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SUMMARY IN SWEDISH 

Vattendirektivet från EU säger att förhöjda nivåer av klorid i färskvatten 
skall motverkas och kräver samtidigt att grundvattenkvaliteten i 
saltpåverkade områden skall uppnå en god kemisk status. Ökande 
salthalter i grundvattnet är idag ett vanligt problem i Stockholms län, 
vilket inte bara innebär stora hälsorisker för de boende i regionen, utan 
också ställer höga krav på förmågan hos länet att ta fram kraftfulla 
handlingsplaner. Därför är det absolut nödvändigt att man utför 
riskanalyser gällande rådande salthalt i områden där man planerar 
borrning, byggnation och andra utvecklingsprojekt som ställer höga krav 
på grundvattenkvaliteten. 
Genom att använda kemiska data från en stor mängd brunnar 
(sammanställt av Stockholms Län) i kombination med kartor och data 
över topografi, geologi och markanvändning (från SGU och 
Lantmäteriet) analyserar detta dokument utbredning och statistiska 
relationer mellan brunnars salthalt och ett flertal yttre naturliga faktorer 
med hjälp av programvarorna ArcGIS, Surfer och Statistica. Med fokus 
på de norra delarna av länet har naturliga faktorer såsom absolut höjd 
över havet, lokal och regional planhet, relativ placering inom topografin, 
dominerande geologi, djup under havsytan, markanvändning och avstånd 
från kusten tagits fram med hjälp av ArcGIS, varefter en avslutande 
statistisk analys över brunnarnas egenskaper har gjorts med hjälp av 
Statistica. 
Resultaten visar att hela länet är påverkat av förhöjda salthalter med hög 
förekomst i de norra delarna samt kustregionerna. Av 5998 borrade 
brunnar är 31 % saltpåverkade (>50mgCl/l), 18 % översteg den tekniska 
gränsen för vanligt dricksvatten i Sverige (>100mgCl/l) och 7 % 
översteg den estetiska gränsen och innehöll därför i praktiken saltvatten 
(>300mgCl/l). Ur ett urval på 2060 borrade brunnar i de norra delarna 
av länet visar analysen att salthalten ökar med större djup och närhet till 
havet. Plana och relativt sett lägre delar av topografin uppvisar högre 
salthalt än ojämna och högre delar av topografin. Med hänsyn tagen till 
jordtäcket är risken för förhöjd salthalt låg i områden med glaciala 
sediment, sand och grus jämfört med områden där lera, berggrund, 
lermorän och organisk jord är förhärskande, samtidigt som korrelationen 
till markanvändningen är svag. PCA-resultaten 
(principialkomponentanalys) kommer från de två första huvudfaktorerna 
(komponenterna) och visar att jordart, jordtäcke och kloridvärdet är nära 
förknippade med varandra. Frågor gällande osäkerhetsfaktorn kring 
brunnarnas koordinater liksom deras kloridvärden har inte kunnat 
besvaras. Exaktheten i resultaten begränsades också av den spatiala 
upplösningen i de digitala data som användes. 
Eftersom områdets topografi, brunnsdjup, dominerande jordart och 
jordtäcke uppvisar goda korrelationer med salthalten i det studerade 
området kan dessa användas till hjälp i sårbarhetsbedömningar gällande 
salt i grundvatten tillsammans med andra icke-geografiska och kvalitativa 
faktorer såsom sanitära bestämmelser och planerade grundvattenuttag i 
kustnära områden. Det kommer att vara intressant att utföra vidare 
analyser på de lokala variationerna i salthalt mellan noggrant utvalda 
brunnar i länet, liksom salthalten över tid i brunnar som är i drift. 
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SUMMARY 

The EU Water Framework Directive (WFD) states that increasing 
chloride levels in freshwater should be counteracted and requires that 
groundwater quality in salt affected areas should attain good chemical 
status. Increased salinity of groundwater is now a common issue in 
Stockholm County. Not only does it pose a great health and related 
socio-economic threats but also presents a big challenge to the county’s 
development plans. It is therefore imperative to perform a salinity risk 
assessment prior to any drilling, construction and other development 
activities that depend on or affect groundwater quality.  
Using well chemical data (compiled by Stockholm County 
Administration) and digital topographical, geological and landuse data 
(from SGU and Swedish Land Survey), this paper analyses the 
distribution and statistical relationship between the salinity of wells and 
several natural factors with the aid of ArcGIS, Surfer and Statistica 
Software. The wells were projected based on their co-ordinates and their 
distribution analysed with Surfer. Focusing on a section of the northern 
part of the county, natural factors such as absolute altitude, local and 
regional flatness, relative location within the topography, predominant 
geology, depth below sea level, landuse type, and distance from the sea 
were derived from the digital data and added to the attributes of the 
respective wells with the aid of ArcGIS. A resulting wells’ attribute table 
is finally analysed statistically using Statistica.  
The results showed that the entire county is affected with increased 
salinity with high prevalence in the northern parts and coastal regions. 
Out of 5998 drilled wells, 31% are salt-affected (>50mgCl/l), 18% 
exceed the technical limit for distribution of common water in Sweden 
(>100mgCl/l) and 7% exceed the aesthetic limit and therefore salt 
groundwater (>300mgCl/l). Out of 2060 drilled wells analysed from a 
section of the northern part of the county, the salinity increases with 
increasing depths and high proximity to the sea. Flat and relatively lower 
parts of the topography have higher salinity than uneven and higher 
parts of the topography. With regards to soil cover, salinity risk is low in 
glacial sediments, sand and gravels compared to clay, bedrock, till and 
organic soil types and there is a weak relation with landuse type. PCA 
result from the first two principal factors (components) shows that the 
soil-type, landcover type and the chloride values are greatly related. 
Questions about the degree of uncertainty of the wells’ co-ordinates as 
well as the chloride values could not be answered and the accuracy of the 
results was also limited to the spatial resolution of the digital data used.   
Since the topography of the area, well depth, predominant soil-type and 
type of landcover exhibit good correlation with the salinity in the study 
area and they can be used in vulnerability assessment for salt 
groundwater alongside other non-geographical and qualitative factors 
such as sanitary standards and groundwater abstraction rate at coastal 
areas. It will be interesting to further analyse the local variability in 
salinity between close selected wells within the county and also the 
salinityof the functional wells over time. 
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ABSTRACT 

