. 13)
= Qin − Qout + P − ET
dt
Where S is storage, t is time, Q in is the
inflows such as artificial infiltration or
subsurface flows, Q out is the outflowing mass
of water from extraction, baseflow and so on,
and P is precipitation, and ET represents
losses due to evapotranspiration.
A storage map was then calculated based on
geological and physical raster data obtained
from SGU and SLU, respectively. It was
assumed that the maximum depth of a well
aquifer would be roughly equal to 1.5 times
the elevation at a location. This value was
taken as a conservative assumption based on

an often present increasing salinity with
increasing depth in Swedish terrain (Olofsson
1994). For each digital cell, a storage value
was calculated based on the storage in the
bedrock and soil layers (if a soil cover is
present). Soil depths based on Karlsson et al.
(2014) were subtracted from the elevation in
order to calculate the storage within these
pockets of soil. Soil stratification was
incorporated into the model by assuming that
certain soils would be underlain by other soil
types with a given thickness. For example,
the presence of clay would lead to a
calculation where the soil storage layer would
be 1 m of till under the remainder of soil
layer’s thickness of clay. Bedrock under these
soil layers would be calculated by subtracting
the soil thickness from the elevation and
multiplying the remainder by an assumed
kinematic porosity value for the given
bedrock type.

R ESULTS
Groundwater Resources Potential
Classification of the different physical
parameters (e.g. geological or topographical)
at each well location in the calibration dataset
was carried out using ANOVA analyses to
determine if the groups differed significantly
from each other for each factor. LSD
12
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Figure 5
Scree diagram of the
percentage of variation explained by
each principal component.
analyses allowed for the classes to be
evaluated individually against other classes
for each factor (Table 2) with log-normally
transformed specific capacity as the dependent variable. Classes were adjusted iteratively, resulting in a final classification
(Appendix I, Supporting Information 2).
ANOVA results showed that differences in
variance between the classes were statistically
significant with 99% confidence, except for
in two factors: distance from rock type

Figure 6

interface and distance from lineament node,
which were significant with 94% and 81%
confidence, respectively. LSD results were
less conclusive with regards to statistical
significance, although most group means
followed the trend of increasing group value
corresponding with increasing median
specific capacity. Correlation analyses
between specific capacity and individual
classed variables were then examined. Almost
all variables showed statistically significant
correlations with specific capacity at the 99%
confidence level, with the exceptions of soil
type, distance from rock type interface and
distance from lineament node (Appendix I,
Supporting Information 2). However, two of
the variables, distance from water bodies and
streams, were negatively correlated with
specific capacity.
Principal component analysis of the different
factors and specific capacity showed that 6
principal components were needed to account for 72% of the variation in the
calibration dataset (Fig. 5). Nine principal
components were necessary to explain 87.5%

Groundwater Resources Potential maps for the study areas.
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Table 4
Correlation of GRP maps with hydrogeological indicators (specific
capacity, transmissivity and hydraulic conductivity).
Raw GRP

100 m Mean GRP

GRP (Spatial Errors)

R

Sig.

ρ

Sig.

R

Sig.

ρ

Sig.

R

Sig.

ρ

Sig.

Hydraulic
Conductivity

0.12

0.04

0.09

0.12

0.18

0.00

0.15

0.01

0.18

0.00

0.15

0.01

Transmissivity

0.14

0.00

0.11

0.05

0.21

0.00

0.18

0.00

0.20

0.00

0.18

0.00

Specific Capacity

0.15

0.00

0.11

0.05

0.21

0.00

0.18

0.00

0.20

0.00

0.18

0.00

of the variation within the dataset. Specific
capacity communalities of these nine
components showed that 99.1% of the
variation in the specific capacity variable
could be explained. The Kaiser-Meyer-Olkin
score, which should be above 0.5 and is an
indicator of sampling adequacy (Kaiser 1970),
was 0.63. Loadings indicate the contribution
of a particular variable to each PC, and can
be further extrapolated to indicate the total
contribution of a variable to the overall
variation within the dataset. If the principal
components which accounted for most of
the variation within the specific capacity
variable were isolated, and the loadings of the
other components on these were summed,
then normalized against the total explanative
power of the selected components, a method
for weighting the individual variables could
be obtained (Table 3). Five PC’s (1,3,6,7,8)

