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Abstract
The municipal waterworks in Ånes supplies 380 people. The wells are situated about 60 meters west
of Landåselva River in a delta at the north end of Lake Randsfjorden. The waterworks has
experienced problems with contamination, resulting from manure deposition in the river as well as
flooding events. The suspected largest source of contamination is a cattle herd on the east side of
the river. The contamination history suggests there is a connection between the river and the
aquifer, and thus also a connection between the activities on the two sides of the river that needs to
be considered. This contradicts a survey conducted in 1987, which treated the river as a hydraulic
barrier. In accordance with the principles stated by drinking water supply regulations in Norway, it is
recommended to always choose drinking water sources that have the best possible natural
protection against contamination. This requires a well location based on hydrogeological knowledge
which includes defining restrictions regarding activities in the well capture zone. In this study, the
hydrodynamics of the area were investigated using a numerical model. The work for setting up the
model included defining its geometry, boundary conditions and hydrogeological parameters. The
geometry was investigated through geophysical surveys, geological maps and borehole information.
Results of the analyses produced a stratigraphy of a coarse sand-gravel layer on top of a silty till
layer. Through studying the water balance and topography, boundary conditions were set as surface
recharge, groundwater fluxes, constant head and a semi-pervious river boundary. The value ranges
of the hydrogeological parameters were defined by analyzing pumping test and grain size
distribution data. Hydraulic conductivities were found to be in the range of 15-62 m/day. During the
calibration process the properties which have a higher impact on the model results were tuned until
reaching an optimal solution that resembles the observations. The model shows that river leakage to
the aquifer occurs at most times of the year. The effect was greatly increased with increasing
pumping rate and river stage. Approximately 10 % of the extracted water from the currently
pumped well originated from the river when a realistic pumping rate of 350 m3/day was used. The
residence time from river to production well was 20 days, less for higher pumping rates as an effect
of their wider capture zones. Sixty days are normally considered necessary for incapacitating
intestinal bacteria in the water. A well location which had no interaction with the river was found
further west on the delta. Placing a production well in this area at high elevation, and restricting
activities in its capture zone would provide a more protected water source with respect to
contamination threats. A sensitivity analysis showed that the model was primarily sensitive to
changes in constant head boundaries and the introduction of spatially variable hydraulic
conductivity. This points to the importance of defining these more accurately in future studies, in
order to minimize uncertainties connected with the model.
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1. Introduction
Groundwater serves as an important water resource in many countries. In Norway, groundwater
stands for about 15 % of the total water supply. This is a relatively low percentage; a comparison can
be made using for example Denmark which reaches 95 % (The Geological Survey of Norway 2008).
Still, knowledge about the groundwater resources is important since they in some places make up
the only available source for drinking water. In many areas groundwater also serves as a back-up
source if the preliminary source cannot be used for temporary reasons. The positive aspects of using
groundwater instead of surface water further contribute to the importance of gaining enough
knowledge for being able to locate and protect groundwater wells. The lack of hydrogeological
investigations can make groundwater management difficult, since important information about the
aquifer is missing. This can cause trouble regarding water quality and quantity which can further
lead to disagreements concerning the water-related laws and regulations of the country.

1.1 Justification of the study
Ånes waterworks in Søndre land, Norway, have experienced repeated problems regarding intestinal
bacteria in the groundwater. The main source of contamination is assumed to be manure from a
cattle herd that graze only about 60 meters from the well area. A river is separating the cattle from
the wells. Recorded events that have led to contamination of the well water are connected to
flooding and manure deposition in the river. A former study of the area hydrogeology treated the
river as a hydraulic barrier which would mean that no river water infiltrates into the aquifer. The
contamination history contradicts this assumption and suggests there is a connection between the
river and the aquifer. If that is the case, it is necessary to take protective measures regarding nearby
areas draining to the river. Ånes waterworks is not approved according to the drinking water
regulations. The main principle in the regulations states that a waterworks should have two hygienic
barriers. A hygienic barrier is defined as a physical or chemical blockade that acts in order to remove
or decrease the levels of hazardous substances in the water. This is about to become true since the
commune plans to accompany the already existing UV treatment with a membrane filtration
equipment. This action will likely approve the waterworks. However, another statement made by
the drinking water regulations says that the source of drinking water to greatest possible extent
should be chosen so to minimize contamination risks. In this sense, improvements can be made at
Ånes judging by the repeated contamination events. A good source of drinking water includes a
good well placement, often elevated to reduce flooding implications, and sufficient protective
measures in the well capture zones. Placing a well close to a surface water body that is feeding the
aquifer often guarantees a sufficient water quantity, but makes it much more difficult to monitor
sources that can affect the water quality.
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1.2 Aim of the study
This study aims to provide information that can be used to protect the groundwater resource by
natural measures. By developing a groundwater model it is attempted to answer questions that are
crucial with respect to contamination risk in this area. How does the river-aquifer interaction work
and how does it change depending on hydrological conditions and well location? What is the
residence time from river to well? Where does water reaching the wells come from and which areas
should be protected and used carefully with respect to good drinking water quality? What other
suggestions, such as well locations, might there be with regards to a safer drinking water quality?
The usefulness of the model with respect to representing the real groundwater system is limited by
the quantity and quality of the collected data. A lot of uncertainties regarding this will naturally lead
to uncertainties in predictions based on model outcome. However, by documenting strengths and
weaknesses of the model and using it carefully it can still be a valuable tool. An important part of
this study is also to provide further recommendations for future investigations of the area. This is
based on the experience gained from working with the model: knowing where its largest
uncertainties lie and what parameters it is more or less sensitive to.
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2. Background
In this section, aspects concerning groundwater use for drinking water will be introduced focusing
on details relevant for this study. Groundwater extraction will be put in a juridical context by
presenting the fundamental regulations concerning this matter in Norway. Lastly, site-specific
background information will provide the basis for proceeding to the remaining parts of this study.

2.1 Groundwater as a source for drinking water
Groundwater has an advantage over surface water when it comes to drinking water extraction. This
is because it has a natural protection in the form of filtration, depending on geology and
topography. Governing factors are thickness of the unsaturated zone, flow velocity, stratigraphy and
distance to surface water bodies (Gaut 2011). However, on the downside, since groundwater has a
slow exchange rate, pollution can remain in the aquifer for a very long time and thus groundwater
protection is a very important question (Naturvårdsverket 2011).
Two major distinctions between the ways in which an aquifer receives water are important to
consider when it comes to aquifer vulnerability. An aquifer can receive its major recharge from
either precipitation (self-feeding aquifer) or infiltration from a nearby surface water body
(infiltration-fed). Precipitation infiltrates and percolates through the unsaturated zone before it
reaches the groundwater. Infiltration from a surface water body into the aquifer usually occurs as
saturated flow. The river/lake bottom that the water passes through filtrates the water since it is
often plugged with fine particles and biological material. Flooding can lead to changed infiltration
conditions and less filtration effect (Figure 1) (Gaut 2011).

Figure 1: The infiltration interface corresponding to normal water level is usually of lower conductivity due to fine
particles and biological material. This has a cleaning effect on river water entering the aquifer. During flooding, water is
allowed to infiltrate through coarser material higher up on the river sides, leading to less filtration effect (modified after
Eckholdt and Snilsberg 1992).
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Groundwater extraction from loose deposits leading to an increased aquifer recharge from a surface
water body is called induced infiltration. In this way, also aquifers which receives little recharge from
precipitation can have a large groundwater supply capacity. A significant number of groundwater
works in Norway rely on induced infiltration (Gaut 2011).
Some common contaminants threatening groundwater are pathogenic microorganisms, petroleum,
pesticides and fertilizers. The majority of pathogenic microorganisms that can infect through water
originate from feces of humans or warm-blooded animals. These microorganisms are usually
stopped in the unsaturated zone, where the cleaning effect and decay rate is much larger than in the
saturated zone. If they reach the groundwater, they will die when some time has passed (Gaut
2011). After 60 days, the groundwater is regarded as free from these microorganisms (Nasjonalt
Folkehelseinstitutt 2006). This means that it is important to protect the area in the well vicinity with
respect to this. A thin unsaturated zone and/or short residence time can result in these particles
reaching the well. Areas prone to flooding are extra vulnerable since this decreases the unsaturated
zone thickness. Petroleum is usually considered the worst threat to groundwater since a small spill
can contaminate a large volume of water. Large sources of contamination are agricultural activities,
industries, traffic, landfills and settlements (Gaut 2011).
The first step to safe drinking water is placing wells in areas with small human activity and good
natural protection. Natural protection could include an unsaturated zone preferably larger than 3 m,
a filter placed below a layer with low permeability or a filter placed very deep and/or in a large
aquifer in order to increase the residence time. Secondly, it is important to define protection zones
in which there are activity restrictions for ensuring a good groundwater quality. These protection
zones are based on expected groundwater residence times and flow to the production well. The
restrictions connected to each zone decrease with increasing distance from the extraction well. An
important aspect is that the safety zones may look different depending on whether the aquifer is
self-feeding or infiltration-fed. An infiltration-fed aquifer partly uses water from a surface water
body (Gaut 2011). The Swedish Environmental Protection Agency recommends that the water
protection area in these cases also includes at least parts of the surface water body and its
catchment area (Naturvårdsverket 2011). According to Gaut (2011) the catchment area of the
surface water body is normally not included in the protection zones in Norway. Gaut (2011) further
recommends using a groundwater model for investigating the interaction between surface water
bodies and aquifer resulting from flood and drought. Finally, it is important to have a good well
design. This includes a secure well top and proper sealing of the area around where the well reaches
the surface. This prevents short-cutting between surface water and groundwater.
Water treatment procedures are also available, for example chlorine and UV treatments or
membrane filtration. Chlorine and UV treatment kill pathogenic organisms while membrane
filtration removes them completely. Membrane filtration also removes finer particles. This makes it
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a good combination with UV treatment, as UV treatment alone functions poorly if the water
contains a lot of particles. This combination will together remove/kill all pathogens. Chlorine, on the
other hand, is not effective when it comes to some parasites and bacteria. Another common water
treatment method is aeration. By mixing the water with oxygen, issues with taste and smell as well
as iron can be removed (Nasjonalt Folkehelseinstitutt 2006). However, water treatment should not
be used as an excuse to not care for good groundwater quality. Finding a suitable well location and
taking care of the surroundings gives a much safer drinking water than if you have to rely on water
treatment only (Gaut 2011).

2.2 Water supply and regulations in Norway
Groundwater makes up 15 % of the total water supply in Norway. This is very little and the reason
behind it is the abundance of surface water and generally very small aquifers. In recent years there
has been an increase in groundwater usage, mostly in sparsely populated areas. The economical and
hygienic benefits are responsible for this increase. Some counties in Norway (such as Oppland) have
geologically favorable conditions for extracting groundwater and groundwater stand for up to 50 %
of the water supply. The largest groundwater works extract their water from loose deposits, while
groundwater from fractured aquifers is mostly used for separate residences (The Geological Survey
of Norway 2011).
A waterworks which supplies at least 50 persons or 20 homes is committed to be approved by the
Norwegian Food Safety Authority (NFSA). NFSA functions as the Norwegian state drinking water
agency and the waterworks are obliged to report to them on a yearly basis (The Geological Survey of
Norway 2011). The requirements for approval are described in Drikkevannsforskriften (LOVDATA
2014). The following are important:


The drinking water should have a good hygienic standard. (1)



As far as possible, drinking water sources that are well protected against contamination
should be chosen. (2)



The system should have at least two hygienic barriers, one of which has to make sure the
water is disinfected in order to kill microorganisms. (3)

A hygienic barrier is defined as a natural or artificial physical or chemical barrier that acts for
removing or killing bacteria, viruses, parasites and/or dilute, decay or remove chemical and physical
particles to a level where they are considered harmless. A hygienic barrier is either a measure that
hinders hazardous substances to reach the water intake or a measure that removes them through
water treatment. The barriers have to be independent of each other, so one event cannot knock
both out at once (Nasjonalt Folkehelseinstitutt 2006).
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2.3 Study site
The area which is being investigated is situated in Ånes, in the commune of Søndre Land, 130 km
north from Oslo (Figure 2). It faces the northern end of the lake Randsfjorden which is the fourth
largest lake in Norway with a length of 70 km. The area is cut by the approximately 5 m wide and
relatively shallow river Landåselva. On the eastern side of Landåselva, a herd of cows are kept
outside year round. An approximately 2 m high flood barrier is located along the west side of the
river. This is mostly composed of rocks and gravel (Helgestad and Holm 2012). Landåselva drains
more elevated regions and is therefore prone to flooding in the snow melting season which
commonly occurs in April-May. The climate in the area is characterized by the location in a valley,
resulting in relatively little wind and precipitation and also cold winters and warm summers. The
area is sparsely populated and the land use is dominated by forest and agricultural land.

Figure 2: Overview of the study area. The location of the wells is marked in red. The waterworks is located in the
commune Søndre Land, Oppland county. (Modified from Statens Vegvesen, Norsk Institutt for skog og landskap and
Statens Kartverk.)
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2.3.1 The waterworks
Ånes represents one out of seven waterworks that operates the water supply in Søndre Land
(Helgestad and Holm 2012). It was established as municipal water works in 1987 (Bergum et al.
2010). Ånes supplies approximately 380 people, and this number is not expected to change
significantly in near future (Skogen 2013). People living close to the waterworks are obliged to
connect to it (Helgestad and Holm 2012). There is no backup water supply available, if necessary,
water will be brought there in tanks from other places (Skogen 2013). The water works does not
have protection/restriction zones assigned to the well capture zones (Norconsult 2010).
Water treatment available includes UV (which was installed in 2008) and chlorine treatment
(Bergum et al. 2010). Chlorine is generally not used; it only serves as a backup for UV (UV
effectiveness greatly reduced if the water contains too much fine particles) (Skogen 2013). UV and
chlorine are therefore considered one hygienic barrier for reasons mentioned in section 2.1. The
waterworks is thus lacking one barrier. A membrane filter is planned during 2014. This action will
likely grant the waterworks approval, even though statement 2 in section 2.2 (“As far as possible,
drinking water sources that are well protected against contamination should be chosen.”) will still
not be completely met. The reason for this is that this statement allows for more flexibility regarding
the use of groundwater when needed even if all the sanitary conditions are not considered.
Ånes waterworks has three production wells. By spring 2014, only one is in use. One can be pumped
additionally if necessary and one is completely taken out of usage. The water quality has suffered
from problems caused by flooding events. In 2007 a flood resulted in contamination in the form of
fine particles in a well that was shortly after taken out of use for this reason. In May 2013 a flood
caused increased levels of intestinal bacteria which led to another well being taken out of use and all
water extraction being focused to the well that is currently pumped (Skogen 2013).
2.3.2 The wells
The area contains three production wells. There are also five observation wells, most of them in the
immediate vicinity of the production wells (Figure 3). The reason for this is that when a production
well is installed, one or more observation wells (defined here as small radius wells) are first drilled.
This is a simpler procedure and enables the driller to suggest the best suitable spot for a production
well. Only the wells used in the pumping test are assigned a number. The remaining three
observation wells lacked a top cover and their response with the aquifer can therefore be
questioned. Moreover, their location made them bad candidates for participating in the test. One is
placed too far away and the remaining two are very close to other wells. All wells are located in the
loose deposits and no bedrock has been encountered while drilling.
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Figure 3: The well arrangement in the area, for large-scale location please refer to Figure 2. The locations of the three
un-numbered observation wells are only approximate since they lack coordinate information. Equidistance is 1 m.
(Modified from Kartverket 2013.)

The wells used in this study were the following:


Well 1: Observation well installed in 2011, located next to well 2. Drilling information about
this well, in the form of water extraction rate at a certain depth, is found in Figure 74 in
Appendix 2. In general, a lower rate/lower hydraulic conductivity is found in this well
compared to in well 2. At 10-12 meter the rate is relatively low and at 12-14 it is zero.



Well 2: The production well currently in use is the newest and was installed in 2012. It has a
capacity of about 350 m3/hour (Skogen 2013) and mostly penetrates coarser material
characterized by gravel and rocks. Two layers of finer material are found, one at 9-14 m and
one at 18.5-22. The water extraction rate is generally good. The detailed information from
the drilling company Brødrene Myhre (grain size distribution curves and water extraction
rate per depth) is found in Figure 72 and Figure 73 in Appendix 2.



Well 3: Observation well located at an elevated peak in the middle of the area.



Well 4: This well is also a production well and was installed in 1988. It has a capacity of
about 600 m3/hour. This well was in use in May 2013 when the flood event caused bacteria
contamination. This resulted in switching to using well 2 instead, but well number 4 is still
possible to use if necessary (Skogen 2013).