Almost 50 % of drinking water in Sweden comes from aquifers. The sustainability of 
groundwater resources in Stockholm County is threatened by increased salinity 
although most of the drinking water comes from Lake Mälaren. For a region known 
to be located within the areas covered by seawater after the last glaciation, the health 
and socio-economic development of the county is in a balance as development plans 
are challenged by high risk of salt groundwater. It is therefore important to know the 
extent and spread of salinity within the areas and the factors that correlate well with 
the salinity in the first attempt to study the risk of the areas to high salt content of 
groundwater. This paper looks at the distribution of salinity within the county and 
analyses the correlation between salinity and several natural factors. Using well co-
ordinates and chemical data (compiled by Stockholm County Administration), and 
digital topographical, geological and land use data (from SGU and Swedish Land 
Survey), it is possible to project and visualize wells and salinity over the area, spatially 
develop and extract natural factor values to respective wells based on their co-
ordinates, and finally perform statistical analyses on a resultant well attributes table, 
with the aid of Surfer, ArcGIS and Statistica Software. Results showing the spatial 
distribution of wells’ salinity and graphs of variance between the salinity of wells and 
respective natural factors of topography, depth, predominant soil cover, land use and 
distance from the sea, are further discussed. 

Key words: Salinity; Drilled wells; Stockholm County; GIS, Groundwater; 
Statistical Analysis. 

INTRODUCTION 

Private and public water supply in Sweden is based on a combination of 
surface and ground water resources.  Almost 50 % of the country’s 
drinking water is supplied from aquifers (SGU 2011). This groundwater 
resource is mostly accessed through drilled wells privately or publicly and 
in recent years has reportedly been affected by increasing salts content. 

Overview of salt groundwater situation in Sweden. 
The issue of salt groundwater or increased salinity of drilled wells came 
to light in the middle of the last century and since then, has received 
large attention not only due to increasing knowledge but also heightened 
occurrence. The EU Water Framework Directive (WFD) states that the 
increasing chloride levels in freshwater should be counteracted and 
requires that groundwater quality in salt affected areas should attain good 
chemical condition. Salinity is a measure of concentration of dissolved 
salts and for groundwater, it is measured by either the chloride ion 
concentration ([Cl-]) or Total Dissolved Solids (TDS). The natural [Cl-] 
of groundwater in Sweden is < 20 mg/l (Aastrup, 1979). On the basis of 
[Cl-], the Geological Survey of Sweden (SGU) classifies water according 
to the following: Low (< 2 0mg/l); moderately low (20 to 50 mg/l); 
moderately high (50 to 100 mg/l); High (100 to 300 mg/l); Very high 
(> 300 mg/l). In Sweden, the technical value of chloride in drinking 
water is 100mg/l thus the public distribution limit, (Livsmedelverkets, 
2011). The recommended limit for private wells is also 100 mgCl/l, 
(Socialstyrelsen, 2005). At > 300 mgCl/l, there is the risk of change in 
taste. The fundamental motivation for these limits is the acceleration of 
corrosion of distribution pipes and resulting secondary health problems, 
at higher chloride concentrations. The corrosion may cause 
contamination of the water by dangerous heavy metals like Lead (Pb) 
etc. 
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Also chloride ions (Cl-) combine with other positive ions such as sodium 
ions (Na-). High-sodium intake is known to have long term effects on 
blood pressure and heart health and can cause hypertension/high blood 
pressure, heart diseases and kidney failure. In Sweden the technical limit 
for sodium in drinking water is 100 mg/l and the aesthetic limit is 
200 mgNa/l, (Socialstyrelsen, 2005). The aesthetic limit represents the 
concentration at which there is the risk of change in taste. In the 4415th 
Swedish EPA Report about 374 out of 12 455 drilled wells and 23 out of 
7 634 dug wells across Sweden had chloride concentrations exceeding 
300 mg/l (Fig. 1). Salt affected groundwater and salt groundwater wells in this 
analysis are those with [Cl-] > 50 mg/l and > 300 mg/l respectively.  
Based on chemical analysis from 12 781 drilled wells (from the Well 
Record Section at SGU). Figure 2 shows how chloride is distributed in 
Sweden and evidently along the whole Swedish coastline (Olofsson, 
1994). With considerable certainty, more than 60 000 drilled wells in 
Sweden were affected by saltwater in 1993 (Olofsson 1994). Several 
studies have connected increased salinity of drilled wells in Sweden to 
aquifers in sedimentary basins. Olofsson (1994) mentioned that salt 
groundwater from crystalline rock areas was early reported by 
Olberg (1854) in describing salt spring in western Sweden and 
Svenonius (1918) noticing salt groundwater in a drilled well not far from 
Vanern, south-western Sweden. These rocks exhibit strong heterogenous 
and anisotropic qualities. Tilly-Leander (1993) conducted a case study on 
salt groundwater in Värmdö municipality in the central part of the 
Stockholm archipelago. With a geology characterized by dense low-
permeability crystalline bedrock and thin soil cover with few quaternary 