accounted for 95.6% of the variation within
the specific capacity variable.
Classed variables were then multiplied by
their respective weights and summed (Eq. 3),
arriving at a GRP score for each digital map
cell (Fig. 6). Several different variants of the
GRP map were constructed: a "raw" GRP
map with a 10 m radius, a 100 m radius
mean-GRP map and mean GRP maps
corresponding with the spatial error of the
well archive estimated as spatial uncertainty.
Finally, an alternately weighted GRP map
was constructed using weights based only on
strength of correlations between classed
variables and well capacities, as well as
equally weighted and randomly weighted
GRP maps. GRP values corresponding to the
sites of verification wells were then extracted.
Spearman’s non-parametric and Pearson’s
correlation analyses (Johnson et al. 2011)

Figure 7
Classed
GRP results for
different weighting
alternatives including
(a) unaltered GRP
score, (b) a GRP score
with equally weighted
variables, (c) 100 m
averaged GRP score
and (d) alternateweighting GRP score
based on correlations
between well capacity
and classed variables.
Boxplots show the
range of data, outliers,
1st and 3rd quartiles
and median.
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ANOVA

Table 5
ANOVA and LSD results of difference GRP classes. Variables i and j refer
to group means.
Raw

No Weighting

Alternate Weighting

Sig.

Sig

Sig.

Specific Capacity

0.03

0.05

0.00

Transmissivity

0.03

0.05

0.00

Hydraulic Conductivity

0.13

0.25

0.11

Post Hoc Comparison of Means Using LSD

i
GRP<-0.5

-0.5<GRP<0

0<GRP<0.5

0.5<GRP

j

(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

0.29

.067

0.30

.081

0.33

.071

0<GRP<0.5

-0.05

.715

-0.11

.409

-0.24

.070

0.5<GRP

-0.65

.044

-0.74

.095

-0.51

.020

GRP<-0.5

0.34

.054

0.40

.027
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Figure 8
Cumulative sum of wells
with specific capacity values below the
median value for the entire well dataset
for raw GRP data, GRP data which was
the average GRP value within a 100 m
radius, the average GRP value
corresponding with the spatial error of
the verification well, and finally the
average GRP value corresponding with
the spatial error of the verification well
only considering wells with a depth
between 40 and 90 m.

between log-normally transformed well
capacity data in the verification dataset and
GRP values at well locations were used as a
means to assess the viability of the method.
When compared with wells with depths
between 40 m and 90 m, which was assumed
to be a typical depth for drilled wells in
crystalline terrain, correlation coefficients
were usually between 0.09 and 0.18
(Spearman) and 0.12 to 0.21 (Pearson).
Results were significant with more than 95%
confidence, with the exception of raw GRP
to calculated hydraulic conductivity (Table 4).
GRP values were then sorted into groups in
order to assess the model using ANOVA.
Classes were conceptually grouped according
to poor potential (GRP < -0.5), slightly poor
potential (-0.5 > GRP > 0), slightly good
potential (0 > GRP > 0.5) and good potential
(GRP > 0.5). Results using ANOVA and
LSD demonstrated that the groups showed
significant differences with specific capacity
as the dependent variable and increases in
GRP score corresponded with increases in
median specific capacity (Table 5). Classed
GRP scores showed high levels of variability,
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however, with often overlapping first and
third quartiles of specific capacities (Fig. 7).
Finally, GRP values were evaluated based on
whether their corresponding specific capacity
was greater or less than the median value for
the dataset (Fig. 8). Of the wells with less
than median values, the GRP method
identified 71.2% of those wells with scores of
zero or less. GRP scores incorporating spatial
uncertainty improved this to 74.7%, while
randomly weighted GRP maps identified
only 61.3% and alternatively weighted GRP
maps using weightings based on correlations
between variables and well capacity data
identified only 55.3% of the wells. When
wells were examined with depths between
40 m and 90 m which was assumed to be a
range representative of typical drilled wells,
the GRP model which incorporates spatial
uncertainty was able to identify 79.6% of the
wells with lower than median specific
capacities.
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Spatial Behaviour
Variance

of

Hydraulic

Semivariograms of the specific capacity
values calculated from the well archive
exhibited high levels of variability and little
spatial correlation, even at close distances
(Fig. 9). Wells located on sedimentary
gneissic bedrock outcrops showed little to no
range, and wells located on granitic type
rocks showed a range of up to 600 m.
However, differences between the sill and the
nugget in those granitic semivariograms
indicate that extreme levels of inherent
variability exist. In most semivariograms
extracted from the well archive the nugget is
more than half of the sill, meaning that the
inherent variability independent of rock type
accounts for more than half of the mean
variability in the dataset.
Arbitrary grouping of wells (Fig. 10) and
statistical testing of the gamma value (half of