Well 5: This production well was installed in 1994. In 2007 the water was contaminated with
fine particles in connection with a flood. Because this decreased the effect of the UV
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treatment the well was stopped in 2008, since the problem did not disappear. It has not
been used since that (Skogen 2013).
All production wells are equipped with well houses. The wells are not sealed properly, and there is
therefore risk for surface water short-cutting.
2.3.3 Geological setting
The study area is covered by loose sediments classified as fluvial deposits, glaciofluvial deposits and
till of varying thickness over a bedrock basement. The sediments were deposited by different
geological processes.
During the last glaciation period, till was deposited by glaciers (Figure 4). The till in the study area
can be divided into two groups according to the way in which it was formed: basal till and ablation
till. Basal till is very packed and usually finer than ablation till which more often contain large blocks
and rocks. Basal till was formed from material that was transported close to the base of the glacier
and is therefore more crushed and packed. Ablation till origins from material found in the middle or
the top of the glacier. Ablation till was deposited on top of the basal till (if any) when the ice melted.
In areas where the till cover is defined as thin, the bedrock shape is clearly distinguished (Aa 1983).
When the ice started to melt, melting water gathered in Landåselva from North-East and NorthWest. Some of these paths can be seen as eskers today. The melting water eventually formed a
subglacial delta in Randsfjorden (Figure 4). Several glaciofluvial erosion brinks are found at the delta,
indicating the river have had different paths. The glaciofluvial deposits consist of sorted sandy and
gravelly material with a lot of large blocks embedded. This delta was then uplifted and formed
terrace-shaped deposits. This uplift of the land led to the, now post-glacial, river getting a lower
erosion-base, and thus it started to erode the existing glaciofluvial deposits. A fluvial fan started to
build up south from the glaciofluvial delta, leaving a distinct elevation-gap of about 30 meter
between the two. The material in the fluvial delta resembles the one in the glaciofluvial one, but is
better sorted. It is likely that there are thin layers of finer material inter-bedded in the fluvial
deposits, caused by flooding events (Aa 1983). The bedrock in the area is mostly consisting of
Precambrian undifferentiated gneiss (Figure 4). The gneiss is strongly metamorphosed and folded.
This is the oldest rock type in the area (Bjørlykke 1979).
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Loose deposits

Bedrock

Figure 4: Left: The loose deposits classification of the area. The yellow stands for fluvial deposits, the orange for
glaciofluvial deposits, and the green tones is till of various thickness (light=thin layer). Right: The three rock types found
under the sediment cover of the area. The violet is Precambrian undifferentiated gneiss, the green Lower Cambrian
sandstone, shale and alun shale and the yellow is Late Precambrian and Eocambrian sandstone. (Modified from
Kartverket 2013 and The Geological Survey of Norway 2014.)

2.3.4 Potential risks and previous studies
There are two defined sources of contamination in the area. Both are located on the east side of the
river. The main source is assumed to be a herd of about 400 cows which are kept outside
throughout the whole year. The pastures reach down to the river. The farmer wishes to double the
amount of cows according to Søndre Land commune. The second possible source of contamination
is a set of large vehicles stored within 50 m from the river (Figure 5).

Figure 5: Machine park on the eastern side of Landåselva, 200 m upstream from the well area.

The contaminants originating from the east side of the river could reach the wells in the following
ways: Through flooding events, by being deposited directly in the river or by being transported to
10

the river with groundwater flow. The latter two only represents a threat if river water can infiltrate
into the aquifer and thus reach the wells. Flooding events contribute to making contaminants more
mobile through overland flow and also decrease the ground filtration capacity as a result of a
thinner unsaturated zone, and are therefore always associated with large contamination risks in this
area. The cattle manure is not the only contamination risk associated with them; their grazing also
leads to very little grass cover at places. This decreases the filtration capacity and leads to more
rapid outflow into the river. Moreover, little vegetation leads to increased erosion of the river sides
and thus a risk of contaminated water reaching the wells (Helgestad and Holm 2012).
In 1987 a hydrogeological exploration was conducted in the area, with the aim of defining restriction
zones around the wells. Inside such a zone, there are restrictions concerning activities and land use.
Activities that can threaten the quality or quantity of the groundwater are limited by law. The
restrictions decrease in strength the further away from the wells you go. The work for assigning the
zones was conducted by the engineering company Carl-H Knudsen AS. Only part 1 of the report
describing this work has been found and it is unsure whether the work was ever finished. The report
(Aasland and Knudsen 1987) states that the zonation should be based on a long-term pumping test
(1 year). However, the zones presented in the report (Figure 6) were based on only a few days of
pumping. A steady-state condition was not yet reached at this point and thus the maximal extent of
the depression cone could not be calculated. It is not mentioned which wells that were used in the
test or exactly how the zones were calculated. It is although mentioned that these restriction zones
are only preliminary, and might be subject to change when a long-term pumping test has been
carried out. Furthermore, the river was treated as a hydraulic barrier, assuming no water from the
east side could reach the west side. What this assumption is based on is not clear, and there are no
wells on the east side of the river. Zone 1 is set based on the assumption that water from its borders
will use 60 days for reaching the wells (Aasland and Knudsen 1987).
According to Søndre Land commune there was an incident some years back where a tank of manure
was dumped in the river upstream from the wells. 7-14 days later this resulted in high levels of
intestinal bacteria in well number 5 (Figure 3). This proves that there is an exchange between the
river and the aquifer and that the residence time from river to wells is too short for incapacitating
these microorganisms (Helgestad and Holm 2012). This is not compatible with what Aasland and
Knudsen suggested in their work of assigning restriction zones to the area. Furthermore, according
to Bergum et al. (2010), it is assumed that the aquifer is fed with water from the river and the lake.
Based on this information, activities on the east side of the river might create a contamination threat
to the water supply.
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Figure 6: The restriction zones according to Aasland and Knudsen (1987). B1 and B2 correspond to well 4 and 5
respectively.
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3. Methods
This MSc study led to the development of a groundwater model with which the aquifer
hydrodynamics and the interaction with the river was studied. The model geometry, boundary
conditions and hydrogeological parameters were defined through geophysical investigations, water
balance studies and pumping test analysis. The information obtained from these steps was
accompanied with background data from databases and previous studies for obtaining a
comprehensive outcome (Figure 7).

Figure 7: A summary of the basic methodology in this study.

3.1 Aquifer geometry
The geometry of the aquifer was defined through gathering information about the thicknesses and
character of the loose deposits. Geophysical exploration methods were combined with borehole
data and geological maps in order to develop a model of the aquifer geometry. It is always
preferable to combine at least two methods for verifying the results.
3.1.1 Electrical Resistivity Tomography
ERT is a commonly used method for investigating subsurface characteristics. In combination with
other investigation methods, as well as general knowledge about the area, resistivity measurements
can bring useful information (U.S Environmental Protection Agency 2014).
3.1.1.1 Theory
Electrical resistivity measurements use the fact that electrical potential in the ground, induced by a
current carrying electrode, depends on the electrical properties of the subsurface. In field, four
electrodes are used at a time. Two induces direct current into the ground between them and two
are used for measuring the difference in potential. Increasing the distance between electrodes
increases the survey penetration depth. The electrical resistivity is calculated from the difference in
potential, the current and a geometrical factor depending on the electrode arrangement. The
resistivity of a material is mostly dependent on the amount of pore water present and the pore
geometry. Solid bedrock usually has a very high resistivity, while saturated coarse deposits have
much lower. In coarse deposits, the groundwater level is easily distinguished since it creates a
notable decrease in resistivity. Since the level of saturation generally governs the resistivity, there
are no geology-specific values of this property (U.S Environmental Protection Agency 2014). The
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resistivity of geologic materials shows one of the widest ranges of all physical properties. Therefore,
the scale of resistivity results is usually in logarithmic form (Lecomte 2013).
ERT is the electrical method which gives both horizontal and vertical variation in resistivity. Many
electrodes are placed in the ground and connected to a measuring unit through a multi-core cable.
By using different electrodes in a controlled manner, the penetration depth and the horizontal
coverage are maximized (Figure 8). The electrode arrangement here is called a gradient array. The
survey resolution will decrease with depth since longer electrode distance means lower resolution.
For interpreting the data, computer modeling and inversion techniques are necessary (Lecomte
2013).

Figure 8: The concept behind ERT. Current (C) and potential (P) electrodes are used in different configurations in order
to create a 2D profile. In this example, there are n=5 different configurations (Subsurface Geotechnical 2014).

3.1.1.2 Acquisition
The ERT acquisition was performed by Rambøll Denmark in May 2013 (Figure 9). The main purpose
of the electrical resistivity investigation was to find the depth to bedrock, but also to some extent to
distinguish interfaces in the subsurface. This can be done with more certainty if comparing to the
GPR results. Data were collected along four profiles with differing lengths. Four cables of 100 m each
were available. The maximum profile length was therefore almost 400 m, whereas most were
shorter. One electrode was placed every 5 m and a gradient array approach was adopted (Figure 8).
The maximum penetration depth of the measurements was estimated to be about 40-60 m. The
measurement unit is a Terrameter LS from ABEM Instrument AB. Amperage of at least 50 mA was
aimed for during the measurements. This was accounted for through making sure the electrodes
were in good contact with the ground. The Terrameter shows an updated profile while performing
measurements which enables instant quality check. The lake level was higher than usual which
caused N-S-directed profiles to be shorter than planned. Also, the railway track just north of the
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wells prevented measurements from being done there. Such an object leads electricity and thus
interferes with the measurements. The shorter profiles cause less penetration depth and the
bedrock might therefore not be found.

3

1

4

2

Figure 9: The location of the resistivity profiles (in green and numbered 1-4) and the GPR profiles (in red). The numbers
26721/26722 represents well 4 and 5 (Rambøll Denmark, 2013). For orientation, see Figure 3.

3.1.1.3 Analysis and interpretation
The ERT data was processed by Rambøll Denmark. From the resistivity profiles, the subsurface
characteristics were interpreted. The four profiles were compared with each other to see if they
showed similar features. The most evident interfaces are expected to be the groundwater table and
the bedrock interface.
3.1.2 Ground Penetrating Radar
Ground penetrating radar, GPR, is a versatile and affordable method that can be used for many
purposes such as investigating loose deposit stratigraphies, depths to bedrock and groundwater
levels. Another advantage is that relatively large areas, also rugged terrain, can be covered in a small
amount of time using this method. As for all geophysical exploration methods, it is strongly
recommended to verify the GPR data with data obtained using another method, such as drilling
(Reynolds 1997).
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3.1.2.1 Theory
GPR operates using electromagnetic radiation. The frequency of the radiation places it in the
microwave band of the radio spectrum. Commonly used frequencies for geological applications are
50-500 MHz. The system comprises a transmitter which sends signals into the subsurface, and a
receiver which records the reflected signals. A signal will be reflected when it meets a
layer/structure/object which has a different electromagnetic property. This is referred to as a
reflector. The composition of a material and the water content determine the electromagnetic
properties. These properties govern the radiowave propagation velocity as well as the attenuation.
The radiowave velocity depends on the relative dielectric constant of a material. This constant is a
measure of how much electrical energy that will be stored in a certain material, compared to how
much will be stored in vacuum. The larger contrast in the relative dielectric constant between
materials that the signal encounters, the larger will the amount of reflected radiowave energy be. A
material with a high relative dielectric constant (and thus a high conductivity), such as clay, will
decrease the penetration depth of the signal. This is due to the electromagnetic energy dissipating
into heat, causing the signal to weaken with depth. Therefore GPR is not a preferable method in
areas where conductive materials are expected. These include for example clay and salt water (ion
rich). In these materials the penetration depth can be as low as 1 m. On the other hand, less
conductive materials such as gravel and sand can give a penetration depth of 30 m. If it is desirable
to map the groundwater level, one need to consider whether there is capillary rise or not. Since GPR
need a clear change in properties, it will not be possible to see the groundwater level if there is
capillary rise present. Another important factor to consider when it comes to penetration depth is
what radiowave frequency to use. Choosing a low frequency will give better penetration, but will
also decrease the resolution. The opposite is true for higher frequencies. The resolution can be in
the range of centimeters for the higher frequencies and about 0.5 meter for the lower ones
(Reynolds 1997).
The data acquisition is usually carried out during movement wherein a new signal is recorded
approximately every 0.1 m. The electromagnetic pulses are recorded using the time from when they
are transmitted until the time they are received; the two-way travel time. This time can be
converted to represent the depth to the reflector if the velocity of the electromagnetic pulse in the
subsurface is known. This velocity varies, not only between different materials but also inside the
same one. At this stage it is very good to calibrate the measurements to borehole data. If this is not
done, the velocity can be set according to rules of thumb and experience (Reynolds 1997).
3.1.2.2 Acquisition
The GPR data acquisition was performed in cooperation with Rambøll Denmark (Figure 9). The
primary purpose was to find layers/structures and the water table elevation. There were no
intentions of seeing the bedrock since penetration depth would most likely not be sufficient. The
equipment used in this investigation was a ProEx Controller and two “Rough Terrain Antenna” of
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100 and 50 MHz from Malå Geoscience. Depending on conditions and choice of antenna, a maximal
penetration depth of approximate 15 m and a resolution of 0.3-0.4 m were expected. Most data
collection was made using the 100 MHz antenna, but some profiles using 50 MHz was made for
comparison and better depth penetration. GPR data were collected on both sides of the river in
order to cover as much of the delta as possible.
3.1.2.3 Analysis and interpretation
The GPR data that was used for finding sedimentary layers was processed and interpreted by
Rambøll. Layer interface horizons were obtained in the form of XYZ data. By comparing with the rest
of the geophysical results, the horizons that were to be used further were chosen.
The data processed by Rambøll lacked information about water table. Therefore, the raw data was
processed in order to be able to extract this. Only 100 MHz profiles were considered, since the water
table is shallow and more resolution was desired. The processing was done using the software
Reflexw. The processing included, in the following order: zero-time shift, dewow, background
removal, gain and depth migration using Stolt method and a velocity of 0.1 m/ns. This value is an
approximate value for relatively coarse saturated deposits. The data was then converted into SEG-Y
format, which is an open standard for storing geophysical data, and imported in OpendTect. This is
an open source program for seismic data interpretation, which can be used for GPR as well. In
OpendTect, the processed profiles are geo-referenced and visualized in 3D (Figure 10). The interface
that is most likely the water table (a clear reflector at 2-4 m depth) is traced. Points along this
interface are picked and from these a 3D-surface is interpolated in ArcGIS for further use in the
modeling part of this study.

Figure 10: The processed GPR profiles viewed at their correct positions in OpendTect.
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3.1.3 Collection of additional data
All sources that provide information about the area-specific subsurface were consulted. Additional
information would help to confirm interpretations based on the geophysical data. The Geological
Survey of Norway has a national geological database which gave an overview of what kind of
deposits to expect in the study area. Data originating from the installation of well 2 is also available
(Appendix 2). This includes grain size distribution curves and water extraction rate information per
every two meter. The latter also exists for well 1. This information was used to decipher if samples
were different with depth and if there were any low-conductivity areas which could indicate finer
material.

3.2 Hydrogeological parameters
For defining the hydrogeological parameters two methods were applied. First, a pumping test was
carried out and the resulting data was analyzed using two analytical solutions. Secondly, an analysis
based on grain size distribution curves from well 2 was performed. The results of the different
methods were compared and used to obtain a range of variability of the hydraulic properties.
3.2.1 Theory
The velocity and amount of water moving are important factors in a groundwater investigation (Fitts
2002). These properties are in one way or the other described by the parameters known as hydraulic
conductivity (K), transmissivity (T) and storativity (S).
The hydraulic conductivity is defined as:

Where v is the specific discharge (discharge divided by area) in m/s and i is the hydraulic gradient
(change in head divided by change in distance). K is dependent on the properties of the geological
material, with higher values for materials that have large pore volume and highly interconnected
pores.
The transmissivity is defined as:

Where b is the saturated thickness of an unconfined aquifer (Freeze and Cherry 1979).
The storativity is defined as:

Where SY is the specific yield and SS is the specific storage. Storativity is dimensionless. SY is defined
as the quantity of water that a unit volume of aquifer gives up by gravity and is expressed by decimal
fractions or percentage. SS is defined as the quantity of water a unit volume releases from storage
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per unit change in hydraulic head while remaining saturated and is expressed in m-1. In an
unconfined aquifer, SY is the dominant one since it is typically very large compared to SS. Porous
sediments with small surface area have the highest specific yields (Driscoll 1986). Storativity in a
confined aquifer is made up by SSb only.
For describing groundwater flow, there are two important physical principles to be accounted for:
Darcy´s law and the law of mass balance. Darcy developed the law of groundwater flow after
studying the relationship between discharge (Q), head difference (Δh) and distance (Δs) (Fitts 2002).
Darcy´s law has the following form:

Where A is the cross-sectional area through which water flows.
The law of mass balance states that the net flux of mass that passes a boundary of an element must
be equal to the rate of mass change within the element (Fitts 2002).
3.2.2 Pumping test
The pumping test data would serve to provide the basis for finding the hydraulic conductivity and
the storativity of the aquifer. Furthermore, the recorded groundwater levels would be used in the
model calibration section.
3.2.2.1 Procedure
The pumping test, along with two recovery tests was conducted during five days in late October,
2013. Before the test, uncovered wells were flushed thoroughly for cleaning the screens of the wells
with water pressure. The water level rise in the well resulting from flushing should fall quite rapidly
in permeable deposits, providing that the filter is not clogged. Normally, the waterworks is
producing water at an automatic rate at all times. This means that the pump is run intermittently
according to the water level in a tank where the water is stored. The pumping test has to start from
undisturbed conditions, and therefore the pump was turned off 44 hours before the start-up. After
44 hours the pump was set to a constant rate of 350 m3/day for 55 hours. In the end, a recovery test
with duration of 20 hours was conducted.
Automatic pressure loggers (mini divers) developed by Schlumberger Water Services were used in
the test. Five divers were used, one in each well (Figure 11). There are different kinds of divers,
developed to handle different pressure ranges. The range should be chosen according to the
expected length of the water column above the diver. A higher range will result in a loss in accuracy
and resolution. For example, a 100m diver has an accuracy of 5cm, while a 20m diver has 1cm
accuracy (Schlumberger Water Services 2010). Using the divers available, 20m divers were used in all
wells except number 4. The divers were set up beforehand using the software Diver Office. The
interval for measurements was defined as 20 s. The divers were then immersed into the wells to a
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level far below the expected water level elevation during pumping. An air pressure logger was also
used, to be able to correct the diver values later. Manual measurements were made during the
whole time, with as small intervals as possible, more frequently in the beginning of each test. In this
way it was possible to check the reliability of the diver data afterwards.