Fig. 1. Chloride concentration of groundwater in Sweden. 
(Aastrup, M., et al, 1995)
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gravel exceptions, 20 to 25 % of the wells were affected by increased 
salinity. Lindewald (1981, 1985), Nordstrom, et al. (1989a and 1989b), 
Arad (1991), Kökeritz (1993) and Olofsson (1994) have among others 
discoursed the occurrence and origin of salt groundwater in Sweden. 
Today, Stalinization of fresh groundwater is rampant and a huge 
challenge particularly in southern and central Sweden. In the coastal 
regions and archipelago of Stockholm County, it has been a critical issue 
of concern for private well owners, companies and The County 
Administrative Board. A recent study carried out reported about 25 % of 
wells affected by saltwater out of a compilation of chloride 
concentrations of 4700 wells in the coastal regions of Stockholm County 
(Boman & Hanson, 2004).    
Most studies have fundamentally discussed possible sources of the salt 
including fossil seawater, atmospheric deposition, water-rock interaction, 
freezing of seawater, intrusion of seawater (attributed mostly to high 
groundwater withdrawal rate at aquifer areas connected and close to the 
sea.) and deicing salt from roads and leachates from waste deposits and 
sewers (Olofsson, 1994). 

Susceptibility of wells to increased salinity 
Within the domain of sources of salt mentioned earlier, vulnerability of 
wells to Stalinization depends on circumstances generally related 
topography, geology and hydrology of the area. Olofsson (1990) 
describes some generalized topographical and hydrogeological situations 
where fossil seawater remains. The relative altitude of the well is a factor 
to consider in analyzing susceptibility. Following the last glaciation 
period in Sweden, the land has been covered with salt water and marine 
shore levels have risen and therefore wells located below the highest 
shore line within these areas are highly vulnerable to salt from fossil 
seawater which is mostly present in rock aquifers. The presence of clay 
promotes the retention of fossil seawater in all variations of topography 
due to its low hydraulic conductivity. Flat surfaces consisting of clay 
covering bedrock have been recognized with salt affected wells in the 
county of Uppland and Örebro (Olofsson, 1994). Assad & Salih (1989) 
also reported a raised number of salt affected wells from areas covered 
by glacial clay in the county of Stockholm. 
Several studies show that wells located in coastal areas or close to the sea 
likely to be affected by salt water. Constant and excessive withdrawal 
may cause sea water intrusion. Generally for soil or rock wells, deep 
drilled wells have higher chloride concentration than shallow well. 
Furthermore, rock wells have elevated chloride content than any other 
well types. Seawater intrusion has usually occurred in narrow zones 
(< 100 m) along the coastline due to the heterogeneity of hard crystalline 
rocks. Seawater intrusion may also occur in sedimentary rocks such as in 
the southernmost part of Sweden, the island of Öland and Gotland, far 
away from the coast (at least > 100 m). Highly fractured limestone 
aquifer combined with karstic structures has been the explanation to 
about 61 % of high salt affected wells in the County of Gotland. 
Other wells discussed in literature (Sund & Bergman, 1980; 
Gewers & Häkansson, 1988; Hallberg, 1986) with high salt contents are 
likely to have derived the salinity from fossil seawater, (Olofsson, 1994).  
Effects of de-icing chemicals from roads on groundwater have been 
attributed to areas < 100 m from the road. The groundwater level, 
direction and flow velocity, elevation, geology, precipitation and amount 
of salt used, are critical additional factors within these areas 

 3



Rueben Arnoldz Bleppony TRITA LWR Degree Project 13:14 

 

(Bäckman, 1980). Bäckman (1994) reported the greatest risk for 
increased salinity of wells is when there is high groundwater level, a plane 
topography and slow groundwater flow. 
Proximity to potential salt areas such as landfills, waste deposits, 
industrial and highly built up areas, extensive farm areas is also worth 
analyzing for increased salinity of wells. Mäkelä & Rönkä (1994) analysed 
chloride concentration of drilled wells seriously contaminated by waste 
waters (originating from stocks of feed and manure, heavy fertilization) 
in central Finland. It is imperative to think of Stalinization of wells as the 
effect of major and minor factors that play complementary roles. 
These factors are both natural and anthropogenic. In the first attempt to 
make a regional study into Stalinization of wells along major roads in 
Sweden, Fabricius & Olofsson (1996) analysed the correlation between 
chloride content and well parameters such as elevation to the road, type 
of well, depth, geology at the well, distance from road in the county of 
Västmanland, a pilot project in central Sweden. The lower the well is 
than or the closer the well is to the road, the higher the risk for pollution 
from de-icing chemicals. 