(a)

(b)

Figure 9
Semivariograms (circular model) from wells located on rock outcrops:
(a) According to bedrock type (Tyresö).
(b) According to foliation (Vallentuna-Österåker).
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Figure 10 Arbitrarily grouped population sample from wells following lineament orientation.

Figure 11 Population sample of wells
oriented orthogonally and in-line with
bedrock foliation.

the squared difference between two points)
distributions showed strong evidence of nonstationary variance within the well archive.
Examining the distribution of variance
between two well capacity sample groups
from an island in Österåker Municipality
showed that despite a relatively homogenous
topographic and geologic nature, the two
samples were statistically different with
99.9% confidence using ANOVA. T-tests,
regardless of whether equal variances were
assumed or not, supported this result with
more than 99.9% confidence (Table 6). Well
capacity variances within these areas were
transformed to an approximately normal
distribution using a power transform.
Kolmogorov-Smirnov tests of these dist-

ributions were not conclusive regarding
normality, although they approximate a
normal distribution reasonably well.
Hydraulic anisotropy was also seen within the
well archive, as samples oriented in-line with
the regional foliation in the bedrock showed
different statistical properties than those
oriented orthogonally (Fig. 11 and Table 7).
When transformed to roughly approximate a
normal distribution using a power transform
the two samples were found to be statistically
different with more than a 99.9% confidence,
using a t-test. Distributions of the two
foliation groups showed quite different levels
of skewness and kurtosis, differing by
roughly 40% and 150% respectively. Differences in the median values of the samples

Table 6
Distribution characteristics of wells near lineaments showing differences
between log-normally transformed specific capacity (l/hr,m) data.
Area

Median
Distance (m)

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 12 Median binned
variance values from
Sollenkroka island, located
near Vindö, Värmdö
municipality.

Figure 13 Median binned
variances from two
population samples from
Vindö, Värmdö
municipality which were
arbitrarily divided.

Figure 14 Interpolated kinematic porosity calculated from fracture Measurements
and specific capacity (SC) values from SGU well archive from Tyresö.
18

Water supply in hard rock coastal regions: The effect of heterogeneity and kinematic porosity

Figure 15 Interpolated kinematic porosity calculated from fracture Measurements
and specific capacity (SC) values from SGU well archive from Blackeberg/Nockeby.
were less dramatic, differing by roughly
0.6 l/hr,m when transformed back from the
original log normal distribution.
Samples located in similar geological conditions exhibited differing spatial behaviour,
where a small sample located on an island
north of Vindö (Fig. 12) showed that median
binned specific capacity values in the
semivariogram increased gradually to a sill as
would be expected in a typical semivariogram. However, samples located directly
south on the island of Vindö (Fig. 13)
showed differing behaviour, with apparently
erratic spatial behaviour. These two arbitrarily
grouped samples from Vindö were then
tested in order to determine if they were

Table 7
foliation.

from the same populations, but t-tests and
ANOVA indicated that the samples were
from differing populations with 99.9%
confidence.

Kinematic Porosity
Estimates of kinematic porosity were
calculated from fracture measurements taken
from Tyresö and Blackeberg/Nockeby
(Fig. 1). Non-parametric correlation analyses
with well data were used to assess the
methodology. Kinematic porosity measurements were interpolated using Inverse
Distance Weighting (IDW) with an exponent
of 3 and a maximum distance of 1000 m. The
exponent was selected in order to give greater