Figure 11: Left: The loggers were secured carefully and lowered into the well inside a protection pipe to prevent it from
getting stuck in pump-related equipment. Right: The river level is being measured.

During the test period, the water stage in the river was measured two times a day at two locations.
This was done by a measuring pole which was placed and anchored properly (Figure 11). The
reference level was set using GPS. The well parameters were all measured carefully in order to be
able to analyze the pumping test data afterwards. The parameters include well diameter, depth and
length of well above ground level. Information about filter depth and length cannot be measured
easily and this information is therefore lacking for some wells. The distances from well top to diver
were also noted for being able to calculate the water column height afterwards. GPS was used to
assign each well with coordinates and elevation. Furthermore, the weather conditions were noted
to give an approximate idea of when the groundwater levels could be more or less affected by
precipitation.
3.2.2.2 Analysis
The groundwater flow is described using so called general flow equations which are differential
equations based on the two relevant physical principles in this case, Darcy´s law and the law of mass
balance. There are several varieties of general flow equations, in order to fit cases where the flow is
saturated or unsaturated, isotropic or anisotropic, two- or three-dimensional, transient or steadystate (Fitts 2002). For solving these flow equations there are different approaches, referred to as
solutions. The theory behind the ones that are used in this study is presented here.
In 1935, Theis developed a transient well equation (Driscoll 1986). Theis equation is a solution to the
general flow equation for saturated, isotropic, two-dimensional and transient flow (Fitts 2002). Theis
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equation allows drawdown to be predicted at all times after pumping has begun. The equation also
allows determination of the hydraulic conductivity and the transmissivity in an early pumping stage,
excluding the need to await steady-state conditions. Theis equation has the following form:
( )

Where s is the drawdown (m), Q is the pumping rate (m3/day), T is the transmissivity (m2/day) and
W(u) is a well function of u that represents the following exponential integral:

Where r is the distance (m) from the pumping well to the observation well, S is the storativity and t
is the time (days), since pumping started. The origin of the development of the well function of u lies
in heat distribution patterns noticed by Theis.
Theis solution is based on several assumptions (Driscoll 1986):


The formation is homogeneous and isotropic



The formation has uniform thickness and the areal extent is infinite



No recharge is received



The filter of the pumping well fully penetrates the aquifer



Water that is being removed from storage discharges directly when the head is lowered



The water that is pumped all come from aquifer storage



The drawdown pattern is radially symmetric around the well



Only laminar flow exists



The water table has no slope

For pumping test data analysis, Theis solution can be used in this form by performing a curve
matching procedure (Driscoll 1986). Of course, in real conditions, all of these assumptions made will
never be met completely. It is therefore important to be aware of the limitations the solution will
bring, when interpreting the pumping test results (Fitts 2002). A simpler form of the Theis solution,
developed by Cooper and Jacob in 1946, can be used which will make analysis easier (Driscoll 1986).
Theis solution assumes that water is released from storage immediately. This is true for most
confined aquifers, but is not as true for unconfined ones. This is because released water from a
confined aquifer is due to compression of the sediment matrix and the pore water expansion caused
by decreased pressure. Both of these processes are relatively rapid, thus meeting the assumption
made by Theis. In an unconfined aquifer, however, the release from water table storage is delayed
by vertical drainage. In 1975, Neuman presented a solution which accounted for this behavior of
unconfined aquifers (Fitts 2002).
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The two methods that will be used for interpreting the obtained pumping test data in this study are
the Cooper and Jacob simplified Theis solution, and the Neuman solution for an unconfined aquifer.
The reliability of the test was checked by comparing the pumping test data to the recovery test data.
3.2.2.2.1 Neuman curve matching
The Neuman solution accounts for the behavior showed by an unconfined aquifer that is being
pumped. At an early stage, the water that is released will come from aquifer compression and pore
water expansion (elastic storage), in the same way as for a confined aquifer. At this stage, the water
table does not change very much and the behavior follows the one predicted by Theis for a confined
aquifer. The storativity will at this point be described in the way it is defined for a confined aquifer:

Where SS is the specific storage and b is the saturated thickness of the aquifer.
At a later stage, the water at the water table is affected by gravity drainage and the drawdown rates
are decreased due to this extra supply of water. At an even later stage, this effect levels off and the
drawdown increases again, thus again imitating the behavior stated by Theis. The storage will at this
point be equal to the specific yield:

The solution can be presented graphically and there will be two curves; one early-time that first
follows the Theis solution for elastic storage, and one late-time that converge on the Theis curve for
water table storage eventually (Fitts 2002) (Figure 12).

Figure 12: The Neuman type curves: W(uA, β) versus 1/uA and W(uB, β) versus 1/uB, for different values of β (Kruseman
and de Ridder 1994).
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The Neuman solution allows for anisotropy, and thus takes both vertical and horizontal hydraulic
conductivity into consideration (Fitts 2002). The Neuman equation has the following form:
(

)

Where uA is defined by the equation for elastic storage:
(

)

And uB is defined by the equation for water table storage:

(

)

Where r is the distance from the pumping well to the observation well and t-t0 is the time since
pumping started. The parameter

Different values for

is dimensionless and defined as:

gives different curves (Figure 12).

Except for this correction for the difference in water release pattern that occurs in an unconfined
aquifer, the Neuman solution follows the same simplifying assumptions that were stated by Theis. In
cases where the drawdown is large compared to the saturated aquifer thickness, the solution will be
less accurate because of the introduction of a sloping water table leading to a varying T. That is a
situation that will not occur in a confined aquifer where the saturated thickness is held constant
(Fitts 2002).
The Neuman solution was applied using a pre-maid spreadsheet (Fitts 2002) for curve matching.
Data for times with corresponding drawdowns, constant pumping rate, aquifer thickness and
distance to the pumping well were inserted. The values for transmissivity as well as early- and latetime storage are then adjusted in order to obtain a match. A value of β is also chosen among a group
of pre-defined values. When trying to find a match, it was attempted to stay inside a “normal” range
of values for each parameter. It was also attempted to use realistic values for the parameter β. By
setting this value, the ratio between vertical and horizontal hydraulic conductivity was calculated. A
deposit which is relatively porous and does not contain too much clay should show a relatively high
vertical to horizontal conductivity ratio. The procedure was carried out for all observation wells, and
the results were compared. Ideally, the results should be the same for all wells.
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3.2.2.2.1 Cooper and Jacob solution
The Cooper and Jacob solution is suitable in situations where the time of the pumping test is long
and the distance to the pumping well is small. The solution they presented is a modification of the
Theis solution. The exponential integral well function (W(u)), is here replaced by a logarithmic term
which is easier to work with. Similar results will be obtained as long as the well function variable u is
sufficiently small (less than about 0.05), which is the case when t is large and r is small. The modified
Theis equation developed by Cooper and Jacob has the following form:
(

)

Considering a specific situation where rate of pumping is constant, T, Q and S will be constants.
Therefore, the drawdown s will vary as

( ). This means that, for a certain location, s and t are

the only variables in the equation. s will then vary as
also applies for constant time, where s will vary as

if C is representing all the constants. This
( ).

Applying the relationship between s and t mentioned above, and plotting drawdown versus time in a
semi-logarithmic graph should result in most of the data following a straight line. Early data,
approximately the first 10 minutes of a pumping test, fall outside this straight-line relationship since
the value of u is still larger than 0.05 here. Therefore, data from this part should not be included in
the analysis. Using the slope of the graph (Δs) and applying the following relationship will yield the
transmissivity:

Extending the straight line and using the zero-drawdown intercept (t0), the storativity can be
determined using the following equation:

When determining T and S for different wells included in a pumping test, all wells should show the
same results. The plots will look different from each other in the way that wells further away will
show up as a line below, but parallel to, wells that are closer (Driscoll 1986).
In this study, the data was analyzed by plotting drawdown versus time in a semi-logarithmic graph,
extracting the necessary information and using the equations described above. When the slope Δs
was calculated, the data that best followed the straight-line relationship was chosen.
3.2.3 Correlation between grain size and hydraulic conductivity
The hydraulic conductivity depends on the pore size of the material and the interconnections of
pores. Therefore, a relationship between grain size and hydraulic conductivity can be established.
This sort of correlation is never very precise because grain size is not giving information about the
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pore interconnections (Fitts 2002). Hazen developed a formula for this correlation in 1892, after
performing experiments using filter sand (Andersson et al. 1984):

Where D10 is the grain diameter (mm) so that grains of that size or smaller will stand for 10 % of the
total sample mass (this is deduced from the grain size distribution curves). K is the hydraulic
conductivity in m/s. The factor 0.01157 has been determined empirically and is dependent on the
degree of compaction, the porosity, the grain shapes and so on. The Hazen equation is only valid if
the following is true (Andersson et al. 1984):

In this study, the Hazen method is applied on grain size distribution data that is available from the
installation of well 2. This method can give good approximate idea of the site-specific hydraulic
conductivity, but it is important to be aware of the limitations. Grain size analyses are available from
every second meter, starting from 6 m and reaching 22 m. The curves corresponding to 6-12 m
depth are very similar and therefore grouped together for the calculation. The same is done for 1214 and 14-22.

3.3 Water balance
The water balance study was meant to define the inputs and outputs of the groundwater system.
This required a combination of different methods due to a lack of data. The different methods were
also meant to sustain different scales of work and the final objective of developing a groundwater
model which demands boundary conditions defined in different manners as flow or heads.
3.3.1 Theory
The idea behind a water balance is that the water entering any region must either leave it or be
stored. The hydrologic balance states the following:

Steady-state conditions assume no water storage and thus the right-hand term is for transient
conditions. Steady-state can be justified in longer terms, such as yearly average values. Water is
brought into the area by precipitation. This water either evaporates, forms runoff or becomes stored
(Fitts 2002). The water balance is described by the following equation:

Where P is the precipitation, E the evapotranspiration (combined evaporation and transpiration, the
latter being water exudate from vegetation), R is the runoff and ΔS is the change in water storage in
the system (Grip and Rodhe 1985).
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Factors controlling evapotranspiration are temperature, air humidity, wind conditions and
vegetation cover. The concept of potential evapotranspiration (PET) means the evapotranspiration
that would occur if the water supply was unlimited (Fitts 2002). This is usually true in rainier
climates, such as Norway (except for the warmer summer months). The factors controlling to what
extent the runoff will infiltrate or form surface runoff (overland flow) include geology, topography
and existing saturation level of the ground. Wet conditions will cause more surface runoff since the
pores cannot store much more water. A permeable soil or rock type will promote infiltration. The
part of the infiltrated water that flows downwards and reaches the saturated zone is called
groundwater recharge. This water will eventually reach a surface water body such as a stream or
lake. The recharge is less than the total amount of infiltrated water because some losses occur in the
unsaturated zone due to evaporation to the air inside the pores and uptake by the vegetation roots
(Driscoll 1986).
3.3.2 The catchment area
For defining the catchment area-specific water balance, the three water balance components P, E
and R were investigated. Temperature data was gathered for calculating E and investigating the
winter months with respect to snow storage. The time period that was investigated spanned from
Sept 2012 to Oct 2013 for reasons explained in section 3.4.5. Monthly data was the objective.
The large catchment that the well area is a part of was delineated using the tool lavvann, developed
by the Norwegian Water Resources and Energy Directorate, which defines the catchment based on
the Digital Elevation Model. Water divides crosses the elevation curves perpendicularly. It is
assumed that the surface water divide will coincide with the groundwater divide. This is a
reasonable hypothesis as long as the subsurface geology follows the topography quite well. In the
Norwegian landscape, dominated by relatively shallow layers of till, these divides usually coincide
(Grip and Rodhe 1985). The tool lavvann gave information about catchment size and mean yearly
discharge. The discharge values are based on observed precipitation and discharge all over Norway
and a hydrological model. If there are no gauging stations (as in Landåselva) the area is assigned a
discharge value by using correction factors. The correction factors are found from areas which has
observations. The uncertainty of the discharge varies according to the distance to observation points
as well as the uncertainty of the observed values. Discharge values are given with a resolution of 1 x
1 km. The uncertainty is considered to be 5-20 % (Beldring et al. 2002). Mean yearly discharge will
correspond to runoff, since storage can be neglected over the course of a year (Grip and Rodhe
1985).
The monthly precipitation over the catchment was found from nearby meteorological stations
(Figure 13). No stations are situated in the catchment area, but two surrounding stations at similar
elevations as the study area were chosen. A mean precipitation value from these was considered
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since they are located opposite to each other. Another station had to be consulted for temperature
values, since these stations lacked it.
Biri
Elevation: 190 m.a.s.l

Grimsrud i Begnadalen
Elevation: 172 m.a.s.l

Østre Toten-Apelsvoll
Elevation: 264 m.a.s.l

5 km

Figure 13: The meteorological stations that were used for data gathering. Grimsrud and Biri were used for precipitation
data, Østre Toten for temperature data. The study area is marked with a circle.

For finding the evapotranspiration different approaches were used and compared. Based on the
assumption that radiation is the dominant factor governing evapotranspiration, Tamm´s formula
(Colleuille et al. 2004) was used for finding yearly evapotranspiration, E:

Where T is the temperature, yearly data from 2012-2013 was used.
For addressing the concern of monthly evapotranspiration, a study by Colleuille et al (2004) was
consulted. The study was conducted in 2003 in Rena, approximately 70 km north-east from Ånes.
The study defines potential evapotranspiration in percentages of total monthly precipitation. PET
will equal actual evapotranspiration (AET) for all months except the summer months, where the
shortage of precipitation will limit AET. For confirmation of these values, Tamm´s formula for yearly
evapotranspiration was used. Comparison of yearly evapotranspiration between Tamm´s formula
and the values from Colleuille (compiled based on precipitation to create a yearly value) gave
different outcomes. A mean of these was therefore considered as a likely value for yearly
evapotranspiration. The monthly evapotranspiration values were therefore adjusted with a
correction factor of 0.84 in order to fit better to this. A final comparison was made using the
discharge value obtained from lavvann. The difference between P and R is one of the most common
ways to find yearly average values for evapotranspiration (Brandt et al. 1994).
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The majority of the groundwater recharge in Norway occurs in spring time during the snow melting.
In the summer and winter months, there are very little recharge. For the autumn, significant
recharge can happen provided precipitation is in the form of rain and the soil is not frozen (Aagaard
2013). To deduce how much of the runoff that will infiltrate and eventually form groundwater
recharge, Nordic till conditions were examined. There are two types of overland flow; Horton
overland flow and saturated overland flow. Horton overland flow is described as a situation where
the infiltration capacity of the ground is exceeded even though the groundwater level is below the
ground level. Saturated overland flow occurs when the groundwater level reaches the ground level
and therefore no infiltration is possible. Studies show that it is very unlikely that the infiltration
capacity of the ground will be exceeded and cause overland flow in typical Nordic conditions. This
can happen at limited areas such as for example groundwater outflow areas (saturated overland
flow), exposed bedrock, some types of agricultural land and asphalt (Horton overland flow).
However, it is not likely that water will pass through the whole catchment area and reach the river
as overland flow. Experiments conducted at forested till slopes in Sweden aimed at collecting
overland flow in gutters. During summer and autumn, the overland flow made up 0-3 % of the
runoff. The same result was obtained for a clay slope. Even for the snow melting period, the majority
of the results showed overland flow of less than 1 %. Usually, even the infiltration capacity of frozen
ground is sufficient to enable infiltration of all melting water (Grip and Rodhe 1985). In an area like
the one examined here at Ånes it was concluded that, based on this information, all runoff will form
groundwater recharge.

3.4 Numerical modeling
The groundwater system was studied through developing a numerical model that represented the
hydrodynamics and the river-aquifer interaction that has been defined as the main sources of
pollution to the waterworks. The model will also provide the opportunity to explore the uncertainty
in the hydraulic properties, the potential effects of different geological distributions compared to
the assumptions based on the geophysical interpretations as well as finding residence times of
contaminants in the groundwater.
3.4.1 Theory
The basic theory behind the process of creating a groundwater model can be summarized in three
steps:
1: Gathering necessary data about the geological material properties, the groundwater levels and
the discharges in the proximity of the model area.
2: Constructing a conceptual model. A conceptual model attempts to represent the area in a simpler
manner than reality, but still capturing the most important characteristics.
3: Using a mathematical model for simulating the conceptual system.
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The process of creating a model is usually not a one-way street through these steps. When working
on step 3, it will most likely be necessary to revise the procedure and results from step 1 and 2, since
the modeling sheds new light on which information is more important and which is less. It is very
important to remember the uncertainty that modeling subsurface regions always brings. The
complexity found in groundwater systems is simplified into homogeneous regions. The complexity of
the real transient system is simplified to either be steady-state or transient using primitive
relationships. How well the real system is represented depends on whether the conceptual system
captures the most important characteristics of the reality or not. In step 3, the basis concerns
choosing saturated or unsaturated flow, one- two- or three-dimensional flow, steady-state or
transient flow, confined or unconfined conditions. This will determine what flow equation is used for
the simulation. After the model construction, processes like sensitivity analysis and calibration will
contribute to obtain a better representation of the area-specific hydrogeological system (Fitts 2002).
Computer programs that apply numerical or analytical solutions in order to solve for the flow
equations are widely used today. The commonly used computer programs today are mostly based
on of the following methods: the finite difference, the finite elements or the analytic elements
method. Here focus will be on the finite difference method, since this is what MODFLOW uses (Fitts
2002). MODFLOW was originally developed by McDonald and Harbaugh in 1984 (Harbaugh et al.
2000). It is now the most commonly used numerical method. Algebraic equations based on Darcy´s
law and the conservation of mass are solved in order to find unknown heads. The modeled area is
divided into rectangular cells and the head is, in the case of MODFLOW, solved for in the center of
each cuboid cell (this way of discretizing the grid into orthogonal cells is one thing that separates the
finite difference method from for example the finite element method). The head is related to the
heads of surrounding cells through an algebraic equation. Every cell has homogeneous properties
(Kx, Ky, Kz, S). If more accuracy is desirable in a certain area, the cell size can be decreased.
Stratigraphic layers found in nature will be represented in the model like in Figure 14. In transient
modeling, a solution is delivered per time-step and the flow in a cell is dependent on storage
changes between the time-steps. The head in the cell is thus not only dependent on heads in
surrounding cells, but also the head from the previous time step (Fitts 2002).