Objectives  
This thesis investigates increased salinity of drilled wells in Stockholm 
County. It aims at analysing the correlation between the extent of 
Stalinization of wells and the prevailing natural conditions in a section of 
the northern part of the county, focusing on factors such as topography 
at both local and regional scale, relative altitude, soil-type at the well’s 
location, well depth, land use type, proximity to high risk areas such as 
the sea. 

MATERIALS AND METHODS 

Description of the investigation area 
Central Sweden was desirable due to reported heightened occurrence of 
salt affected and salt groundwater and the county of Stockholm was 
chosen with particular focus on the northern part, as a result of the 
gravity of translated health and socio-economic insinuations driven by 
the increasing population and economic activities. The specific 
coordinates of the focused area are Ymax (North): 6650000; 
Ymin (South): 6600000; Xmin (East): 1625000; Xmax (West): 1700000 
(Fig. 3). Sweden emerged from the last Ice Age (about 12 000 BC) as the 
ice sheet that had covered the northeastern Europe gradually receded 
forming the basis of the geological history. Hard crystalline rocks 
dominate central Sweden. The topography of Stockholm County is 
characterized by irregular patterns of hilly and low areas with soil layers 
of varying depths. The entire county is located below the highest marine 
shore level and also within the areas covered by salt or brackish water 
after the last glaciations. Mostly outcrops or till layers make up the 
surface geology. Clay and silt (from glacial or postglacial origin) are also 
found in the valleys and other lower parts of the topography. 
Glaciofluvial deposits of sand and gravel, mostly water-bearing are major 
constituents of eskers from which groundwater is extracted for public 
water supply.  

Data and method of investigation.    
The investigation was based on well data; chemical data of 4998 bedrock 
groundwater wells from the county of Stockholm. Most of the data may 
come from the drilled well database of the Geological Survey of Sweden 
(SGU) as well as data compiled from the various municipalities.  

4 
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Fig. 2. Distribution of chloride in Swedish drilled wells based on 
information from SGU (Olofsson, 1994). 
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Fig. 3. Investigation area (a section of the northern part of Stockholm County). 
Image source: Google Maps accessed 10th December, 2012. 

The database contains important information such as the well co-
ordinates, chloride concentrations, well depth (not all wells) and more. 
Complementary digital data used were 
• Geology data, vector maps (polygon shape files) from SGU 

containing description soil types of the top, base and deep layers as 
well as a simplified class based on grain size (texture) and 
dominance. 

• Elevation data, a 50 m continuous raster data from Swedish Land 
Survey (Lantmäteriet) showing the surface elevation over the study 
area. 

• Land use, a vector map from Swedish Land Survey showing land use 
types at respective areas in the Stockholm County 

The method of investigation and analysis involved: 
Development of database using ArcGIS to create quantitative data of the 
natural factors mentioned earlier in objectives, in connection with the 
respective wells. This was preceded by rigorous editing of the compiled 
chemical data of drilled wells for high quality data and then data 
visualization and statistics of the distribution of wells between the 
northern and southern parts of the county using Surfer 8.  
Statistical analyses of data using STATISTICA 8. Three general software 
were used; Surfer 8, ArcGIS 10, and Statistica 8. 

Database development 

Data visualization and statistics of well distribution between the northern and 
southern parts of Stockholm County. 

The edited chloride data was projected in classed post map and 2-D 
surface map using Surfer 8. The distribution of wells and salinity within 
the entire county (Fig. 4) was developed from the grid data using kriging 
method. 
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Fig 4. Distribution of wells and their salinity over Stockholm County using kriging 
interpolation techniques (data from Stockholm County chloride archive). 
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Focused area data creation, exploration and environment settings in ArcCatalog 
A working folder was created into which all files for this project were 
copied and saved. The well data was saved as a text file. The contents, 
preview and metadata were explored in ArcCatalog as possible. More 
importantly in the environment’s “general setting”, the created folder 
was chosen as the current workspace in order to secure all working files 
into it. Swedish National Grid coordinate system “RT90_0_gon” was 
selected for all outputs to ensure a uniform processing and projection 
coordinate system. The extent was also set to cover the study area 
(Top: 6650000; Bottom: 6600000; Left: 1625000; Right: 1700000). In 
order to project and visualize the spatial distribution of the wells, a 
feature class was created from the text file and the specific X and Y 
columns were selected accordingly. The output a point shape file 
showing projected wells according to their respective XY coordinates 
(Fig. 5) and each well also shows respective chloride concentration and 
other measured parameters in the attribute table. 

ArcMap environment settings and creation of “well analyst tools” 
In ArcMap, the current workspace, coordinate system and extent was set 
as was done in ArcCatalog. A general pixel size of 12.5 m was set for all 
raster analysis unless specified within an operation. This raster analysis 
settings was important considering resolution of smallest features in 
reality as well as the complexity of operation, for example not to lose the 
smallest feature in a feature to raster conversion. In order to concentrate 
only on the study area, all data were exported specifying the study area 
(extent) and spatial reference (coordinate system), saved and added in 
ArcMap.  
Finally, 2 060 drilled wells were selected for the analyses. “Well Analyst 
Tools” was created in ArcToolbox, into which models used for this 
project were created and saved. Spatial Analyst, Geostatistical Analyst 
and 3-D Analyst extensions were activated in order to be able to process 
and visualize spatial data. 