Statistical data of wells oriented orthogonally and in-line with bedrock

Sample

Median
Distance (m)

n

Median
Variance

Variance

Skewness

Kurtosis

In-Line

2157

464

1.035

14.50

2.97

12.64

Cross Foliation

1214

765

0.805

28.07

2.15

5.02
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Figure 16 Grouped and interpolated
log-normal specific capacity (l/hr,m)
and kinematic porosity estimates.
weight to those points which were closest. It
was also assumed that heterogeneity at large
distances would cause high levels of
uncertainty in the interpolation. Kinematic
porosity results correlated significantly with
values of specific capacity, transmissivity and
hydraulic conductivity at locations in Tyresö
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with more than 90% confidence. However,
correlation coefficients were low, ranging
from 0.08 to 0.14 (Fig. 14).
Measurements from the Blackeberg/
Nockeby area were correlated with hydraulic
conductivity, transmissivity and specific
capacity with more than 95% confidence, but
again with low correlation coefficients which
ranged from 0.09 to 0.12 (Fig. 15). Statistical
significance decreased when specific capacity
estimates from the well archive were
interpolated and compared with kinematic
porosity measurements. In this case the nonparametric correlation coefficients increased
to 0.179, although confidence decreased to
84.3% in Tyresö. Grouped log-normally
transformed specific capacity estimates from
Tyresö showed that with regards to kinematic
porosity estimates maximum, 2nd and 3rd
quartiles increased with increasing specific
capacity group. However, the lowest values
and 1st quartile were consistently low
(Fig. 16). Plotting the magnitude of kinematic

Figure 17 Kinematic porosity measurements compared to brittle fracture zones
(heavy dashed lines) and non-classified deformation zones (light dashed lines)
estimated by the Geological Survey of Sweden.
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porosity measurements with respect to
elevation and fracture zones demonstrates
that distance from fracture zones heavily
influences the nature of the kinematic
porosity of the bedrock (Fig. 17). Kinematic
porosity was correlated with distance to
either brittle fracture zone or unspecified
fracture zone as determined by SGU. These
results were found to be statistically
significant with more than 95% confidence in
both parametric and non-parametric
correlation analyses.

Groundwater Balance in Recently
Glaciated Terrains
Groundwater
extraction
maps
were
combined with groundwater storage maps
(Fig. 18) in order to produce a groundwater
balance map (Fig. 19). Extraction maps
(Fig. 4) identify areas where the clustered
wells contribute to the overall stress on the
groundwater reservoirs. Extraction values
based on this method appear to follow an
exponential distribution with a mean of
9·10-4 mm/day and a maximum of
3·10-2 mm/day. Cell size, and thus resolution,
in this model was 100 m2. The eastern side of
Tyresö is the likely the most susceptible area
in the municipality to environmental
problems, with large portions of the island
being subject to extraction rates of 1·10-3 to
4·10-3· mm/day. Storage maps had a mean
value of 1.71 m3 per m2, with a maximum
value of more than 9 m3 per m2, located at
the esker to the west of Tyresö, although
storage values in Tyresö are typically between
0.50 m3 per m2 and 1.50 m3 per m2. In areas
with very thin soil cover toward the eastern
side of Tyresö, storage values are typically
less than 0.1 m3 per m2, whereas in areas with
hard rock outcrops storage values are often
less than 0.05 m3 per m2.
Areas within a distance of 1 km of coastline
have low reservoir volumes at the end of a
nine month period. Often, these areas are
shown to have less than half of the maximum
storage volume and very frequently the
remaining volumes are lower than 25%.
Climate data was then adjusted by increasing
the evapotranspiration rate each month by
10% in order to simulate a rise in mean

temperature and lengthened summer season
(Fig. 20). This resulted in substantial
differences in the model output (Fig. 21).
Areas frequently showed 10-30% differences
between the wet (unadjusted) and dry
(adjusted) years but in many areas,
particularly those where cumulative extraction rates are highest and the topography
is quite low with respect to the sea level there
are differences between wet and dry years of
more than 50% and up to 100%.
Permanent residency was also found to
influence the degree of reservoir impact in
these areas. Two models were run estimating
25% and 60% permanent residency for 12
months. The model (Fig. 22) showed that
most areas which were inside the influence
area of wells were found to have less than
25% difference between the two models.
Areas which were most impacted showed
percent changes greater than 75% between
the two scenarios and were typically located
closest to water bodies and at low
topographical positions. Influence of
permanent residency was shown to be
somewhat constrained to these specific areas.