Figure 14: Left: A conceptual model of the real conditions. Right: How it will be represented in the actual model (Fitts
2002).
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The model requires boundary conditions for defining the relationship with the surrounding areas. In
this way the water exchange will be known across these boundaries (Schlumberger Water Services
2011). There are three main types of boundary conditions which are used to represent different real
world situations in the most plausible way (Figure 15):
1: The Dirichlet boundary condition: This is a constant head boundary condition which is often used
to represent the water surface in a large body of water (lake or ocean).
2: The Neumann boundary condition: A known flux boundary. This condition is commonly used to
represent a boundary where the groundwater inflow is known in time. This can be calculated by
studying the water balance and the topography. Another common situation where this boundary
type is used is in places where there is no flow, zero flux. This occurs along the groundwater flow
direction and thus perpendicular to the groundwater contour lines (Kinzelbach 1986).
3: The Cauchy boundary condition: A semi pervious boundary. This condition is used for example to
represent rivers. The river is separated from the aquifer by a riverbed. The discharge between river
and aquifer depends on a riverbed leakage factor and the difference between river head and
surrounding cell head (Fitts 2002).

Figure 15: The different boundary conditions for a groundwater model (modified from Kinzelbach 1986).
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MODFLOW solves the governing equation for groundwater flow in 3-D:
(

)

(

)

(

)

Where the left three terms describes the groundwater flow in three dimensions, W is flow that is
added or extracted to/from the groundwater system and the right-hand term describes timedependent changes in storage (Fitts 2002).
Several graphical interfaces are available for MODFLOW, with the purpose to shield the user from
the tiresome formatted text input and output files (Fitts 2002). In this study, Visual MODFLOW
version 4.1 is chosen for this purpose. More specific; MODFLOW-2000 is the computer code used
along with this interface.
3.4.2 Modeling strategy
An initial regional model was established based on the collected information. However, operating
this model resulted in conflicts concerning long computing time (because of the size and refinement
of the grid) and dry cells (because of sharp elevation changes between adjacent cells resulting from
steeply sloping interfaces in parts of the modeled area). A smaller model was considered centered in
the proximity of the waterworks. However, this would place the northern boundary condition very
close to the well area which would cause it to have a high impact on the model results. Uncertainties
associated with this boundary condition would therefore impact the model result a lot. The solution
was a combination of both models; the regional model would provide the data required for the
north border boundary condition in the smaller, local model. In this way the uncertainties regarding
boundary data were decreased, since there were enough time and space for the groundwater in the
regional model to adapt to site-specific topography and hydraulic properties, before reaching the
local model area. The local model was also preferable because the computing time was shortened
and less conflicts with dry cells occurred since the topography was relatively flat (delta). A sensitivity
analysis was performed on the uncalibrated local model. This showed which parameters that had a
larger impact on the model outcome. Defining these makes the subsequent calibration easier and
also points to what information is more important to define accurately in field (for future studies).
After calibrating the local model, it was used for testing scenarios including changed pumping rate
and well location, variations in surface recharge and river stage (Figure 16).
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Figure 16: Flow chart describing the modeling procedure.

3.4.3 Model extent
Two models were constructed, one regional and one local. First, the lateral extent of the regional
groundwater model was specified. An area to which realistic boundary conditions can be assigned
was chosen. The area should not be too large, since that will decrease the resolution of the model or
significantly increase the time consumed by running the model. Following natural geological
boundaries can be an advantage since this will contribute to layer conditions that are easier to
implement in the model (no layers that are pinching out). From the regional model, the local model
was extracted. The extent of the local model was decided based on the regional model outcome, but
it was attempted to still cover as much as possible in the local model. The cell size of the regional
model was set to 10x10 meters. The local model was assigned a better resolution in the areas from
which there were observations to base the calibration on.
3.4.4 Model geometry
The geophysical results were consulted in order to define the aquifer geometry. The stratigraphy
information obtained from the geophysical study only covered a limited area around the wells. This
information had to be extended in order to cover the whole regional model area. This was done by
using external sources of information: The well database maintained by NGU was used for finding
stratigraphy information about wells located in the nearby area. The Norwegian Public Roads
Administration (NPRA) has some borehole information in the area (from the 1980s), along the main
road (Figure 17). The interfaces between hydrogeological materials were located and interpolated
based on several exploratory methods, and thus the material changes along the extension of the
model were found. The method for this procedure was:
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The model area stratigraphy was extended through creating cross sections (Figure 17). The cross
sections originate from the river. Including the least elevated points (river) is important for avoiding
that the interpolation results in the subsurface interfaces ending up above the topography. Along a
cross section, 3D points are collected following the elevation curves. The area where the subsurface
interface reaches the ground surface (the layer pinches out) is located outside the model borders
and a gradient for the interface is calculated based on the topography elevation contour lines.
Following the topography is also a preventive action for avoiding overlapping when interpolating.
Interface 1 (please refer to Figure 26 for a view of the interfaces) reaches ground surface when the
glaciofluvial deposits meet the thick till, interface 2 when the thick till meets the thin till/exposed
bedrock (thin till cover: less than 0.5 m) (Figure 18). It is aimed at having continuous subsurface
layers which do not pinch out at any point. The irregular till patches seen in the glaciofluvial deposits
(Figure 17) are omitted in this procedure. This is motivated by field observations that found them
virtually similar to the glaciofluvial deposits around.

Figure 17: The adapted approach using cross sections for extending the subsurface geometry to the whole model area.
The river is also assigned a cross section. The location of all documented boreholes in the area is also included.
(Modified from Kartverket 2013 and The Geological Survey of Norway 2014.)
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Figure 18: How the cross sections were created. This cross section is the one passing through the well east of the river.

The interface punctual data was then imported into ArcGIS where it was interpolated using a Kriging
technique. The obtained interface raster were then inspected in 3D using ArcScene. In this way,
overlapping issues were detected. If overlapping happened, the problem areas were corrected and
the procedure was repeated until no surfaces overlapped anymore.
The interpretations of the geology have been done by drillers and are according to NPRA only
guidelines not to be trusted too closely (Meland 2013). The two westernmost boreholes (Figure 17)
are about 3-4 m deep and gravel with large boulders is found. The sampling results for these two
points can be seen in Appendix 2. No bedrock was encountered. The eastern point represents a
group of several boreholes in a line from the river towards east. Bedrock is found in each of them,
closer to the surface in the river vicinity (approx. 2 m) and deeper down further to the east (approx.
8m) (Oppland Vegkontor 1982). This is a more shallow bedrock than what was found from the
created stratigraphy. This happened because it was attempted to have continuous layers and also
because interpolation overlapping issues in this particular small area forced the introduction of
thicker layers. However, the interpreted stratigraphy is confirmed through most of the boreholes
showing an upper layer of coarse gravelly till, followed by a layer of silty till on top of the bedrock. It
could most likely be questioned whether the coarse till might be referred to as glaciofluvial deposits
instead. If this is the case, the boreholes by NPRA confirm our interpretations. Even if not, it
confirms the existence of a coarser layer on top and a finer below. For documentation, two
representative borehole logs are found in Appendix 2. The bedrock was considered impermeable
since it consists of undifferentiated gneiss (The Geological Survey of Norway 2014).
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3.4.5 Model boundary conditions
The water balance information about the catchment area was processed in order to create model
boundary conditions. There are two types of models: steady-state and transient models. In a steadystate model the storage term of the flow equation equals zero, since this is the one part in the
equation that is dependent upon time (Kresic 2007). MODFLOW creates a solution independent of
time, where the boundary conditions and well input are constant. The model runs until flow
equilibrium (water in equals water out) is obtained. In a transient model, MODFLOW uses the
concepts of stress periods and time steps. A stress period is a time period where all stresses on the
system are constant. One stress period will in this study represent a month. In every stress period,
there are a specified number of time steps. More time steps give smoother changes in groundwater
head. A transient model takes the output from the former stress period and uses it as input for the
next (Schlumberger Water Services 2011). MODFLOW-2000 offers the opportunity to have both
steady-state and transient stress periods in the same simulation. The first stress period is often set
as steady-state in order to create a solution which is then used as the initial condition for the
following transient stress periods (Harbaugh et al. 2000).
In order to take the meteorological changes during the year into consideration, a transient approach
using monthly data was chosen. This will also make it possible to calibrate the model using the timespecific pumping test data and other available data. Throughout all modeling in this study, the first
period was set as steady-state. The input values for steady-state was chosen to be an average of the
year. The transient model was chosen to span the time from September 2012 until October 2013
because this is the time period from which there is calibration data. The boundary conditions were
based on precipitation, evapotranspiration, temperature and measured levels in the lake and river.
Lake levels are measured daily at Jevnaker power plant (Figure 19). The river stage was measured
during field work in October, 2013.
Temperature data from Østre Toten shows below -5 ⁰C from December to March. Adapting to the
simplification that all precipitation will fall in the form of snow and also no snowmelt occurring will
give zero rain and thus no groundwater recharge in this time period. The precipitation from these
months will instead be added to the snowmelt recharge in April and May. Having a relatively cold
April 2013, it is assumed that 60 % of the snowmelt will happen in April, and 40 % in May. When it
comes to boundaries defining a groundwater flux or a river stage, it is not desired that it will seize
completely during the winter months. Therefore, the total winter precipitation is averaged over all
months, creating a steady low flow. This does add extra water to the system, but no large amounts.
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10 km

Figure 19: The location of Jevnaker power plant, where the lake levels in Randsfjorden are measured daily. The study
area is delineated by a red circle.

The transient boundary conditions consult the potential evapotranspiration values that result from
an average between Colleuille et al (2004) and Tamm´s formula in order to include the monthly
variations. The average was obtained by using a correction factor of 0.84 on the values found by
Colleuille et al (2004). For relatively low elevated areas, these values are used further. For more
elevated areas, a correction factor of 0.9 is applied to account for the lower evapotranspiration in
these parts of the catchment area.
Using these modified sets of P and E, R was calculated closing the water budget. Assuming 100 %
infiltration in the area, boundary conditions are set accordingly.
3.4.6 Procedure for assigning the hydrogeological properties
The hydraulic properties were obtained based on studies in wells that were penetrating both layers.
Therefore the results are an average of both layers which has to be separated in order to assign the
layers a unique value. This is done by knowing the individual layer contribution to the total saturated
thickness. This contribution is 43 % and 57 % respectively for layer 1 and 2. The following
relationship was used in order to define input separately for the two layers:
(

)

(

)

Which means that the summed contribution of each layer must result in an average parameter value
that lies in the expected range. X stands for K, SS or SY. It was, for as far as possible, attempted to
stay inside this range. However, as these results are punctual, literature values were considered

36

during the calibration process to obtain a better representation of the full hydrogeological system.
MODFLOW requires both the horizontal hydraulic conductivity, KXY, and the vertical, KZ, to be
specified. In assigning the latter, both curve matching results and literature values were consulted.
3.4.7 Regional model
This section deals primarily with the model internal and external boundary conditions. It includes
some basic theory on how the boundaries are implemented in the program. The regional model
presented challenges due to scarce data for assigning boundary conditions. Several approaches were
needed to estimate boundary conditions based on the available data. Initial water table conditions
were set up as 3 meters below the topographic surface. The model was run in steady state until
reaching equilibrium water table conditions that were used as initial heads for the transient model.
3.4.7.1 Constant head boundary
The constant head boundary is assigned along the lake. Lake levels are measured daily by a power
plant located at the south end of the lake. Monthly average values are assigned. Assigning a
constant head along a border means that, regardless of the water level in surrounding cells, the
head is fixed. This leads to an infinite source or sink for water entering or leaving the system
(Schlumberger Water Services 2011). Therefore this option should be used cautiously and only in
cases where it is very unlikely that pumping will affect the constant head level significantly. This is
often true for large surface water bodies but not for small streams which are likely to dry out (Kresic
2007). In this case, with a lake of 140 km2 and only small-scale pumping, this option is certainly
justified.
3.4.7.2 River boundary
The river boundary crosses right through the model and is assigned for layer 1 in order to simulate
Landåselva. The river is a semi pervious boundary, it has a fixed level and will either give or take
water from the surrounding area depending on the hydraulic gradient. There is a seepage layer
separating the groundwater system from the river (Figure 20) (Schlumberger Water Services 2011).

Figure 20: Groundwater system-surface water body interaction. A: A cross section showing a river in an aquifer. B: The
corresponding conceptual model used for simulation in MODFLOW (Kresic 2007).
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The riverbed represents the river bedding material that often has a lower hydraulic conductivity due
to organic material partly sealing it. The conductance, C, is calculated by MODFLOW according to the
following formula; where L, W and M describes the river geometry (Figure 21) (Schlumberger Water
Services 2011):

Figure 21: The river boundary option in MODFLOW and the corresponding geometry (Schlumberger Water Services
2011).

The river width is set to 5 meters along the whole reach, which is a representable value according to
field observations. The riverbed thickness is set to 0.5 meters. The KZ of the riverbed is specified; in
this case a value of one magnitude lower than KZ for the surrounding aquifer. The river stage was
calculated by using the runoff combined with year-round observations made by local inhabitants
(Skogen 2013). The runoff was calculated from original precipitation and elevation-corrected
precipitation (the river mostly drain more elevated areas). The monthly runoff during the year
cannot be regarded as an accurate measure of the discharge in the river. The river discharge is a
complex reaction that is governed by for example the groundwater flow velocity and the degree of
ground saturation. However, stating that the relative differences between monthly runoff values can
also be seen between river stages is reasonable. Although, since river stage is not linearly correlated
to river discharge, a rating curve relationship originating from a similar, small Norwegian river was
consulted (Figure 22) (Petersen-Øverleir 2008).
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Figure 22: Rating curve from river Hæra by Løkkeborg, Norway (Petersen-Øverleir 2008). The river has similar
characteristics as Landåselva and this relationship is therefore used.

The river stage elevation in Landåselva is known for certain days in October 2013 and a mean value
is chosen to represent the whole month. The river depth for October is according to field
measurements approximately 0.5 meters. This value can be used along the whole river reach since
the river depth is assumed to be approximately constant. By using a mathematical formula it is
possible to relate the river stage elevation to the topography for each of the cells in the model that
make up the river. According to observations made by local habitants, the river stage at one point
varies about 1 meter during a normal year. In the case of more severe floods, 2-3 meters can
happen. For the model, 1 meter change was applied. Knowing the measured river stage for Oct, the
monthly runoffs and the yearly range of variation in river stage; it is possible to calculate the river
depth for all months of the year. The non-linear relationship found from the river rating curve
(Figure 22) was considered in this calculation. An averaged winter runoff was used considering that
river should not run dry according to observations.
This approach omits the delay. It is assumed here that all precipitation that falls over the catchment
during the course of a month will be found in the river at that month. In reality, there is delay in the
system and this is therefore not realistic. However, time periods of months are still quite large and
the uncertainty will thus be much lower than if for example daily data would have been used.
3.4.7.3 Surface recharge
The surface recharge was obtained by subtracting the evapotranspiration from the precipitation. It
was assigned homogeneously to the whole surface. The data sets used are the ones corrected with
respect to snow storage.
3.4.7.4 Injection wells
The contact between the model and the remaining surrounding areas of the aquifer were defined as
a known flux boundary. This was done due to the uncertainties in the water table elevation that
prevented a constant head boundary to be defined. Another reason was the availability of data that
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allowed an estimation of groundwater discharge across these borders. One well in every cell along
the border was introduced. The calculated flux across the border was divided by the total amount of
cells to obtain flux per injection well. The well screen depth is located in order to cover most of the
saturated zone so to make an even vertical distribution of the water flowing in.
The transient groundwater flux was set by using modified precipitation and evapotranspiration data
for each month. The runoff was calculated and the volumetric fluxes could be set through knowing
the size of the areas that influenced them. During the winter, a runoff value for each month is set as
the average of the total original winter precipitation with the evapotranspiration subtracted. The
average was motivated by the fact that the flow conditions should be relatively steady during the
winter months. Also for the summer months June and July, a small amount of water is kept in the
system.
3.4.8 Local model
A local model was defined from the regional one (Figure 23). The regional model provided data to
set the boundary condition along the northern border of the local model. The local model grid was
refined in order to achieve a higher accuracy in connection with the wells. Well 1 and 2 are very
close to each other and the largest drawdowns are also occurring in them. Here, the cells are refined
into approximately 2.5x2.5 m, while 5x5 m is considered to be enough around the remaining wells.