Local and regional topography  
Parameters related to the topography of the area were derived from the 
elevation map (Fig. 6) and circular areas defined by 100 m and 250 m 
radius describe the local and regional scales respectively. 
Percentage (%) relative altitude and degree of flatness within 100m and 250m radius. 
In calculating the relative altitude of wells, parameters such as minimum 
and maximum altitudes within 100 m and 250 m radius were first 
calculated in addition to the actual altitude of the well. The output values 
were then extracted to well data points using again the “extract values to 
points” tool. The process was repeated to calculate maximum altitude 
over a circular neighborhood of 100 m radius and values extracted to the 
previous output.  
It was important to specify both the statistics type (minimum, maximum) 
and the circular radius of 100 m in the neighborhood settings. 
The operation was performed repeatedly to calculate minimum and 
maximum altitude over a circular neighborhood of 250 m and the values 
extracted to the respective wells based on their coordinates. 
The Percentage (%) Relative Altitude of the wells, RA, can then be 
calculated by 
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Where A is the actual altitude of the well in meters,  is the 
minimum altitude within the specified neighborhood and  is the 
maximum altitude within the specified neighborhood.  
represents the measure of flatness of the area, a factor that will be 
analysed as well in this paper (the higher the value, the more uneven the 
area is). A well with the lowest RA value means it is located in the 
topographically lowest part of the area defined by the neighborhood 
circular radius. 

Soil type at well location 
The pieces of geology data were initially merged into one map and 
projected to show the simplified or predominant soil classes over the 
study area. The resulting map was then rasterised. The output map was 
further reclassified in order to group the predominant soil classes into 
seven general soil types ie. Organic, Clay/Silt, Till, Sand/Gravel, 
Glaciofluvial Sediment, Filling/Other, and Bedrock. Figure 7 shows the 
soil types within the study area. Wetlands/water though not soil types, 
was also considered due to their influence on salinity in general. In order 
to capture the smallest soil feature class, a pixel size of 2.5 m was 
specified during the rasterisation. The values were then extracted to the 
respective well points based on their co-ordinates. Due to the 
uncertainty of the well location, the soil type within a circular 
neighborhood of 50 m (Fig. 8) was also determined and extracted to the 
well points. 

Fig. 5 Wells’ location and distribution within the study area  
(based on data from the chloride archive of Stockholm County). 
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Fig. 6. Land elevation within the study area (data from Swedish 
Land Survey). 

Fig. 7. Soil map of the study area (data from SGU). 
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Land use type 
The land use data was first rasterised and then reclassified into five land 
use types ie. Urban areas, Field, Forest, Wetland/Water, and Others. 
Figure 9 shows the land use types in the study area. A cell size of 5 m 
was specified during rasterisation. Finally, the land use values were 
extracted to the well points. 

Distance to the sea 
The rasterised land use map was reclassified into a Boolean map showing 
only the sea and “NoData” for other parts. The Boolean map was used 
as input data for calculating distance from the sea using “Euclidean 
distance tool” and limiting distance coverage to 200 m from the sea. 
Distances within 200 m from the sea was motivated by the fact that 
several research have documented seawater intrusion to be limited to 
about 100 m from the coast (Olofsson 1994; Boman & Hanson 2004; 
Bencini & Pranzini 1992). Figure 10 shows the distance from the sea 
limited to 200 m and distances > 200 m have no data. The distance 
values were then extracted to the well points using “extract values to 
points” tool based on well co-ordinates, and input maps being the 
distance map and well data. 

Statistical Analyses 
After all the operations and extractions, the final well attribute table 
showing all the values for their respective natural parameters, was 
exported in Dbase format and further processed for statistical analysis. 
Natural parameters such as XY co-ordinates, chloride concentration, 
actual depth, altitude, measure of flatness (local and regional), percentage 
relative altitude, RA (Local and regional), type of land cover, soil type 
and distance from the sea, are finally presented for about 2 060 drilled 
wells.  

Fig. 8. Digital geological map showing predominant type within 
a 50 m radius (data from SGU).
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Fig. 9. Landuse types within the study area. Most areas are 
predominated by forests, fields and wetland/water (data from 
Swedish Land Survey). 

The well depth values were normalized by calculating the actual depth 
thus the depth below sea level was given by;  
Actual Depth = Absolute Altitude – Recorded Depth 
Histogram analysis was made to know the distribution of wells with 
respect to each natural factor. Variance analyses with Kruskal-Walis test 
(KW of ANOVA) were performed to find the relation between the 
chloride concentration of the wells and different classes of natural 
factors listed above.  
The Kruskal-Walis test was used because the samples (wells) were 
generally not normally distributed within the various natural factors. 
Principal Component Analysis (PCA) was also performed to observe the 
relation between all the data used in this study (all natural factors and 
chloride values). All descriptive (non-numerical) factors such as land 
cover and soil type were first of all manually converted to numerical data 
in terms of their hydraulic conductivity in order to get a more accurate 
result. 

RESULTS RESULTS 

The investigation basically considered the extent of salinization of wells 
and their distribution as well as variance analyses to see how the salinity 
correlates with the various factors described earlier. 

The investigation basically considered the extent of salinization of wells 
and their distribution as well as variance analyses to see how the salinity 
correlates with the various factors described earlier. 