D ISCUSSION
Groundwater Resources Potential
Model performance of the GRP method is
promising in heterogenic environments such
as those found in the study areas despite low
correlation coefficients. Accurate classification of parameters which may affect the
hydrogeological characteristics of an area is
quite complicated, as contributions often
occur simultaneously. For example, valleys
with low elevations often coincide with low
slope values or fracture zones. Despite this
redundancy, ANOVA and LSD results
showed that most variables were classified
appropriately. This can also be seen through
the evaluation of a GRP map without
weighting (Fig. 7) where increasing median
un-weighted GRP values clearly correspond
with increasing specific capacity values. Some
classes, however, seem at first glance to be
erroneously defined. For example, the
distance from stream variable has the lowest
classes (-2 and -1) corresponding with higher
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Figure 18 Estimated
freshwater storage in
Tyresö Municipality
created using digital
soil and bedrock data
combined with a soil
depth model.

Figure 19 Modelled
ratio of reservoir
remaining for each cell
after 9 months.

Figure 20 Adjusted
climate data with 10%
increase in
evapotranspiration
(yellow bars),
precipitation (blue
bars) and effective
recharge (green line).
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Figure 21 Ratio of the difference between wet and dry scenarios where wet scenarios
include a typical year with average precipitation and evapotranspiration rates and dry
scenarios have a 10% increase in evapotranspiration for all months.
specific capacities when compared to the
highest class (2). This can potentially be
explained through conflicts with competing
variables, for example more brittle bedrock
types with higher porosities occurring at
higher topographical locations, or mineral
fillings occurring at valleys which often
impede groundwater flow through the
fracture network. This class was not adjusted
according to ANOVA and LSD results as
there was significant justification for not
making the change. In the case of distance
from streams, this parameter should have the
highest positive influence on specific capacity
at close distances due to constant hydraulic
head, and there is very little positive impact
which can reasonably arise from a stream at
greater distances. Soil type was another
variable where classification varied from
expectations. However, this parameter was
not adjusted as classification was based on
typical hydraulic conductivity and effective
porosity values of the different soil types,
thus it was difficult to justify making

adjustments to this variable’s classes. Areas
with clay soil, for example, would also have
many simultaneously occurring positive
factors such as increased fracturing in valleys
and increased soil thickness where clay is
usually found. Finally, distance to water body
also had poor classification results, primarily
at the extreme class ranges, possibly due to
mineral fillings at low elevations.
Statistical significance of the different GRP
values at verification well locations lends
credibility to the method, despite the
somewhat low correlation coefficients.
Several reasons exist for these low correlations, including spatial and measurement
errors in the well archive, errors in the spatial
geological and physical data files and even the
heterogenic nature of the terrain itself.
However, while the correlation coefficients
are low, their statistical significance is high.
ANOVA, LSD and graphical analyses all
point towards the methods usefulness.
ANOVA and LSD results indicate that the
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Figure 22 Percent change of reservoir depletion between two 12 month scenarios with
25% and 60% permanent residency.
different classes tend to follow a trend of
increased capacity coinciding with increasing
GRP value. Regarding graphical evaluations,
the fact that nearly 80% of wells with less
than median specific capacity values had
GRP values of zero or less indicates that as a
general tool this method is capable of
identifying areas with poor potential for
water supply. Seen in graphical representations of GRP with respect to specific
capacity (Fig. 6), it can be seen that the
classes with medium GRP scores typically
had quite a bit of variability, with extreme
values surpassing ranges seen in the highest
and lowest GRP classes. However, given the
extreme levels of heterogeneity in the terrain,
it is not that unexpected that very high levels
of variability will exist in the classes. In the
highest and lowest classes specific capacity
values at both ends of the GRP scale do not
show the same levels of variability seen in the
mid ranges. In other words, very few low
specific capacity values are found in the
highest GRP class, and vice versa for the
lowest classes. This phenomenon is found in

the no-weighting scenario and raw GRP
scores, but is not found in the alternate
correlation-based GRP model. Implications
of this result are that a PCA-based GRP
model is best used for identifying areas with
poor or excellent potential for groundwater
supply, although it falls short at predicting
areas with moderate potential. This new
method provides useful information which is
not found in regression- or correlation-based
models. Evidence suggests that as a preliminary planning tool, the GRP method is
capable of providing meaningful data regarding the potential of the area for smallscale water supply. The fact that this method
relies on data which is largely available
(geological and physical digital data) in many
international regions, including most of
Sweden, and does not rely on expensive and
time-consuming field data, underlines its
usefulness. This is particularly important
considering the limited resources that many
communities have at their disposal with
which to plan and manage their water
resources.
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Figure 23 Theoretical magnitude of
changing values of log-normal transmissivity according to the Cubic Law
and kinematic porosity due to changing
fracture characteristics.