Figure 23: Regional model delineated with black line. The red line represents the north border of the local model. Wells
in green. Equidistance 5 m. (Modified from Kartverket 2013.)

40

3.4.8.1 Northern border
For the conversion from a regional to a local model, a constant head boundary was defined along
the northern border of the local model. For extracting the appropriate heads from the regional
model, the water table elevation contour lines were followed in the regional model. Contour lines
that had the same spatial distribution in time were chosen and assigned monthly values. It was
tested in the regional model if the water table along this border would be affected by heavy
pumping. No change was seen in the area where the boundary was to be assigned and it was
therefore concluded that it was justifiable to assign the local model a constant boundary at that
place.
3.4.8.2 Sensitivity analysis
The model sensitivity to changing the aquifer properties and boundary conditions was examined.
The analysis was conducted through changing one parameter while keeping the others constant and
aimed to clarify how much influence each parameter has on the model outcome. The sensitivity
analysis is divided into the following:


Sensitivity to changes in K and S
Changes in hydraulic conductivity were made for horizontal and vertical K (KXY and KZ) as well
as for both layers. The ratio KZ/KXY was kept constant when changing KXY. SY and SS were also
varied. It was attempted to always stay inside reasonable intervals.



Sensitivity to changes in constant head north



Sensitivity to river parameters



Sensitivity lake level
Allowing the parameter lake level to be varied can be justified by the fact that the lake is 70
km long and the observation place is located at the opposite end with respect to the study
area. In such a long lake, levels can easily differ several meters from one end to the other,
due to wind conditions for example.



Sensitivity to spatially variable K
The model only uses two layers which both have homogeneous KXY. In reality, however, it is
very likely that K is heterogeneous, having different values in different zones. This
suggestion is supported by the results from the drilling logs of well 1 and 2. The log from
well 1 shows that at 12-14 m depth there is fine material resulting in no water flow. In well
2, the same depth gives water. There could likely be irregular layers and lenses of differing
properties suggesting that the geology is more complex than estimated in this study. For
investigating the effect of lower/higher KXY zones, the model response to such was studied.
The spatial distribution of the zones was based on possible delta-induced differences in
grain sizes. This could mean river gradient causing W-E elongated zones or floods causing NS elongated zones. Zones were only created in layer 1, since it was shown from previous
steps that changes here influenced far more than changes in layer 2. The conductivity of
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layer 2 was kept constant throughout the test. Two types of zones were introduced: large
ones and small ones. The large ones cover a significant part of the model area while the
small ones only cover a small part in the well vicinity. The zone with high KXY had the value of
86 m/day while the low KXY was 19 m/day. The KZ/KXY was always 0.85.
The reactions were studied with respect to undisturbed water table elevation and drawdown as an
effect of pumping. It is also tried to place the well filters at different depths in layer 2 for seeing
what effect that makes.
3.4.8.3 Calibration
Calibration of a model means finding a set of boundary conditions and properties that make the
model output match with values observed in field (Table 1). Usually, the expected range of property
values is known through field experiments and literature values. This knowledge is used to restrict
the possible entries for calibration. There are two types of calibration, manual and automatic. The
manual procedure means varying the input in a trial and error manner. Manual calibration has the
positive aspect of giving the modeler possibility to make use of her intuition of the area. On the
other hand, it is difficult to get an overview over all the feasible possibilities. The automatic
calibration provides a method where numerical algorithms do the work and give back parameter
suggestions that will give the best possible fit. Even though automatic calibration is usually not
recommended since the model loses the modeler´s area specific knowledge, it can be valuable for
providing a broad picture of possible value sets (Schlumberger Water Services 2011). Manual
calibration was used in this study.
Table 1: The data that was used for model calibration. Groundwater levels are given in m.a.s.l.

Time of observation
11.09.2012
24.10.2013 (before pumping)
26.10.2013 (during pumping)

Well 1

Well 2

Well 3

136.62
136.23

137.02
135.78

135.81
135.74

Well 4
134.3
134.59
134.54

Well 5
134.61
134.55

Results from spatially variable K were not considered when finding the best calibration outcome,
since there is no information to base a specific geological distribution on. That part of the sensitivity
analysis only aimed at showing the effect of potential heterogeneity in the study area. Correlation
coefficient and absolute residual mean are used as indicators of how good the calibrated match is.
The absolute residual mean is a more suitable description than the residual mean which is often
close to zero due to over- and under-calculated values.
Finally, water table data originating from the GPR results are compared to the calibrated model
output. The GPR data stems from May 2013 and therefore the modeled data from this time period
was used. This data coincide in time but during this period the model was not calibrated. The GPR
data was therefore also compared with the modeled data from Oct 2013. The modeled data set is
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subtracted from the GPR data set. This difference is then visualized using a 10x10 m raster, showing
how good the match is in different parts of the study area. This gives an idea of where the model is
more or less reliable.
3.4.8.4 Modeling different scenarios
The calibrated model was then used as a tool for examining how the system would react to various
scenarios. These include:


Varying the pumping rate – Pumping rates of 150, 350, 500 and 650 m3/day were chosen.
The lower ones are the ones used in reality, but it was also desired to see how the system
would react to larger rates. Pumping was done from well 2.



Varying the pumping duration – Pumping duration from 0-180 hours was examined. The
standard pumping rate of 350 m3/day was used. Pumping was done from well 2.



Varying the surface recharge – The original surface recharge was both increased and
decreased by 50 %.



Varying the river stage – River depths of 0.125, 0.5, 1 and 1.5 were introduced. These are all
in the range that the river stage is likely to vary.



Varying the location of the pumping well – Pumping was performed from well number 2, 3,
4 and 5. Based on the results from this, additional locations were also examined.

The time of pumping is mostly constricted to the time of the real pumping test, since this is the time
on which the model calibration is based. How the system reacts was described through studying the
hydrodynamics and the aquifer-river interaction since these are the main objectives of this study.
Thus, the net river leakage rate (river leakage into aquifer minus river leakage out of aquifer)
corresponding to the above described situations is of interest. The average leakage corresponding to
the pumping period is always what is used. The river leakage related to pumping conditions is
compared to non-pumping conditions. In this way, it is possible to get an idea of how much pumping
affect the river-aquifer interaction. To confirm whether or not river water actually reaches the wells,
the well capture zones were investigated. This was done by using the software MODPATH which is
implemented in Visual MODFLOW and allows particle tracking. This means that particles can be
introduced at any point and their travel path can be followed forward or backwards in time. The
particles travel with advection which means the velocity of the water. Adding a circle of particles
closely around the pumping well and tracking their path back in time will reveal where the water
came from and thus, the well capture zone. The particle tracking also gives the opportunity of
finding the residence time of water reaching the well. This can give an idea of how vulnerable the
water extraction area is to possible contaminants in its vicinity.
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4. Results
4.1 Aquifer geometry
This section presents the geophysical results and how these combined with borehole data led to a
description of the aquifer geometry. The aquifer geometry was then extended and implemented in
the groundwater model.
4.1.1 Electrical Resistivity Tomography
An interpretation based on the relative resistivity values was made (Figure 24). The longest profiles
resulted in penetration that was sufficient for finding bedrock. The high resistivity, homogeneous
zone at an approximate depth of 30 meter below ground surface represents the bedrock (zone 3).
Zone 3 is supposedly glimpsed in profile 3 too. Zone 1 and 2 show relatively heterogeneous
conditions, especially in profile 1. In profile 3, the interfaces are easy to distinguish, and this suggests
two separate layers above bedrock. These two layers can also be seen in profile 1, although with a
higher degree of heterogeneity. In both profiles, the uppermost thin high resistivity zone most likely
represents the groundwater table. Because of better resolution this interface is only marked in
profile 3, but is also distinguishable in profile 1. Four ERT profiles were collected in total (Figure 69 in
Appendix 1). The bedrock interface was interpolated between the different profiles (Figure 70 in

Depth (m)

Appendix 1) and used further in the Model Geometry section.

Distance (m)
Figure 24: Two of the ERT profiles with interpreted horizons marked (modified from Rambøll DK 2013). The location of
the profiles is found in Figure 9. The color scale describes the logarithm of the resistivity.
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4.1.2 Ground Penetrating Radar
The GPR data showed two clear reflectors; one at an approximate depth of 15 m and one at 2-3 m
depth. The deeper reflector/interface was interpolated between the different profiles (Figure 71 in
Appendix 1) and used further in the Model Geometry section. The shallow interface represents
where the saturated zone starts and thus where the water table is located (Figure 25 left). The water
table was tracked from the profiles and the interpolated result was used in the modeling part to
compare with modeled groundwater table (Figure 25 right). The interface seems to be almost a
reflection of the topography.

Picks

Figure 25: Left: An example of how the interface corresponding to the water table was tracked in OpendTect. Right: The
groundwater table contour lines created from GPR data. The wells are seen in red. (Modified from Kartverket 2013.)

4.1.3 Comparison
The simplified interpreted stratigraphy obtained from compiling the geophysical information and the
borehole data consisted of three layers (Figure 26):
1: Approximately 15 m of relatively coarse material. Layers or lenses having deviant grain size can
cause the heterogeneous conditions. This layer is referred to as the fluvial/glaciofluvial deposits.
2: 10-20 m of fine-grained till.
3: Bedrock at a depth of 25-40 m, dipping towards West and South.
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Figure 26: A simple visualization of the stratigraphy and the terms used further for discussing it.

These conclusions match with the ERT data interpretation. The GPR results show a reflector located
at approximately Interface 1. The GPR signal does not penetrate deeper than that so it cannot see
Interface 2. The water table location matches for both ERT and GPR. The grain size distribution
curves for well 2 (Figure 72 in Appendix 2) confirms that there is a transition from coarser material
to finer material at about 14 m which also matches with the estimation of Interface 1. Comparing
with the geological map (Figure 4), the simplified stratigraphy is reasonable. The geological map
shows a thick layer of till in the area surrounding the glaciofluvial/fluvial deposits. The till cover was
deposited on top of the bedrock and corresponds to layer 2. In connection with a glaciofluvial river,
material were then deposited on top of the till layer. Fluvial activity has continued in postglacial time
and the delta propagates further. All these sorted deposits created by fluvial activity (glacial or
postglacial) corresponds to layer 1 which is considered having a relatively high hydraulic conductivity
and being suitable for groundwater extraction.
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4.2 Hydrogeological parameters
This section presents how possible ranges of the hydrogeological parameters were found. This
includes three parts; analysis of pumping test data, analysis of grain size distribution curves and also
a comparison with what values could be expected in these geological conditions.
4.2.1 Pumping test
The well location and the well parameters are found in Figure 27 and Table 2 respectively.

Figure 27: The location of the wells (pumping well corresponds to number 2). Nr 6 and 7 represent the points where
river stage was measured. (Modified from Kartverket 2013 and The Geological Survey of Norway 2014.)
Table 2: Basic well information including distance to the pumping well. X and Y coordinates are given in UTM zone 32N.

Well number

1

2

3

4

5

X

566349.3

566354.2

566328.0

566297.3

566342.4

Y

6741073.3

6741072.8

6741040.9

6741013.4

6741000.2

Elevation of well top
(m.a.s.l)
Diameter
(cm)
Depth
(m)
Pipe above ground level
(m)
Filter location depth
(m)
Distance to pumping
well (m)

139.02

139.88

139.30

136.60

136.565

3.4

16.8

3.4

14.0

18.0

14

21

14

18

15.7

0.235

0.165

0.320

0.045

0.090

12-14

15.5-18.5

-

-

-

3

-

35

84

81
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The general pumping/recovery test procedure was visualized using the response in well 1 (Figure
28). The two last periods were used for the data analysis. The precipitation occurred right before the
pump was turned off. After turning the pump off, it is expected that the groundwater level will rise
as an effect of this. Adding rain to the system at that point will result in an additional water level
rise. According to daily weather data from nearby meteorological stations the first event comprised
about 10 mm and the second 5 mm. With an approximate porosity of 0.3 and assuming 100 %
infiltration and no evapotranspiration that would result in a water level rise of 33 and 17 mm. These
are changes smaller than the total water level rise seen in all wells. This means it could be concluded
that most part of the response seen in all wells was due to pumping and not precipitation. In the
further analysis, this precipitation contribution was therefore not considered.

Pump
turned
off

Figure 28: The pumping/recovery test duration and response observed in well 1. The approximate duration of
precipitation events is marked along the x-axis.

In order to confirm the quality of the pumping test data, it was compared with the late recovery test
data (Figure 29). The recovery test data set represents the decrease in drawdown while the pumping
test data set represents the increase. Since the recovery test was shorter than the pumping test, the
data series ends earlier. A very good match is found in well 1 which confirms the quality of the test.
The graphs corresponding to the rest of the wells are found in Appendix 3. Well 2 shows lower
values for the recovery test than for the pumping test. Wells 3, 4 and 5 shows higher values for the
recovery test. The overall match is relatively good.
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Figure 29: Comparison between pumping test and recovery test data for well 1.

The river measurements showed that during five days of the pumping test, the river stage fluctuated
20 cm. This is a relatively small change and therefore only the starting value is presented (Table 3).
The two points showed the same relative change in river stage.
Table 3: Results from river measurements. Time of measurement was 22.10.2013.

River location
North
South

X
566398.9
566454.4

Y
6741095.8
6740951.0

Elevation (m.a.s.l)
137.17
135.02

4.2.1.1 Analysis
The results from the different ways of interpreting the pumping test data in order to define the
value ranges for hydraulic conductivity and storativity are presented in this section. In order to
obtain a wider overview of the results, two different analyses were made for the same dataset.
These were the Neuman curve matching method and the Cooper-Jacob analytical solution.
4.2.1.1.1 Neuman curve matching
From the graphs (Figure 30) it is noticed, that the closer the observation well is to the pumping well,
the further the data have propagated on the Neuman reference graph. Well 4 shows very scattered
data compared to well 5 (which is located at approximately the same distance). This is due to the
lower accuracy of the pressure logger used in well 4. The quality of the curve matching is very
dependent on how far the data have propagated, resulting in well 1 giving the most reliable match.
This is the only one that actually reached the Neuman late time graph.
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Figure 30: The Neuman curve matching graphs. The data series have propagated further on the Neuman reference graph
the closer the well is to the pumping well.

The values obtained from the curve matching are found in Table 4. All ranges are in the same order
of magnitude except KZ/KXY which varies over three orders of magnitude.
Table 4: The Neuman curve matching results.

Well
SS
SY
KXY (m/day)
KZ/KXY

1
0.0014
0.22
18
0.87

3
0.0079
0.25
29
0.0074

4
0.0079
0.25
16
0.00174

5
0.0071
0.25
15
0.00137

4.2.1.1.2 Cooper and Jacob solution
The straight-line relationship that should be distinguished from the late-time data occurred later in
wells located further away from the pumping well (Figure 31). In well 1 it starts at approximately 10
50

minutes and in well 5 it starts at about 500 minutes. It can be seen that the data series from more
distant wells are almost parallel, but below, to data series from closer wells.

Figure 31: Semi-logarithmic plot of drawdown versus time for the Cooper and Jacob solution.

The calculated K values were in the same order of magnitude while S spanned two orders of
magnitude (Table 5). It is known from the geophysical results that the aquifer thickness varies in
reality which can contribute to differences. In this procedure, the plain storativity is obtained. In the
Neuman procedure the two factors contributing to storativity (specific yield and specific storage) are
obtained separately. On the one hand, the Cooper and Jacob solution is designed for a confined
aquifer which means the storativity is made up by SS. On the other hand, the aquifer in this study is
unconfined, which means the storativity is mostly comprised by SY. It was decided to follow the
assumptions behind the solution and define S as made up by SS (which means it has to be divided by
aquifer thickness for obtaining SS). A saturated aquifer thickness of 28 m was used since that is an
approximate average for the area.
Table 5: The results from the Cooper and Jacob analysis.

Well
S
K (m/day)

1
0.08
34

3
0.013
43

4
0.16
48
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5
0.13
39

4.2.2 Correlation between grain size and hydraulic conductivity
By applying Hazen´s method on the grain size analysis from well 2 it was found that the hydraulic
conductivity generally decreases with depth (Table 6). Although, there is a lower conductive area
located at 12-14 m depth.
Table 6: The hydraulic conductivities found from the grain size distribution curves.

Depth (m)

D10 (mm)

D60 (mm)

Hazen (m/day)

6-12

0.25

0.9

62

12-14

0.17

0.8

29

14-22

0.2

0.6

40

4.2.3 Comparison between results and literature values
Typical ranges of hydrogeological parameters corresponding to relevant geological materials were
compared to the results from the pumping test and the grain size analysis (Table 7). Relevant
materials to consider for the study area are gravel, sand and till. Clay is also included since there
were no value defined for SS in till and the till in the area is assumed to be fine-grained. Found K
values fall inside the ranges defined for sandy material. Found SS fall inside ranges defined for sand
and clay and SY values are in the gravel range. All found KZ/KXY values fall either below or above the
suggested range from literature values.
Table 7: Top: Literature values for aquifer parameters. K values (Domenico and Schwartz 1990), SS values (Domenico and
Mifflin 1965), SY values (Morris and Johnson 1967) and KZ/KXY values (Todd 1980). Bottom: Summary of all site-specific
ranges found through pumping test and grain size analysis.