Extent of Stalinization Extent of Stalinization 
The extent of Stalinization of wells in the northern and southern parts of 
Stockholm County (Fig. 11) shows that out of about 4998 wells 
The extent of Stalinization of wells in the northern and southern parts of 
Stockholm County (Fig. 11) shows that out of about 4998 wells 

12 



Increased salinity of drilled wells in Stockholm County – analysis of natural factors
 

distributed all over the county, 23 % have salinity exceeding 100 mgCl/l 
in the north as against 11 % in the south. 9 % and 4 % of the wells in the 
north and south respectively have chloride content > 300 mg/l. On the 
whole, 24 % are salt-affected groundwater wells and 7 % are salt-
groundwater wells. 
Out of 2 060 drilled wells captured in the study area, 9 % were salt 
groundwater wells (> 300 mgCl/l) and 30 % are salt affected 
(50 to 300 mgCl/l). In total, 39 % have chloride concentrations that 
exceed 50 mglCl/l. Obviously, about 24% of the wells exceed the 
technical limit of 100 mgCl/l. Figure 12 shows the graph of the 
distribution of wells within the chloride classes of 0 to 50 mg/l (Low), 
50 to 100 mg/l (moderately high), 100 to 300 mg/l (high) and 
> 300 mg/l (very high). 

Variance analyses 
The ANOVA results are presented through figure 13 to 21. The 
Kruskal-Wallis (KW-) test shows the median chloride value of the wells 
in located in various factor zones. The median values are presented 
within the quartile range and the KW test statistics, H (result acceptable 
if H > 0.05 critical value) and p-values describe the significance of the 
result (result significant if p < 0.05). The distribution of wells within 
respective factor classes is also presented complementarily. In the 
analysis of altitude classes of (0 to 10 m), (10 to 20 m), (20 to 30 m) and 
(40 to 62 m) (Fig. 13), it is seen that the chloride concentration decrease 
with increasing altitude. A total of 852 and 13 wells are located within 
the lowest (0 to 10 m) and highest (45 to 62 m) altitude class respectively. 
Figure 14 shows the relation between chloride concentration and the 
local measure of flatness (represented by the difference between the 
maximum and minimum altitudes) as well as the distribution of wells 
within the various classes of flatness. Within the flatness classes of 
(0 to 2 m), (2 to 5 m), (5 to 10 m), (10 to 20 m) and (20 to 35 m), 
chloride concentration increases with increasing measure of flatness. The 
highest (0 to 2 m) and lowest (20 to 35 m) flatness classes have a total of 
19 and 119 wells respectively. About 81 % of the wells are located in the 
(5 to 10 m) and (10 to 20 m) flatness classes. Within 250 m radius of 
wells’ location (Fig. 15), there is a similar correlation between the 
chloride concentration and measure of flatness within 100 m radius. 
Conversely, there are no wells located in the lowest flatness class 
(0 to 2 m). A total of 25 wells are found in the (35 to 50 m) flatness class, 
with more than 50 % of the wells distributed within the class 
(10 to 20 m). 
The correlation between chloride concentration and percentage (%) 
relative altitude at the absolute well location, within the classes of 
(0 to 10), (10 to 20), (20 to 40), (40 to 70) and (70 to 100) is shown in 
figure 16. Generally, chloride concentration decreases with increasing 
relative altitude (RA). Of this, 140 and 428 wells are located in the 
topographically lowest and highest parts respectively according to the 
classes. 
Within 250 m radius of wells (Fig. 17), chloride concentration shows a 
similar correlation with % relative altitude as in figure 16. A total of 153 
and 326 wells are located in the topographically lowest and highest parts 
respectively. Figure 18 shows how chloride concentration varies with 
different classes of depth below sea level (actual depth). Chloride 
concentration increases with increasing actual depth. Out of 516 depth 
values recorded in the well database used in the investigation, about 
233 wells have depths within (30 and 70 m). 
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Fig. 10. Distance from the sea. Top: shows how the wells are distributed within the 
area in relation to the coastline. Bottom: a detail of the map (top) which shows the 
distance gradient within a small section of the area. 
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Fig. 11. Distribution of salinity of wells in northern and southern 
parts of Stockholm County. Northern parts are affected more than 
the southern parts both in relation to number of wells and salinity. 

Fig. 12 Distribution of wells according to chloride concentrations 
within the study area. About 294 out of 2060 wells exceed the 
technical limit of 100 mg/l. 

Chloride content decreases with increased distance from the sea 
(Fig. 19). Out of 659 wells located within 200m from the sea, 30 % are 
less than 50 m away from the sea. 68 % of the wells in the database are 
> 200 m away from the sea. 
Figure 20 and 21 show the relation between chloride content and 
predominant type of soil at the absolute well location and within a 
circular neighborhood of 50 m respectively. Among till, bedrock 
sand/gravel and clay/silt, the lowest median chloride value is found in 
sand/gravel (Fig. 20). With regards to the distribution of wells within the 
soil types, 58 % and 30.1 % of wells are located within till and bedrock 
respectively (Fig. 20). 6.7 % are located in clay. The values for organic, 
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Fig. 13. Wells located at higher altitudes have lower salinity 
compared to those located at lower altitude (top); about 
852 wells are located within (0 to 10 m) above sea level with a 
median salinity slightly above 50 mg/l (bottom). 