Spatial Behaviour
Variance

of

Hydraulic

Non-stationary, heterogenic, anisotropic
variance in well specific capacity data was
demonstratively shown through population
samples taken from the SGU well archive.
While it is logical that anisotropy would exist
in the specific capacity variances depending
on the orientation of the data sample with
respect to geological features (Table 6 and
Table 7), areas which are fairly homogeneous
in terms of geology and elevation showed
distributions with differing properties,
although this phenomena may arise due to
geological heterogeneity not identifiable from
geological maps. Regarding orientation with
respect to a geological feature, it should be
expected that data points which were located
at a similar distance from the feature would
exhibit a stronger spatial correlation when
compared with samples located at varying
distances from the same feature. As the
fracture network would be the most
influential factor for hydraulic conductivity
and porosity, areas which would have a
similar geological history should have a
similar fracture network, thus major
geological features would exert influence
which should be detectable over the
background variance. Thus, with increases in
distance from the feature the fracture
network would likely exhibit a less
predictable spatial variance behaviour.
However, high levels of variability were
present, even at distances less than 100 m in

these well archive samples. The dip of the
foliation in this case was not accounted for. It
is unlikely that the dip of the foliation would
affect the results notably, as the major planes
of the foliations or fractures would still be
oriented in line with the feature. Well archive
specific capacity samples from areas with
similar geological and topographical characteristics, such as those located on the island
of Vindö (Fig. 12 and 13), should likely
exhibit at least similar behaviour regarding
the well capacity spatial variance. However,
erratic behaviour in the variance was
observed, as opposed to in a small specific
capacity sample located slightly north of the
island which exhibited a more traditional
example of spatial correlation. Heteroscedasticity was also evident in Vindö
samples which were arbitrarily divided, where
statistical testing showed definitively that the
samples were not from the same population.
This result is indicative that regional
approximations are somewhat tricky to apply
in a meaningful way, as typically a small
number of point tests may be used to
characterize a region with a similar geological
nature. However, if areas that are relatively
indistinguishable from one another are
shown to have differing statistical characteristics, application of statistical tools
which rely on the assumption of equal
variances becomes highly error-prone. Thus,
the overreaching implication of these results
is that caution should be used when making
assumptions regarding statistical distributions
of these fracture networks. In many cases
with such high levels of heterogeneity, it may
be more beneficial to allocate resources and
effort to statistically characterizing the
geology and building either stochastic,
conceptual hydrogeological models or a combination of both, rather than implementing
well tests.