Material
Gravel
Sand
Clay
Till
Method
Neuman
Cooper and Jacob
Hazen
Total

K (m/day)
25 - 2500
0.02 - 520
8.6x10-7 – 0.0004
8.6x10-8 – 0.2

SS (m-1)
0.000049 – 0.0001
0.00013 – 0.001
0.00092 – 0.02
-

Sy
0.21 – 0.28
0.30 – 0.33
0.06
0.06 – 0.16

KZ/KXY
0.1 – 0.5
0.1 – 0.5
≥ 0.01
-

15 - 29
34 - 48
29 - 62
15 - 62

0.0014 – 0.0079
0.00046 - 0.0057
0.00046 – 0.0079

0.22 – 0.25
0.22 – 0.25

0.00137 – 0.87
0.00137 – 0.87
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4.3 Water balance
The delineated catchment covers a large area dominated by till (Figure 32). The maximum elevation
is 753 m.a.s.l and the minimum is 135 m.a.s.l. 90 % of the catchment has higher elevation than 440
meters (Norwegian Water Resources and Energy Directorate 2009).

Figure 32: The catchment area calculated from the lavvann tool. The well area is in the very south, connected to the
glaciofluvial deposits. The red point shows which river location the catchment is calculated from. The background map
shows the loose deposit geology. (Modified from Kartverket 2013, Norwegian Water resources and Energy Directorate
2011 and The Geological Survey of Norway 2014.)

Precipitation values for both meteorological stations in the study period (Sept 2012-Oct 2013) are
presented for comparison (Figure 33). An average value of these was used further. The values are
similar for most months. A yearly average is approximately 830 mm.
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Figure 33: The monthly precipitation for the two chosen meteorological stations (Norwegian Meteorological Institute).

The temperature data from Østre Toten shows below -5 ⁰C from December to March (Figure 34). It
was a colder winter than usual these years. The average temperature for a year is 4.8 ⁰C.
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Figure 34: Mean monthly temperature data for station Østre Toten (Norwegian Meteorological Institute).

The monthly evapotranspiration values calculated by Colleuille et al. (2004) are presented in Table 8.
June and July show values of more than 100 % PET. The monthly proportions were multiplied with
monthly precipitation values and summed which resulted in a yearly evapotranspiration value of 460
mm. Using Tamm´s formula and the average yearly temperature of 4.8 ⁰C gives a yearly
evapotranspiration of 362 mm/year. For combining these two approaches of finding the
evapotranspiration, an average value of 410 mm is calculated. Also, by subtracting a lavvann-
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calculated discharge of 412 mm/year (Norwegian Water Resources and Energy Directorate 2009)
from the yearly precipitation, an evapotranspiration of 420 mm is obtained which confirms the
above. In this way, three independent approaches for calculating evapotranspiration were used and
compared. The monthly values for evapotranspiration were then corrected using a factor of 0.84 in
order to fit this yearly average evapotranspiration value better. The corrected monthly
evapotranspiration values made it possible to calculate monthly runoff, which is described further in
the Model boundary conditions section.
Table 8: The potential evapotranspiration values defined by Colleuille et al (2003).

Month
PET (%)

Jan
6

Feb
16

Mar
31

Apr
57

May
79

June
115

July
107

Aug
84

Sept
58

Oct
28

Nov
13

Dec
11

4.4 Numerical modeling
Defining the regional model spatially and setting the boundary conditions led to the development of
the local model. The local model was calibrated using the pumping test data set and then used for
investigating the aquifer hydrodynamics and vulnerability with respect to assumed contamination
sources.
4.4.1 Model extent
The model extent (Figure 35) was established based on the following requirements:


It follows the geological boundaries broadly, which make the layer geometry easier to adapt
into the model.



It gives a zero flux boundary in the west.



It covers the other side of the river, since it is debated if water from there can reach the
wells.
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Figure 35: The model area delineated by the red polygon (modified from Kartverket 2013 and The Geological Survey of
Norway 2014).

4.4.2 Model geometry
The results from combining geophysical, borehole and geological map information made it possible
to define the model geometry. The model terminated vertically at interface 2 (Figure 26), where the
bedrock started, since this was considered to be relatively impermeable. Interface 1 and the
topography made up the rest of the model geometry constraints (Figure 36).
Topography

Interface 1

Interface 2

Figure 36: The topography and the two defined interfaces composing the model geometry. Equidistance is 4 m.
(Modified from Kartverket 2013.)
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4.4.3 Model boundary conditions
The catchment area was divided into zones (Figure 37) for separating the different types of
boundary conditions connected to its borders. The largest zone (denoted as area 1) was defined
based on the catchment area calculated from the point where the river enters the model area. This
delineates the area which only contributes water to the model through river input because of
topographic constraints. Area 3 also contributes water through river input only since it is defined
from the point where the small tributary that connects to Landåselva enters the model area. Area 2
and 4 provide input through groundwater flow since there are no streams to collect the water there.
These areas are what are left of the large catchment area (Figure 32), after removing area 1 and 3.

1
Areal extent
1: 89 km2
2: 0.21 km2
3: 1.1 km2
4: 0.81 km2

2

4

3

Figure 37: How the catchment area was divided in order to find the appropriate boundary conditions. Model area can be
seen in the red polygon in the south. The size of each zone is also specified. Please refer to Figure 38 for close-up.
(Modified from Kartverket 2013 and Norwegian Water Resources and Energy Directorate 2011.)

The boundaries (Figure 38) are defined as:


External boundaries: One constant head boundary, one zero flux boundary, two known flux
boundaries (area 2 and 4) and a surface recharge boundary representing precipitation.



Internal boundaries: The river. River stage is governed by the water input originating from
area 1 and 3.
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1
2

3
4

Figure 38: A summary of the external and internal boundaries of the groundwater model.

The calculation results from the modifications of the precipitation and the evapotranspiration (Table
14 in Appendix 4) serve as basis for the development of the results presented further down in this
section. The model surface recharge (Figure 39) uses the original precipitation but with snow storage
effects taken into consideration.

Surface recharge (mm/month)
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Figure 39: The monthly surface recharge (precipitation).
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The groundwater fluxes for area 2 and 4 (Figure 40) uses the averaged winter month runoff and
therefore, a steady groundwater flux prevails during this time. The assumption that 100 % of the
runoff will infiltrate and form groundwater recharge is adopted. The data that was used for the
calculations is found in Table 15 in Appendix 4.

Groundwater fluxes
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90000
80000

Flux area 2

70000

Flux area 4

60000
50000
40000
30000
20000
10000
0
Sept Oct Nov Dec

Jan

Feb Mar Apr May June July Aug Sept Oct

Month
Figure 40: The groundwater fluxes corresponding to area 2 and 4. These serve as known flux model boundary
conditions.

The river depths resulting from water input from area 1 and 3 has a yearly fluctuation of 1 m (Figure
41). Area 1+3 are lumped together and considered as one since they both contribute the water that
reaches the model area through a river. The river input from area 3 is added to the one from area 1,
this is not assumed to affect the model too much since the point where the rivers intersect is close
to the model boundary. The data used for the calculations is found in Table 16 in Appendix 4.
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Figure 41: The river depths resulting from water input corresponding to area 1 and 3. These serve as basis for setting the
internal river boundary condition.

4.4.4 Regional model
The aquifer properties that were to serve as regional model input were specified. Both layer specific
values and the resulting averaged value corresponding to the whole saturated thickness are
presented (Table 9). All averaged values fall inside, but in the lower end of, the defined ranges found
from the pumping test and grain size analyses, except for SY. This is because layer 2 is assigned a SY
value based on literature only, since the analyzed values were not compatible with till. A vertical to
horizontal conductivity ratio of 0.85 was chosen for layer 1, and a ratio of 0.1 for layer 2. 0.85 was
the result from the Neuman curve matching for well 1 which was the one considered to give the
most reliable results. The upper layer is coarse sand and gravel and a high ratio can therefore be
expected. This ratio is higher than what literature studies suggest, but in this case it was chosen to
trust the pumping test analysis more. For the lower layer, the lower value in the range suggested by
Todd (1980) was chosen. The grid size of the model was 10x10 m.
Table 9: Regional model input, hydrogeological parameters.

Layer
1
2
Average

KXY (m/day)
26
7
15

KZ (m/day)
22
0.7
9.8

SY
0.25
0.1
0.165

SS
0.0004
0.001
0.000742

The input connected with the boundary conditions of the regional model (Table 10) includes a
subsequent period of steady-state (denoted as SS) which is included before the transient stress
periods. One stress period represents a month.
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Table 10: Regional model input, boundary conditions.

Month
SS
Sept
Oct
Nov
Dec
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sept
Oct

Constant
head
(m.a.s.l)

River

Injection well flux
Recharge
(mm/month)

Stage (m
above
GL)

Bed
thickness
(m)

KZ
(m/day)

134.07

0.45

0.1

2.2

66.95

4298

11051

134.07

0.43

0.1

2.2

56.45

3647

9379

134.13

0.76

0.1

2.2

93.45

9005

23156

134.35

0.90

0.1

2.2

111.05

12464

32051

134.23

0.35

0.1

2.2

0

3258

8378

133.36

0.35

0.1

2.2

0

3258

8378

132.67

0.35

0.1

2.2

0

3258

8378

131.94

0.35

0.1

2.2

0

3258

8378

131.65

0.24

0.1

2.2

72.55

1606

4129

133.65

0.62

0.1

2.2

198.4

5989

15401

134.38

0.25

0.1

2.2

147.4

631

1624

134.11

0.12

0.1

2.2

13.35

170

438

134.14

0.53

0.1

2.2

117.3

4351

11189

133.99

0.48

0.1

2.2

67.2

4342

11165

134.07

0.50

0.1

2.2

51.15

4929

12675

Area 2
Area 4
3
(m /month) (m3/month)

Dry cells occurred which can be explained by thin and sloping layers. This is a natural problem in this
kind of environment and one of the reasons for developing a local model for the detailed analysis.
The local model was restricted to an area where both layers are never drying. The spatial
distribution of the regional model groundwater table elevation at steady-state (Figure 42) generally
resembles the topography. According to the gradient, the aquifer is feeding the river along the
northern river section. When the river reaches the flatter parts of the delta the gradient suggests
that the river is feeding the aquifer instead, although the gradient is less prominent here. This
relationship is the same also for the subsequent transient periods.
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Figure 42: The model output (water table elevation contour lines) after the initial steady-state period. The green color
represents dry cells. White areas are active cells, grey inactive cells.

The model gives an idea of how much the groundwater level fluctuates during the course of the
investigated time period when there is no pumping (Figure 43). The lowest level is found at the end
of March, before the snow melting. The highest level is found in November 2012. In total, the water
level fluctuates almost 1.5 m. The summer months represented a dip in the data, but not as low as
the winter months.
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Figure 43: The regional model-calculated water level variation from Sept 2012 to Oct 2013. The data is from the location
of well 3.

4.4.5 Local model
The local model was extracted from the regional (Figure 44). It was attempted to keep the boundary
as far as possible from the well area, but also to avoid dry cell areas and to follow a space-consistent
contour in time. The boundary head varied every month (Table 11). The observation wells are
located in layer 1.

Figure 44: The local model. The red represents constant head boundaries. The northern boundary was where the local
model was extracted from the regional model. Observation wells seen as green points.
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Table 11: The northern constant head boundary developed for the local model. Monthly values as well as steady-state
(SS). The constant heads are given in m.a.s.l.
Time
CH

SS
139.6

Sept
139.6

Oct
140

Nov
140.2

Dec
139.6

Jan
139.4

Feb
139.2

Mar
139.2

Apr
139.8

May
140

June
139.4

July
139.4

Aug
139.6

Sept
139.6

4.4.5.1 Sensitivity analysis
Hydraulic conductivity and storativity
The hydraulic conductivity was varied using the range 0.3-70 m/day in layer 1 and 0.03-35 in layer 2
(the values were based on section 4.3.3, assigning lower values for layer 2). Increasing KXY in layer 1
with two magnitudes leads to a minor water level rise of approximately 0.2 m (Figure 45). An
opposite relationship is found when increasing KXY in layer 2 (Figure 45). An approximate decrease of
0.2 m occurs when increasing KXY over two magnitudes. This difference can be explained by the fact
that the river is situated in layer 1. A higher hydraulic conductivity in layer 1 will improve the contact
between the river and the aquifer and thus, if the hydraulic gradient permits, lead water quicker into
the groundwater system. However, a water level rise will only be seen until the KZ of the river (22
m/day) is reached. When increasing KXY further than this, the river leakage will be limited by the
lower KZ and the water level will seize to rise. Increasing KXY in layer 2 instead will only lead to a
faster discharge, causing gradient to decrease and water level to sink.

Figure 45: How the water table elevation is affected by changes in KXY in layer 1 and 2 respectively.

The drawdown produced by pumping (Figure 46) is clearly affected by varying KXY in layer 1,
especially in wells closer to the pumping well. In well 1 and 2, an inverse trend is seen. A drastic
increase (10´s of meters) in drawdown is detected when applying conductivities lower than 3.5
m/day. In wells further away from the pumping well (3, 4, 5) a consistent trend does not exist. When
reaching a certain conductivity value, the drawdown will change from increasing to decreasing. At a
low enough conductivity, drawdown will be zero. This can be explained by a low conductivity area
having a less widespread cone of depression than a high conductivity area. Thus, at some point, the
effect of pumping cannot be detected in observation wells. Varying the conductivity in layer 2 shows
a consistent, inverse trend. In the interval that the changes were kept in, the turning point
mentioned above was not reached in any well. Also, the change in drawdown seen was negligible
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Oct
139.6

compared to what resulted from layer 1 changing. This suggests the drawdown being primarily
sensitive to conductivity in layer 1.

Figure 46: How the drawdown is affected by changes in KXY in layer 1 and 2 respectively. Left: Well 1 and 2. Right: Well 3,
4 and 5.

It was noticed, that when having the lowest conductivity in layer 1, the water levels in well 3, 4, 5
will continue to drop also after the pump is turned off. In well 5, it will increase for approximately 80
hours until the maximum is reached. This is not consistent with measured values during the recovery
test, where a water level rise was measured at about 1.5 hours after the pump stopped. However, it
is natural that water continues to move towards the well and thus causing further drawdown also
after pumping stopped. This phenomenon is more pronounced near the edge of the depression
cone (Kansas Geological Survey 2014). Changing the storage values, SS and SY gave no response in
water level or drawdown. No changes were seen when changing the ratio KZ/KXY either and thus it
was concluded that storativity and anisotropy are parameters with very low sensitivity to changes.
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Constant head along the northern border
The northern constant head was varied 2 m. This value was considered the maximum possible with
respect to topography and observed groundwater levels in the vicinity. A 2 m increase in constant
head results in approximately 0.4 m increase in water level (Figure 47). The change is similar for all
wells although slightly more in wells close to the boundary. No changes were seen in drawdown.

Figure 47: How the water table elevation is affected by changes in constant head at the northern border.

River parameters
The riverbed conductivity was varied in the range of 1-30 m/day and the thickness 0.1-2 m. As very
little response was seen when changing the riverbed parameters (Figure 48), the range was not
expanded further. Since the riverbed has a limited extent, the governing factor on the water level
will be the aquifer conductivity and not the riverbed conductivity, which is why little change was
seen. The small response that was found when changing the riverbed thickness has different trends
depending on what well it is. Well 1, 2 show an inverse trend, well 3 stays constant and well 4, 5 are
directly related. This can be due to spatially different gradients between river and aquifer. If the
river stage is higher than the groundwater level, an increase in riverbed thickness (and therefore an
increase in the resistivity to flow through it, assuming it has a lower KZ than the surrounding aquifer)
will lead to lower groundwater levels. This happens because the water flowing from river into
aquifer under the influence of the gradient will be delayed. This could be the case in well 1 and 2. In
well 4 and 5, the opposite is likely true which results in higher groundwater levels. If river stage and
groundwater levels are equal, a change in river parameters will not give any response as in well 3.
Drawdown in the proximity of the wells was not affected.
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Figure 48: How the water table elevation was affected by changing the riverbed properties.

Lake level
The lake level was varied using a range of 2 m. This is considered a likely value that could occur as a
result of the lake level observation point being located at the opposite end of the lake. A lake level
decrease of 2 m gave a water table decrease of 1 meter in the southern wells (Figure 49). The
corresponding decrease in the northern wells was about 0.5 m.

Figure 49: Water table elevation vs. lake level.
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Spatially variable K
The different spatial distributions (zone configurations) generated for testing the impact on the
water table are presented in Figure 50. Well 2 is marked for orientation.

Figure 50: The different zone configurations. Small zones: 1-9. Large zones: 10-22.

The different spatial distributions presented similar model results (Figure 51). Groups of wells (well
1-2 and well 4-5) follow each other closely with respect to water level disregarding of zone
distribution. Well 1 and 2 always show higher water levels than well 4 and 5, while well 3 falls in
between. This is governed by the hydraulic gradient of the area, which dips from north to south.
Large zones resulted in water level variations in a range of 3 m while small zones only resulted in a
variation of 0.5 m. The highest water levels are connected with zone configuration 13 and 22. These
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are similar and both have a E-W elongated high-conductivity zone in the northern half of the model
area. This indicates that by increasing the conductivity between the north constant head boundary
and the wells, the water level will rise due to an increased water input. The further south the highconductivity zone reaches, the more wells will be affected by this. The lowest water levels are
associated with a high-conductivity E-W elongated zone located mostly in the south part of the
model area. This is explained by the gradient dipping towards the south constant head boundary.
Increasing the conductivity in this area will therefore lead to lower water levels when the
groundwater discharges faster in the down-gradient direction. Zones which have N-S elongation
show intermediate water levels and little variation. This is likely explained by them connecting the
north and south model boundaries, parallel to the general flow direction, causing little change in the
same way as varying KXY homogeneously in the model area caused limited response. Small zones
result in slightly more variation in well 4 and 5 than in the rest since most zones are located in the
vicinity of these. However, the overall variation is still very small. Thus, it is concluded that large
variations in water level is caused mainly by E-W elongated high conductivity zones with a large
spatial extent.