filling/other, wetland/water and glaciofluvial sediments (Glaciofluvial 
Sed.) are however not representative to support the statistical correlation 
between salinity and soil type. 
Considering a 50 m circular neighborhood, figure 21 shows a similar 
correlation as in figure 20 and here again, the number of wells in 
fillings/other, organic, wetland/water and glaciofluvial sediments 
(Glaciofluvial Sed.) are too few and not representative enough to justify 
their correlations. 58 % of the wells are located in areas predominated by 
till, 22.4 % and 8.4 % are located in bedrock and clay/silt predominated 
areas respectively. 
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Most of the wells are located within forests, fields and urban areas 
(Fig. 22). However, the values for wetland/water are too low and not 
representative for statistical analysis. From the PCA result, the soil-type 
(soil), land cover type and the chloride (Cl) values are greatly related 
(Fig. 23) although some soil types are not well represented (mentioned 
earlier (Fig. 20 & 21)). On another hand, absolute altitude, relative 
altitude, depth and distance from the sea also exhibit some similarity but 
not with the chloride values. Flatness (within 100 m and 250 m radius) is 
also farther away representing the third cluster. 

Fig. 14. Within 100m radius, the flatter the area the higher the 
salinity (top); only 19 wells (less than 1 % of total number of wells) 
are found in the flattest class of areas (with less than 2 m 
difference between the highest and lowest altitude) (bottom).
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DISCUSSION 

From the 2-D view of the distribution of wells over the entire Stockholm 
County and a 2-D with raised concentration values giving a surface 
(Fig. 4), it is clear that salinity is higher in the northern parts than the 
southern parts. Figure 11 shows a more detailed view of the distribution 
in the northern and southern parts. More wells are located in the north 
and the average salinity is twice as that in the south. About 23 % and 
11 % of the wells in the northern and southern parts of the county 
respectively, exceed the technical limit for distribution in the municipal 
network (100 mgCl/l). This is obviously an issue of concern for well 
owners due to health and other cost implications. The study also focused 

Fig. 15. Within 250m radius, the flatter the area, the higher the 
salinity (top); no well is located in the flattest class of areas and 
only 9 wells (< 0.5 % of total wells) are located in areas that have 
2 to 5 m difference between the highest and lowest altitudes 
(bottom). 
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mainly on drilled wells in a section of the northern part of Stockholm 
County. The result clearly shows that 24 % of the wells have salinity 
levels that exceed the technical limit, 9 % exceed the aesthetic limit of 
300 mgCl/l (salt groundwater) and 30 % are salt-affected wells (Fig. 12). 
The variance analyses show a relatively strong relation between the 
salinity of the wells and the prevailing natural factors except for soil type 
where the number of wells in fillings/other, wetland/water, organic, 
glacial sediments (Fig. 20 & 21) are too few and not representative. Wells 
located at higher altitude have lower salinity compared to those at lower 
altitudes (Fig. 13) primarily because at higher altitudes, the salt is washed 
away by infiltrating freshwater from precipitation and run-off into the 
lower parts of the topography and deeper areas. This is further explained 
by the flatness of the area and the relative location of the well within the 
topography within 100 m and 250 m.  

Fig. 16. Within 100 m radius, salinity decreases with increasing 
RA (top); 148 wells are located in the RA class of 0 to 10 % with 
the highest median salinity value greater than 50 mg/l (bottom). 
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Represented by the difference between the highest and lowest altitude, 
the flatness of the area correlates well with the chloride content of the 
wells. Flat areas promote salt retention than uneven areas given that all 
other factors are the same. The results show similar variations between 
chloride content and flatness within 100 m and 250 m radiuses with 
slight differences in median chloride values (Fig. 14 & 15) that can be 
attributed to other hydrogeological properties within the areas.

Fig. 17. Within 250 m radius, the lower the RA, the higher the 
salinity (top); the lowest RA class (0 to 10 %) registers about 
163 wells with a highest median salinity, slightly below 100 mg/l 
(bottom). 
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Wells located in the lower part (valley) of the topography show increased 
salinity compared to those on the topographically higher parts 
(Fig. 16 & 17). Although the median chloride values for the various 
classes are higher within 250 m radius than 100 m radius, they all exhibit 
similar correlation between salinity and relative location within the 
topography. After the last ice age, large parts of south and central 
Sweden, especially along the coastlines, were covered by sea; this was 
true for Stockholm County. As the land rose out of the sea, the saline 
water was displaced at different rates (depending on the local conditions) 
into low-lying areas and several research have documented a greater risk 
of finding it in deep wells (Knutsson & Fagerlind, 1977; Laurent, 1982; 
Lindewald, 1985; Smellie & Wikberg, 1989; Arad, 1991; Olofsson, 1994). 
The result supports this; the deeper the well, the higher the salinity 
(Fig. 18). 