Kinematic Porosity
Superficial fracture data is often used to
estimate fracture network characteristics in
hydrogeological studies, such as in the
construction of discrete fracture network
models (Lee et al. 2010). The statistical link
between hydrogeological flow data and
kinematic porosity indicates that there is
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validity in the method. However, weak
correlation coefficients are cause for
discussion, when correlations between at
least some of the fracture characteristics and
well data should exist (Putthividya and
Rodphai 2013). There are several sources of
error in the well archive, such as spatial
errors, spatial bias, limitations of the
measurement technique, and violation in
some assumptions used in capacity estimation. However, it is likely that even with
perfect data the correlations would not be
appreciably different. Kinematic porosity is
dependent on the volume of open fractures
connected in a hydraulically meaningful way
to the fracture network. Also, given the
geometric nature of the kinematic porosity
model presented here, increases in aperture
and frequency influence the variable linearly.
However, transmissivity as estimated according to the Cubic Law (Snow 1969)
illustrates that the effect of changes in certain
fracture characteristics influence the end
result in a non-linear way (Fig. 23). Additionally, flow characteristics to the wells
would be dependent on the orientation of the
well. Thus, horizontal transmissivity is likely
more representative of test values calculated
from vertically oriented wells as opposed to
average non-directional transmissivity. This
effect is seen when grouping specific capacity
values and comparing them to kinematic
porosity estimates. As group specific capacity
value increases the kinematic porosity 2nd and
3rd quartile increase significantly, as does the
maximum. However, the lowest values
remain fairly close to zero despite fairly high
specific capacity values. This is likely due to
the presence of non-connected horizontal
fractures. Horizontal fractures will increase
horizontal flows significantly, but may not
have a notable impact on overall kinematic
porosity if vertical fractures are less
prominent. A theoretical fitted curve to the
2nd or 3rd quartiles would likely represent a
medium which behaves in a more homogenous manner. Some bias would be present
in the calculation of kinematic porosity,
dependent on the orientation of the
measured surface, but adjustments to fracture
frequency were made to account for this by
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estimating the average fracture frequency
independent of measurement orientation.
Implications of this indicate the limitations in
using pumping tests in water supply investigations. As only a weak link exists between
well data and fracture measurements, it is
likely difficult to characterize the nature of
the storage within fractured media from such
well data. Given the nature of the flow
system within hard rock terrains where the
majority of meaningful flows occur within
the larger apertures of the fracture network
(Gustafson 2009) and the heterogeneity
present in the terrain it is not unfeasible to
apply this method as a means of assessing the
storage characteristics of the subsurface.
While not directly validated, correlations with
hydrogeological data and comparisons with
literature values (Freeze and Cherry 1967;
Singhal and Gupta 1999) lend credibility to
the method. Given the inherent heterogeneity
of the system, this method is likely only
applicable to depths within the bedrock
which are typical for drinking water wells.

Groundwater Balance in Recently
Glaciated Terrains
When modelling the groundwater balance of
a region, several assumptions should be
discussed in order to put the results into the
appropriate light. Extraction rates are higher
than realistic rates in several scenarios, as full
residency was assumed where seasonal residency is commonplace. Thus, the set rate of
495 l/day per household well would likely be
somewhat lower in reality, as throughout
much of the year at least some of the wells
are not active. Radii of influence in the
extraction wells are also a point of discussion,
as is the method for assessing cumulative
impact of multiple wells. Rough calculations
based on Thiem’s well equation indicate that
in homogeneous media the influence of the
well will be limited, likely only a few hundred
meters. However, in Swedish terrain the
heterogeneity is sufficiently high that impacts
of wells located near major fracture zones
could be noticeable at great distances. In
these cases a uniform distribution of
extraction is rather unreasonable. However,
in order to retain simplicity in the model, this
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assumption was implemented. The method
of combining the cumulative impacts of
extraction for each map cell was a result of
the software used. By separating all
overlapping well influence polygons into
shapes, assigning an average value for each
centroid and summing all centroids, an
estimate of the overall impact was achieved.
These point values were then interpolated
using IDW. This approach is likely the cause
of some error, as a uniform extraction rate is
not likely, and IDW itself is subject to error
in heterogeneous systems. However, due to
software limitations this was the chosen
method. Infiltration or septic beds were not
considered as sources of water in these
calculations. While likely sources of water,
the quality of water from these sources may
not be adequate for the purposes of
consumption.
Storage maps were generated based on
several assumptions. A primary assumption
was that the reservoir depth could be
estimated as roughly 1.5 multiplied by the
elevation, in order to account for saltwater
stratification near the coast and the risk of
fossil saline water at great depths. However,
this border would likely not be succinct, and
would rather likely take the form of a
gradient. Additionally, in proximity to the
coast, hydraulic preferential pathways could
potentially link wells to sea water, making the
effective reservoir depth much less. Model
results clearly demonstrate the importance of
these pockets of soil from the perspective of
groundwater resources, as they often have
storage values several times that of the
surrounding bare rock reservoirs. Thus,
despite their limited abundance the soil layers
are likely the most important reservoirs in
such hard rock terrains.
Groundwater balance calculations demonstrate the importance of the pockets of soil,
as those areas which experienced the most
severe depletion of reservoirs coincided
mostly with areas which had little to no soil
cover. Areas with soil cover had significantly
less depletion of resources. Important to