Figure 51: How the water table elevation is affected by introducing different zone configurations with higher KXY.

Not much variation in drawdowns was seen in well 3, 4 and 5 regardless of zone configuration
(Figure 52). Variations of at most 0.5-1 m were seen in well 1 and 2. An increase in drawdown in well
1 always led to an increase in well 2 and vice versa. The smallest drawdowns resulted from a high
conductivity zone being located in the well area while the largest drawdowns occurred when the low
conductivity zone was located in the well vicinity.
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Figure 52: How the drawdown is affected by different zone configurations with higher KXY.

It was also tried to place the observation well filters in layer 2 instead of layer 1. This resulted in very
little change (~0.1 m). Depth in layer did not matter. For the model calibration, matches obtained
using these spatial variations in hydraulic conductivity were not considered since there are no
observed data available for arguing for a specific zone distribution.
4.4.5.2 Calibration
During the calibration process the parameters horizontal hydraulic conductivity, riverbed thickness
and riverbed vertical hydraulic conductivity as well as constant head in the north and south were
modified in order to obtain a better match with the water table observations. The ranges of values
considered are the same that were used in the sensitivity analysis. The layer specific properties
corresponding to the best match are found in Table 12, whereas properties related to boundary
conditions are found in Table 13.
Table 12: The layer properties that resulted in the best match.

KXY (m/day)
28

Layer 1
KZ (m/day)
SY
24
0.25

SS
0.0004

KXY (m/day)
7

Layer 2
KZ (m/day)
SY
0.7
0.1

SS
0.001

Table 13: The parameters related to boundary conditions, resulting in the best match.

River
Bed thickness (m)
KZ (m/day)
0.1
0.85

North border
Original data

Constant head
South border (lake)
2 m below original

The calibration outcome was evaluated through comparing correlation coefficients and absolute
residual mean between the different runs. This was done for two moments in time; the undisturbed
water level (head) right before pumping started (Figure 53 left) and the water level right before the
pump was turned off (Figure 53 right). The best fit shows a correlation coefficient above 0.98 for
both times.
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Undisturbed conditions Oct 2013

Pumped conditions Oct 2013

Figure 53: The result from the calibration using the information from the pumping test. Left: Just before the pumping
started. Right: Just before the pump was turned off.

It was also investigated how the heads vary throughout the whole modeled period (Figure 54). The
only well that has observations from another period than the pumping test, Sept 2012, is well 4. The
difference between observed and modeled values is slightly larger in Sept 2012 than in the pumping
test period (Oct 2013) which implies that the uncertainty of the model is larger in this time period.

Figure 54: The calculated and observed heads throughout the modeling period. The first observation corresponds to
Sept 2012, the others to Oct 2013.
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The water levels found from GPR in May 2013 were compared to the model output from the same
time and also from Oct 2013 since that was the time period on which the calibration had been based
(Figure 55). A colour corresponding to a negative value means that the modeled water level is higher
than the one found from the GPR data. The distribution is visualized more clearly using histograms
(Figure 56). The largest deviations are detected along the railway track and on the east side of the
river. Areas connected to the railway track are the only ones showing modeled water levels that are
lower than the GPR ones. These areas have higher topography and no GPR profiles were gathered
here, which is why the interpolation technique of the GPR data resulted in too high levels here. On
the east side of the river the model was not calibrated due to the lack of wells. This indicates how
the model spatial reliability is improved through the calibration process. The differences between
May and October indicate that the time changes are less relevant than the errors resulting from the
absence of calibration data in time. Hence, the comparison with October presented better
agreement with the model results than May even if the GPR data originated from May (Figure 56).
For Oct, 60 % of the area has a deviation of 1 m or less and all wells are inside this area. For May,
only 17 % has this deviation. This indicates that for improving the transient model, a data set
corresponding to the whole modeled time period should be used for calibration, which would lead
to trustable results. For these reasons, Oct 2013 was the time primarily chosen for testing scenarios
in the next section.

Figure 55: The results from comparison between GPR data and model output. Negative values mean the modeled water
table is higher than the one found from GPR. Positive values correspond to the opposite.
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Number of cells

Figure 56: Histograms corresponding to Figure 55, showing the cell distribution for May and Oct.

The water level contour lines in the calibrated time period, Oct 2013, were examined during nonpumping conditions (Figure 57). The general flow direction on the west side of the river is from N-E
to S-W. The upper part of the east side shows the same, while the flow bends towards S-E in the
lower part. The water table distribution suggests a small gradient directed from river to aquifer.

Figure 57: The water table elevation during non-pumping conditions in Oct 2013.
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4.4.5.3 Modeling different scenarios
Initially, the river-aquifer interaction throughout the study period was investigated. Positive values
correspond to a condition where the river feeds the aquifer (Figure 58). This is the case during most
times, except autumn 2012 and summer 2013.

Net river recharge 2012-2013
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Figure 58: Net river recharge during non-pumping conditions. Negative values means that water from the aquifer feeds
the river. Positive values mean that river water feeds the aquifer.

Based on Figure 58, it was decided to examine how the well capture zone changed depending on
when the pumping occurred. Oct 2013, July and Dec were chosen. The results show that the capture
zone even involves the east side of the river in Oct, while in July it barely involves it (Figure 59).

Oct

July

Dec

50 m

Figure 59: Capture zones based on particle tracking for different times of pumping (pumping duration: 1 month,
3
pumping rate: 350 m /day).
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The river leakage resulting from an increasing pumping rate was examined. A linear relationship was
found (Figure 60). River leakage is occurring also when the pump is not on. The extra river leakage
that takes place when the pump is switched on is assumed to reach the pumping well. Subtracting
the non-pumping river leakage from the pumping river leakage while pumping 350 m3/day gives 37
m3 of additional water entering the aquifer due to pumping. This represents 10 % of the total daily
extracted water from the well. This proportion stays constant for all pumping rates. Since the river is
feeding the aquifer according to these results, the percentage is likely higher.

Net river leakage vs. pumping rate
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Figure 60: River leakage resulting from an increasing pumping rate. (Pumping from well 2 for 55 hours.)

Based on the extra leakage found in the river balance when pumping is operating in the study area, a
further analysis was accomplished to detect the areas where the river is losing water to the aquifer.
The capture zone of well 2 was examined with increasing pumping rate. The capture zone involves
the river at all times, but to an increasing extent with higher pumping rates (Figure 61). The marker
on the path lines stands for a travel time of 20 days. It takes the groundwater approximately 40 days
to reach the pumping well from the model border. The velocity is about 3 m/day, increasing closer
to the well. Water residence time from the river when pumping with a rate of 350 m 3/day is about
20 days. This is less than what is needed for killing pathogen bacteria (60 days).
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150 m3/day

350 m3/day

650 m3/day

50 m

Figure 61: Capture zones based on particle tracking for different pumping rates (pumping duration: 55 hours).

The river leakage into the aquifer resulting from different river stages was examined. A river stage
increase of 1 m led to a 125 % increase in river leakage (Figure 62). The results were similar for
pumping and non-pumping conditions, although slightly higher when pumping (approximately 40
m3/day). This difference was kept fairly constant for all river stages.

River leakage (m3/day)

Net river leakage vs. river depth
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Figure 62: River leakage resulting from an increasing river stage. (Pumping from well 2 for 55 hours.)
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The changes in precipitation (surface recharge) associated with climatic variations were tested
through the model as this is a parameter that varies yearly and could therefore be a source of
uncertainty in the application of this model to other periods. An almost linear relationship was
found between surface recharge and river leakage (Figure 63). Increasing the original yearly surface
recharge (470 mm) with 50 % led to a 1 % decrease in river leakage. River leakage into the aquifer
thus seems to be relatively unaffected by changes in precipitation.

Net river leakage vs. surface recharge
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Figure 63: River leakage resulting from an increasing recharge. (Pumping from well 2 for 55 hours.)

The pumping duration influence on the river leakage was also investigated. A steeper increase was
seen in the beginning while it eventually leveled out (Figure 64), presumably reaching stationary
conditions after 200 hours of pumping. Increasing the pumping time from 20 to 180 hours resulted
in a 2 % increase in river leakage.
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Net river leakage vs. pumping time
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Figure 64: River leakage resulting from an increasing duration of pumping. (Pumping from well 2, 350 m /day.)

Observing how the capture zone of the pumping well (number 2) changes when the duration of
pumping is increased points to how involved the river is. Having no pumping, no river water will
reach the well. When pumping has started and is being increased, the capture zone involves the
river to an increasing extent until it reaches steady-state at approximately 180 hours (Figure 65).

0 hours

50 hours

180 hours

50 m

3

Figure 65: Capture zones based on particle tracking for different duration of pumping (pumping rate: 350 m /day).
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These results confirmed that well 2 can be affected by river water under certain circumstances of
pumping rate and pumping time. As there are other existing production wells (well 4 and 5) which
can be used for water supply in the case of technical problems or contamination events, the
connection between the river and these wells was also tested. Furthermore, pumping was
conducted using well 3 and two new locations, denoted as well 6 and 7 (Figure 66). These were
chosen for obtaining a broader overview of the river-aquifer interaction in the area. The only well
that had a capture zone which included the river was well number 5. The results also show that
when pumping from well 6 which is located only about 20 m west from well 2, no river water
reached the well. Thus, a relatively small displacement of the pumping well resulted in totally
different conditions.

Well 3

Well 4

Well 5

50 m
Well 6

Well 7

Figure 66: Capture zones based on particle tracking for different pumping well locations (pumping duration: 55 hours,
3
pumping rate: 350 m /day, original recharge and river stage).
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The capture zones corresponding to well 4 and 7 are the furthest away from the river (Figure 66) and
are therefore least likely to be affected by river water. To test this further, a worst case scenario was
assigned when pumping from these wells. This means a 50 % reduction of the precipitation, a river
stage 3 times higher than usual and pumping for 180 hours. This resulted in river water reaching well
4 while well 7 was still unaffected (Figure 67).

Well 4

Well 7

50 m

3

Figure 67: Capture zones based on particle tracking from well 4 and 7 (pumping rate: 350 m /day). Precipitation is
reduced by 50 % and river stage is tripled.

From these results, it seems very unlikely that wells will draw water from the south part of them.
This means that the area of importance for protection lies in the other directions, mostly N-E
according to the model results.
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5. Discussion
5.1 Hydrogeological parameters
The results from the three methods used for defining the range in hydraulic conductivity showed
little variation. The analyses of the pumping test data gave slightly lower and narrower ranges than
the analysis of the grain size distribution. This is probably because the latter present depth-specific
data while the pumping test data is an averaged result of the whole saturated thickness. This led to
the pumping test also including the lower conductivity layer at greater depths, while the grain size
curves all originated from the upper, more conductive layer. The similar values obtained from the
two methods of pumping test analysis; Neuman curve matching and the Cooper and Jacob solution;
showed that the differences between them does not lead to largely differing results in this case. This
confirms that the Cooper and Jacob solution is suited to apply in this case even if it was originally
designed for a confined aquifer.
The recovery test confirms the pumping test results relatively well. The match for well 1 is the best
one found. The data sets collected for pumping and recovery tests are almost identical. The recovery
test data does not reach the reference water level but this is likely explained by its shorter duration.
Well 3, 4 and 5 presented higher values for the recovery test than for the pumping test. This means
that a more rapid decrease in drawdown was seen compared to the drawdown increase resulting
from the pumping test. The explanation for this probably lies in the precipitation event timing.
Receiving precipitation right before the start of the recovery test will lead to addition of water to the
system, causing the water level rise to be even more prominent. The reason for only seeing this
phenomenon in the more distant wells is that the precipitation proportion of the total water level
rise is larger here. In wells with more drawdown (1 and 2), a precipitation contribution of some
centimeters will make up only a reduced part of the total water level rise and thus this effect will not
be seen in those wells. Well 2 shows a different pattern than the other wells: The recovery test data
have lower values than the pumping test data. That means that the water level rise is slower than
the drawdown in this well. Possible reasons for this could be related to the fact that this is the
pumping well and the early drawdown is likely more rapid due to casing storage.
The fact that the pumping test data seem to have propagated further on the Neuman graph in some
wells can be explained by the distance to the pumping well. The more distant the well is, the longer
it will take before the effect of pumping is noticed in that well. This is because it will take a while
before the cone of depression reaches its full extent. So while the drawdown has leveled out in
closer wells, it is still increasing in the distant wells. A condition of steady-state even seems to have
been reached in well 1. This should however not be considered as steady-state since that is a
condition which occurs for the whole system at once. Steady-state conditions are reached when the
cone of depression is wide enough to balance the water extraction (pumping) with the amount of
recharge (originating from a river or other recharge boundary) entering the system. There could also
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be other explanations for the water level not becoming stable in distant wells. For example, an area
with lower hydraulic conductivity could have been encountered. The heterogeneity found in the
subsurface according to the ERT results and the borehole information supports such an assumption.
It is also noticed that after pumping stopped, the drawdown continues to increase for some time in
the distant wells. This effect was also seen in the groundwater model. The results obtained from the
curve matching of well 1 were considered more reliable than the ones obtained from well 3, 4 and 5.
The wells in which the water table was monitored during the pumping test were located at distances
of 3-84 m from the pumping well. Some of these were suspected to be out of the zone on influence
created by the depression cone. However, since the observation wells were located downstream
(with respect to groundwater table elevation) from the pumping well and the cone of depression
tends to have a greater extent in the downstream than in the upstream direction, drawdown
occurred in all wells. The upstream direction receives more recharge than the downstream one and
it will take more effort (=larger gradient=larger drawdown) to attract water from the downstream
direction which already has an opposite flow direction relative to the pumping well. That water is
mainly reaching the pumping well from the upstream direction is confirmed by the model.

5.2 Water balance
The decision to exclude the storage term from the water balance can be questioned. This is usually
common practice in cases where longer time spans such as a year are considered. In this case, when
using monthly data, exclusion of this term means that the same amount of water entering the
system is assumed to be leaving the system in the course of this time period. Due to delay, this
criterion cannot always be expected to be reached.
There are two types of delays in the system. One is connected with snow storage and melting
directly on the aquifer surface and is easily represented and simulated in the numerical model
through zero winter recharge and instead an increase in spring recharge when the snow melts. The
second delay is related to the model borders which receive water that has previously infiltrated in
the catchment at varying distances from these borders. This is groundwater flow and therefore, the
movement is very slow and the 4 winter months absence of surficial infiltration will not empty the
groundwater storage. If that would happen, the aquifer would be dried out and the river would be
diminished. According to observations by local inhabitants, this is not going to happen. This is
because groundwater circulation continues during the winter. But since this delay-effect is difficult
to determine, this process was represented in the model by a steady flux for this time. This leads to
a larger amount of water residing in the system so this brings an uncertainty.
It is not only the winter months that are related to problems due to the exclusion of the storage
term. The area which provides water for the river is very large. To assume that the precipitation over
this area will be found in the river within the course of a month is unrealistic. So, also in this case,
the question of delay is prominent. This brings some uncertainty to the river stage but the overall
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relative picture should anyway be correct, a rainy month will give a higher river stage than a dryer
one. On the other hand, the areas contributing to groundwater fluxes are relatively small and with
the estimated hydraulic conductivity values the water should be able to reach the model boundary
within a month. Especially when not winter, these boundaries possess a smaller factor of
uncertainty.