Fig. 18. The deeper the wells, the higher the salinity (top) and 
about 505 wells out of 516 penetrate below sea level (bottom). 
Median salinity values are generally below 40 mg/l. 
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Wells close to the sea (within 200 m) have significantly been reported to 
be influenced by sea water intrusion. This is probably due to seawater 
intrusion. The County Administrative Board in a recent study has 
attributed this to excessive withdrawal rates during summer. From 
figure 19, wells located within 50m from the sea have a median value 
higher than 100 mgCl/l (technical limit). The farther the well is away, the 
lower the salinity but this is only shown up to a distance of 200 m from 
the sea. Although the wells used for this study are drilled (rock) wells the 
surface soil-type correlates the salinity to some extent. According to the 
variance results, wells located in areas predominated by sand-gravel and 
glacial sediments have lower salinity compared to those found in 

Fig. 19. The closer the well is to the sea, the higher the salinity 
(top) and about 30 % of 659 wells are located within 50 m relative 
to the coastline with the highest median salinity greater than 
100 mg/l (bottom).
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bedrock, clay-silt, till and organic soil-types (Fig. 20 & 21). This is 
probably due to the high hydraulic conductivity of glaciofluvial 
sediments and sand-gravels allowing the salt to be washed away easily by 
fresh water. Also due to low porosity, bedrocks, clay-silt, till and organic 
soil-types show higher salinity and quite similar median values. Within 
50 m circular radius, areas predominated by wetland/water have higher 
median chloride values (Fig. 21) possibly due to their location in the 
lower parts of the topography and/or proximity to the sea but this 
correlation is questioned by its representation which depends on the low 
number of samples (wells) as well as wells’ positional accuracy (SGU data 
accuracy is < +/- 100 m). It is also evident that no wells are located in 
the sea (Fig. 10 & 19). Similarly, organic, fillings/other and glacial 
sediments are not well represented. From the histograms, most of the 

Fig. 20. At the point location of wells, median salinity though 
generally < 50 mg/l, is highest in organic, clay/silt, till, bedrock 
and fillings/other in decreasing order (top), and quite 
insignificant number of wells located in fillings/other, 
wetlands/water, organic, and glaciofluvial sediments (bottom). 
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wells are found in till, bedrock and clay-silt soil-types (Fig. 20 & 21) 
which characterize the geology of Stockholm County. The composition 
of filling/other is unknown.  
The relation between salinity and land use is quite unclear and the 
number of wells in water/wetland is not representative (Fig. 22). Most 
wells are located in the fields, forests and urban areas in order of 
decreasing numbers whiles only 7 wells are found in the wetland/water. 
This is not strange because the larger part of the study area is covered by 
fields, forest and wetland/water (Fig. 9) and of course no one will like to 
locate a well in water and one can not rule out wells’ positional 
uncertainty. Soil type and land cover show a greater relation with salinity 
than the other factors (Fig. 23) however, further similarity details were 
not analysed in this paper. 

Fig. 21. Within 50 m radius, median salinity is lowest in areas 
predominated by glaciofluvial sediments and sand/gravels, and 
highest in wetlands/water with salinity > 100 mg/l (top). Most 
wells are located in till, bedrock and clay/silt but quite 
insignificant numbers are found in glaciofluvial sediments, 
wetland/water, organic and fillings/other (bottom). 
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The development of the database has been the major challenge during 
this work. Working with different data formats in the well archive was 
one of the difficulties. Well data reliability was a question that could not 
be answered although they were from the Stockholm County, 
supposedly collected from the various municipalities and the well archive 
at SGU; some of the data date as far back as 1987 and some supplied by 
the well owners; there are several missing or unregistered parameter 
values within the well archive such as well depth. Hence, the depth 
analysis was based on lower number of wells compared to total number 
of wells in the area. Some of the wells may currently not be functional 
and the accuracy of the well co-ordinates is also not known. Initially, text 
codes for the study area (read from a paper map) were used to identify 
and select the digital elevation and geology maps and this was quite 

Fig. 22. Median salinity is highest (close to 100 mg/l) in wells 
within or very close to wetlands, sea and other water bodies (top) 
but with insignificant number of wells (about 0.3 % of total wells) 
(bottom). 
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tricky. The operations in ArcGIS have very much been manageable 
however, it is very important to note that the output data quality is 
subject to the input data quality. SGU and Swedish Land Survey 
command a high level of reliability, that leaves our input data quality to 
depend on the spatial resolution. The output data quality cannot be 
higher than that of the input data irrespective of the operation. 
 AND RECOMMENDATIONS 

The analyses have shown that 31 % of the wells in Stockholm County 
are salt affected of which 70 % are located in the northern parts, 18 % 
exceed the technical limit for distribution of common water also of 
which 74 % are again in the northern parts, and 7 % exceed the aesthetic 
limit with 77 % contribution from the north. The topography of the 
area, well depth, predominant soil type, distance from the sea, and type 
of land cover exhibit good relation with the salinity in the study area and 
therefore can be used for vulnerability assessment for salt gro

CONCLUSION

undwater 
tive factors such as sanitary 

ate at coastal areas. However, 
alongside other non-geographical and qualita
standards and groundwater abstraction r
the number of wells within some factors is not analytically representative 
enough and therefore raises some level of contention together with 
positional uncertainty. The extent of faults in the bedrocks and soil 
depths are factors that were also not considered in this investigation. 
Further study is recommended to analyse the local variability in salinity 
between close selected wells within the county and also the salinity of 
functional wells over time. The study proves that the natural factors used 
can be implemented in a GIS-based vulnerability assessment like the 
method developed by Lindberg, et al., (1996). 

Fig. 23. PCA result from first two principal factors (components). 
Land cover and soil type relate well with salinity (Cl) of the area.  
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