consider when examining the results is that
subsurface flows are not incorporated into
the model. In reality the severe hydraulic
gradients which occur in the model would be
at least partially balanced by Darcian flows,
where volumes from soil layers would
recharge the drained fractured rock reservoirs. However, in areas which are at a lower
elevation and a close proximity to the
coastline there would be an increased risk of
inflow from the sea. Results demonstrate
clearly that full-scale permanent residency in
Tyresö will lead to severe environmental
problems regarding groundwater levels.
Increasing permanent residency is currently
the trend in the municipality, and these
results alarmingly indicate that should the
trend continue sustainable freshwater
volumes will be severely taxed, even at
current climate conditions. Slight changes in
climate lead to dramatic differences in model
results, where even an increase in evapotranspiration of 10% leads to further declining
groundwater levels. Increased duration of
growing seasons (Sundén et al. 2010) are
expected according to regional climate
models, indicating that the reservoirs might
be impacted to a greater extent than the
model would indicate.
The influence of permanent residency versus
seasonal residency is interesting. Minimal
change is seen in most areas, where a 40%
decrease in permanent residency shows less
than 25% decreases relative to the model
with lower residency rates, except in a few
areas. However, in these areas the degree of
impact is very noticeable, showing changes
greater than 75% in the impact on groundwater volumes available after the duration of
the model. These areas also coincide with
areas which were seen to be the most
vulnerable in terms of available water
resources, often due to the concentration of
residences in a particular area. While the
overall impact of increasing or decreasing
residency is somewhat limited, results
demonstrate that the placement of these
changes is critical to dictating the impact on
reservoir vulnerability.
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C ONCLUSION
Several applied methods of characterizing
groundwater resources in hard rock terrains
have been presented in this thesis.
Multivariate approaches to characterizing
groundwater resources potential are effective
in identifying areas which consistently are
shown to have high well yields. This method
is very appealing, as the sources of data are
often readily available. By choosing a
methodology which is applicable without the
use of field data, the GRP method allows for
identifying areas which may provide exceptionally good or poor extraction capabilities. A
practical application of the methodology is as
a first step in assessing current or future
groundwater needs of a region. Further research could focus on comparisons of the
behaviour of the different variables within
the PCA space in order to determine if some
factors can be eliminated in the evaluation.
Further research could assist in exploring the
external validity of the model by applying this
approach to other regions in Sweden and
abroad.
Kinematic porosity is a difficult parameter to
correctly assess. Field measurements were
used to estimate this variable and correlated it
against existing well data. Low correlations
coefficients may indicate that porosity and
hydraulic conductivity are not describing
similar hydrogeological properties. Implications of this are that from a water supply
perspective, well tests are simply not sufficient. Further research should focus on calibrating the different parameters and validating
the methodology. This could be done via
correlation with simultaneous water level
variations, where different porosity systems
would react differently to precipitation
events.
The heterogenic nature of groundwater
resources in hard rock was found to be
further complicated by a non-stationary
variance seen in several different locations in
the vicinity of Stockholm. Very little spatial
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correlation was seen in most semivariograms
studied, and where the correlations were seen
they were very weak compared with the
inherent variability. These facts limit the
certainty with which it is possible to make
regional generalizations from a few point
measurements.
Finally, a groundwater balance method was
developed which was suited to the limiting
factors in recently glaciated hard rock
terrains. By limiting the storage capacities
within the reservoirs, this method may more
closely mirror the actual hydrogeological
situation, where groundwater aquifers in the
Stockholm region are often filled to capacity
at the start of the growing season and decline
until the temperature drops during the
autumn. Likely most useful for municipal
planners in near-coastal communities, this
method allows for modelling of different
scenarios in order to assess the different
impacts of, for example, increased permanent
residency or a growing season with an
extended duration.
Characterizing water resources in recently
glaciated hard rock terrains is an arduous task
due the heteroscedastic nature of the fracture
system and the heterogenic nature of the
connected hydraulic systems. However, it is
often impractical to connect many rural
regions to municipal water supply systems.
Thus, aquifer characterization is vital in these
areas in order to assess the environmental
stress placed on local groundwater resources.
Spatial uncertainty seen in well archive
samples indicates the need of complementary
information such as superficial fracture
measurements or multivariate statistics in
assessing groundwater properties in this type
of terrain. Combining kinematic porosity
estimates and GRP with a spatial groundwater balance approach could provide valuable information and be a step towards
efficiently managing groundwater resources
in order to avoid over-extraction or other
environmental problems.
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