5.3 Modeling
The objective of the sensitivity analysis was to show which parameters that affected the model
results more and to combine this with available data for assessing which the main sources of
uncertainties are and which parameters that should be further studied. In summary, the sensitivity
analysis resulted in a maximum undisturbed water level variation of about 3 m (drawdown due to
pumping not included). That the relatively small study area is closed in between two constant head
boundaries is likely the explanation for this relatively small range of variation. Changing the
hydraulic conductivity layer-wise with two orders of magnitudes resulted in an undisturbed water
level change of 0.2 m. The drawdown due to pumping was greatly affected, 10´s of meters in the
pumping well. Changing the constant head boundaries in a range of 2 m led to maximum 0.5 and 1
m response caused by the northern and southern boundary respectively. The southern boundary
thus had a larger impact on the groundwater levels even though it is located further away from the
well area. Storativity values and riverbed parameters only caused minor model response. The
introduction of zones with different conductivities showed a maximum range of approximately 3 m
in water level response. These results point to the importance of putting resources in the accurate
determination of the constant head boundaries and also of investigating the geology further.
According to the comparison between the GPR data and the modeled data in Oct, the area that lies
between the wells and the river shows a higher modeled water level than the GPR results. This
results in a smaller gradient from river to aquifer and thus probably less river water entering the
aquifer compared to if the model would be calibrated also with respect to this area. With very few
areas showing lower model calculated water levels than observed ones, the risk of exaggerating the
river recharge into the aquifer is small in this study.
The unaffected modeled water table shows that water is flowing from N-E towards S-W. This already
creates initial unfavorable conditions for a situation where it is desired to avoid river recharge
reaching the well area. When water extraction in the form of pumping is added to the system, the
river-aquifer interaction increases further. The model results show that during most parts of the
studied year, the river is feeding the aquifer, also when no pumping is affecting the aquifer. Pumping
with realistic rates from the currently used pumping well resulted in river water reaching the well at
all times. However, during the dry summer months, this interaction is minimal. July has a low river
stage and the modeled net river recharge is directed from aquifer to river. Even so, pumping leads to
drawing some water from river to the well. The part of the river from which leakage occur is always
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situated some distance upstream from the pumping well. River sections next to or downstream from
the well area were not affected. The higher pumping rate that is used, the earlier will the well
capture zone include the river and the wider will the capture zone be. The capture zone also widens
with increasing pumping time duration, before it seems to stabilize after 180 hours of pumping. This
gives an estimation of how long it will take to produce steady-state conditions, having a capture
zone wide enough for providing the volume of extracted water. Applying this information on the
pumping test conducted in this study, suggests that the duration of pumping was not sufficient for
creating steady-state conditions. This was already suspected based on the pumping test analysis,
where the Neuman curve matching showed that the data series from distant wells seemed to be
unfinished.
The results show that approximately 10 % of the extracted water from well 2 is originating from the
river disregarding of the pumping rate. This is based on an assumption that the additional river
water entering the aquifer in pumped conditions compared to non-pumped conditions will flow into
the wells. If no pumping takes place, river water does not pass through the well. However, even
though it is not possible to see from this local model, the well capture zone could include the river at
some point further north. If that is the case, it is likely to be at a distance that fulfills the
requirement of 60 days residence time.
The model reaction to an increase in river stage resembling possible yearly variations was studied. A
scenario with tripled river stage and original precipitation recharge could represent for example the
snow melting season where water from the mountainous surrounding areas causes the river to rise.
This river rise led to a more than doubled modeled river input to the aquifer. This does not only
mean that the aquifer will contain more water, but also that a larger proportion of the water will
originate from the river instead of fluxes from the model constant head borders. Keeping the river
stage at 0.5 m and instead increasing the precipitation recharge with 50 % led to a 1 % decrease in
river recharge to the aquifer. Thus, the river recharge is very sensitive to river stage varying in
realistic ranges, while precipitation changes barely influence it at all. This depend on the fact that
the river stage has a better ability to affect the groundwater table gradient since it varies in broader
ranges than precipitation (for example, a monthly additional recharge of 50 mm does not affect
much compared to a river stage change of 1 m). Therefore, a time when river recharge into the
aquifer is minimal has to be based on river stage and not precipitation (even if these two are usually
connected). Times when river stage is very low are therefore considered the times where there is
least risk of contamination originating from the river and reaching the wells.
All results strengthening the theory of river water entering the aquifer point to the importance of
also considering activities in the river vicinity when assigning future restriction/protection zones for
the area. Only zone 1, presented in the study by Aasland and Knudsen (1987) (Figure 6), is discussed
here since more distant restriction zones are too far beyond the extent of this local groundwater
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model. Zone 1 is often referred to as the inner restriction zone and should be defined with respect
to maximum expected water extraction (Gaut 2011). With the current location of the water supply
well, the residence time from river to aquifer is 20 days. This means that for killing possible bacteria
in the water, an additional residence time of 40 days is required along the river for water naturally
discharging towards (and upstream) affected river sections. Restriction zones along the river would
thus have to be defined in order to meet this condition for protecting the groundwater source. On
the west side of the river, the residence time from the northern local model border is approximately
40 days and a distance corresponding to 20 days more is therefore necessary in order to define
restriction zone 1. Based on the model results, it is very unlikely that water from south of the wells
will flow into them. All capture zones are almost entirely restricted to areas N-NE of the well that is
being pumped. This reduces the importance of including southern areas in zone 1, but since there
are no land use conflicts there the question is not an issue. Including this part could anyway be a
good option since flooding events can lead to changes in flow direction connected to overland flow
which could affect the whole delta. An attempt to visualize the location of a possible zone 1
boundary based on the above discussion and pumping from well 2 with a rate of 350 m3/day is
found in Figure 68. The Swedish guide about water protection areas (Naturvårdsverket 2011)
repeatedly points to the importance of including at least parts of the surface water body and its
catchment area in the restriction zones for groundwater wells with induced infiltration. The section
of the surface water body from which infiltration occurs should be part of it as a minimum.
Considering a relatively small river with quite rapid flow, as in this study, it can be discussed how
much of the river in the upstream direction that should be considered in the restricted areas. A
contamination source released in the river upstream from the river infiltration area might not have
time to be extensively diluted before reaching the aquifer. This is based on the regional model
results which show that further upstream the aquifer seems to mainly be feeding the river and thus,
no contaminants will leave the river. This changes when the river enters the local model area where
the terrain flattens. According to this, as much as possible of the river should be considered for best
water protection. However, including a whole river tributary like this in restriction zones is
impossible and a limit therefore has to be defined. A possible limit could be where the main road
crosses the river, and it would thus be assumed that contamination originating further upstream
would be sufficiently diluted (through the river water increase occurring from aquifer leakage along
that river section) before reaching the infiltration area. The determination of this limit is highly
speculative and field experiments regarding substance dilution would have to be conducted for
confirmation.
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Figure 68: Suggested areas of importance for defining restriction (protection) zone 1. These are explicitly based on the
model results. The zones are set up to fulfill the criteria of 60 days residence time for water reaching the wells from the
zone borders. The zone borders are only approximate and no studies have been done to investigate the residence times
further up along the river. The flowpaths connected with each well have markers which represent 20 days residence
time each. The flowpaths are truncated where the local model ends.

Some well locations proved to be more suited for water supply with respect to river-aquifer
interaction. Assigning locations further west on the delta gave a more protected water source with
respect to defined contamination threats, since these capture zones did not include the river.
However, in a period of high river stage only the westernmost location proved to be unaffected by
river recharge. Its capture zone keeps a relatively large distance to the river. The location was
defined relatively far southwards (Figure 68) but could just as well be moved further north along its
defined capture zone. A location on the more southern parts of the delta would in reality require
measures to secure the well with respect to flooding events since the topography is lower. Since the
lower parts of the delta are flooded relatively often, it is important to place wells at an elevated
formation to prevent flooding water from entering the well directly. The elevation of the formation
should be determined with respect to estimated flood levels. However, a flooded area leads to
possibly contaminated water (both with respect to bacteria and fine particles) short-cutting through
saturated overland flow and reaching the well area faster and without going through much filtration
and this can cause problems even if the well is elevated. These are the downsides of placing a well
on the southern parts of the delta. On the positive side, the residence time from populated areas is
increased which is preferable. Placing a well further north would mean a safer location with respect
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to flood events since this area is more elevated. However, this will most likely include some
residential areas inside zone 1 and this is generally not compatible with the restrictions connected to
this zone. Such restrictions often include for example usage of motor vehicles and sewage drains
(Aasland and Knudsen 1987). From this reasoning, the best choice of well location would be as far
north along the capture zone as possible, without getting residential areas in restriction zone 1.
However, moving the well further north is only justified if this leads to a more elevated position. The
suggested restriction zone of the new well (Figure 68) shows a larger distance from well to zone
border compared to what was defined in 1987 by Aasland and Knudsen (Figure 6). The areal extent
that needs to be considered for protection zone 1 with respect to well 7 is much smaller than what is
necessary for well 2.
The numerical model operation is affected by the northern boundary location. Using a constant
head boundary that is close to the well area can bring complications. There is an unlimited amount
of water that has little chance of adjusting to site-specific topographic and hydraulic conditions since
the flow distance is short. This likely affects the model results, contributing to the fact that wells
draw all their water from the northern side and none from other directions. Furthermore it
generates very narrow capture zones in the model. This causes restriction zones based on these to
become small, and should likely be larger in reality.

5.4 Model limitations and further recommendations
The numerical model only represents the conceptual model created from the data that was
collected in this study. In many ways, this data set is not sufficient to create a conceptual model that
represents all the complex nature of the aquifer in the study area. This leads to the fact that
quantitatively, the model could present inaccuracies resulting from the incomplete input data or
uncertainties associated with it. Nevertheless, qualitatively the model represents a tool that allows
approximations of the aquifer dynamics; the interaction between the river and the aquifer, the
impact of changes in hydraulic properties and the spatial distribution of them as well as changes
produced by modifications of the pumping rates, well locations and pumping time.
Limitations stemming from:


Water balance uncertainties: Mostly the question of delay that was omitted in the study but
also that there are no weather stations or discharge measurements in the area.



Very few observations to base the regional model geology on and too few data for creating
a more detailed local geology.



A calibration data set that comes from wells situated downstream of the area from which
the wells receive most water according to the model results. Wells would be needed in the
upstream direction and also between the pumping well and the river to better represent
the critical areas with respect to contamination risk. For investigating residence times and
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flow paths on the other side of the river, a well needs to be installed there too. This will
decrease the uncertainties connected with these areas due to a limited calibration data set.


Few measurements of water level both in time and space.



Lacking of lake level measurements in the correct end of the lake.



The northern constant head boundary is very close to the well area.

Based on the above some recommendations can be suggested if the area is going to be studied
further. The water balance uncertainties should be decreased through river discharge and stage
measurements throughout the time period included in the study. By defining the river behavior like
this the delay uncertainties regarding the very large catchment draining to the river is eliminated.
The geology of the aquifer should be investigated more closely through some geophysical profiles
further north. If GPR is used, a common mid-point survey should be part of it, for accurately defining
the site-specific wave velocity. Only an estimated value based on the expected geology was used in
this study. A borehole to calibrate the data would also be worth doing, and also important for
gathering groundwater table data from a more wide-spread area. It would also be good to
investigate the geological conditions of the local area in more detail. ERT profiles, sampling and drill
logs suggest heterogeneities in the subsurface which is not uncommon in a delta environment like
this. Furthermore, the results from the sensitivity test show that the model is relatively sensitive to
variation in the spatial distribution of K, which make this an important parameter for a high-quality
model. By combining this with the calibration results, a better calibration outcome could be
achieved if allowing spatially varying K. This is because the main problem in the calibration was that
the model calculated water table was too high in the southern wells. It was not possible, with the
initial conceptual model with homogeneous hydraulic conductivity, to decrease the water table in
the southern wells while keeping it constant in the northern ones. A zone configuration using
different K showed that sometimes a group of wells were more affected than others. Implementing
a zone configuration which would lead to a water level decrease in well 4 and 5 but not affect well 1
and 2 much would give a better calibration result. This indicates the presence of varying hydraulic
conductivity in the study area. A more detailed interpretation of the geology is best done by drilling
since it was difficult to go into further detail based on the geophysical results. Based on the zone
configuration results, suitable locations of boreholes would be one north of the well area and one
further south on the delta. This is because the model showed a relatively big response to large E-W
elongated high-conductivity zones introduced in these areas. For high-conductivity zones elongated
in the N-S direction, the model showed less response and therefore borehole information
investigating such a distribution (wells east of current well area) is less important. Furthermore,
according to the sensitivity analysis it is not important to look for small details such as spatially very
limited clay lenses for example. A notable model response was only found when using zones with a
large spatial extent, while smaller ones did not affect much.
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To locate a well closer to the river is recommended since this would fill the information gap about
how the groundwater level here reacts to pumping. This is very important information with respect
to river-groundwater interaction. An attempt to drill a well between the pumping well and the river
was made in this study, but the ground conditions proved too harsh for drilling without heavier
equipment. If it is desired to study the groundwater changes in a transient model, groundwater
table should be measured throughout a long period to obtain sufficient calibration data. If steadystate is considered enough, then a long-term pumping test should be carried out to be sure that the
water levels have stabilized. It is necessary to measure lake levels in the proximity of the study area,
since spatial variations most likely exist in such a large lake. A thorough determination of the lake
levels improves the boundary condition set-up. This is also supported by the sensitivity analysis
results which showed a relatively large model response to varying the lake level. Furthermore, it is
recommended to model a larger area (if a sufficient data set is collected for supporting this decision)
to reduce the negative effects of constant head boundaries too close to the well area and also for
being able to investigate groundwater characteristics at a larger scale for defining complete
protection zones. If this is not possible, known flux boundaries should be considered instead but
reducing the uncertainties regarding these can be difficult. The sensitivity analysis also highlights the
importance of assigning an accurate value to this border, since it affects the model outcome. A well
could be placed at the border which would show if it is reasonable or not to assume a constant head
also during heavy pumping. Finally, a tracer test could be conducted to confirm hypothesizes based
on a model outcome.
Based on former observations (manure spill in the river reaching wells) and the modeling results in
this study, the river is to some extent feeding the aquifer. This statement points to the importance
of reducing the uncertainties regarding the riverbed characteristics. Changing the riverbed
parameters did not result in much model response in this study. However, the range in KZ that was
used is narrow and a larger range could be tested. The riverbed plays a major role in determining
how much infiltration that will occur from river into aquifer. Riverbed characteristics not only vary
between rivers, but also in time for a certain river. Periods with low flow leads to more
sedimentation which might reduce the infiltration capacity. Surveys in France show that the
infiltration can vary more than 50 % between flood and drought periods (Detay 1997). High
resolution GPR is suggested as a tool for investigating the border- and bottom sediments of a river
(Colleuille et al. 2004). Doing this at a time right after a flooding event and also during the dry
season could give useful information, helping to set the river parameters in the model more
accurately. River water temperature can also affect the infiltration into the aquifer. Changes in
infiltration of 30-40 % in the course of one day have been recorded in alpine streams (Constantz
1998; Ronan et al. 1998).
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6. Conclusions
The geology of the study area was described by two sedimentary layers above low-permeability
bedrock. The upper layer consists of coarse sand-gravel dominated material of glaciofluvial/fluvial
origin and the lower layer is a fine-grained till. The average hydraulic conductivity of the two layers
was in the range of 15-62 m/day. The specific yield was 0.22-0.25 and the specific storage 0.000460.0079 m-1. These values for hydraulic parameters match with literature values defined for clay, sand
and gravel. The groundwater table reflects the topography. The area receives recharge through
precipitation, groundwater discharge and fluxes from river and lake.
The derived local model proved to be most sensitive to changes in constant head boundaries and
introduction of spatially variable hydraulic conductivity. A 2 m change in the constant head
boundary representing the lake led to approximately a 1 m change in modeled groundwater levels.
Changes of 3 m were found resulting from different distributions of hydraulic conductivity.
Introducing large high-conductivity zones elongated in the E-W direction resulted in the greatest
groundwater level response. High-conductivity zones with a small spatial extent did not affect the
water levels much. The calibrated model presented a correlation coefficient of 0.98 and an absolute
residual mean of 0.23 m between modeled and observed water levels. Comparing modeled and
observed water levels in other time periods than Oct 2013 (on which the calibration was based) gave
poorer results. The best match was found in the well vicinity while modeled water levels were higher
than observed ones closer to and on the east side of the river.
The regional model showed that the river is primarily gaining water from the aquifer before it enters
the flatter part of the delta. This is where the local model starts and in this area there was a strong
tendency of river leakage to the aquifer instead. The net river leakage in the local model was
directed from river to aquifer during most parts of the studied year, except the summer months and
Sept-Oct 2012. When pumping from the currently used production well (well 2), the river leakage is
increased. Approximately 10 % of the extracted water originates from the river disregarding of
pumping rate. The higher pumping rate that is used, the larger section of the river is affected and
the residence time from river to well is decreased. When pumping with the rate the waterworks is
currently using, this residence time was 20 days which is too short for incapacitating possible
bacteria in the water. Increasing the river stage by 1 m led to a more than doubled river leakage
while a change in surface recharge gave negligible response and thus, the river stage is the
governing factor with respect to river leakage. The system reached steady-state conditions after
approximately 200 hours of pumping. Whether river water reached the wells or not proved to be
very dependent on the well location. Pumping carried out from all wells in turn showed that the only
ones whose capture zones included the river were well 2 and 5, which are located closest to the
river. It was showed that, only by moving the current pumping well (well 2) 20 m towards west, the
river water seized to flow into the well. However, assigning an extreme scenario with regards to
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river stage (increased by 1 m) led to river water reaching all wells. A location which proved
unaffected even in such a scenario was found further west on the delta. By placing a well on the
most elevated spot for protection against flooding, without causing its protection zone
(corresponding to a residence time of 60 days) to interfere with residential areas, the best
protection with respect to contamination would be obtained.
If continuous usage of well 2 is planned, it is recommended to protect at least the nearest areas that
drain to the river upstream from the well area. Increasing the cattle amount should be carefully
considered and measures such as limiting the pasture extent next to the river right upstream the
well area are recommended, especially in periods of higher river stage. It should be taken care of
that large amounts of manure is not stored directly on the ground and that nothing is dumped in the
river. For minimizing uncertainties connected with the model, a future study should prioritize
assigning a boundary condition to the northern model border which is backed up by either borehole
or geophysical data. This border should be located as far from the well area that the availability of
stratigraphic data permits. Lake levels are to be monitored in the vicinity of the study area. For
investigating the zone distribution it is suggested to install at least two wells, one north and one
south of the current well area. Furthermore, a well should be installed close to the river for including
also this area in the calibration process. Data collection should be focused from the area upstream
of the pumping well, since this is where the extracted water mainly comes from.

.
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Appendix 1 - Geophysical results
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Figure 69: The remaining two ERT profiles, developed by Rambøll DK. For location, see Figure 9.
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Figure 70: The high-resistivity interface corresponding with the bedrock surface, developed by Rambøll DK. For location
of the original resistivity profiles, from which this interface was interpolated, see Figure 9.
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Figure 71: The GPR reflector corresponding to Interface 1, developed by Rambøll DK. For location of the original GPR
profiles, from which this interface was interpolated, see Figure 9.
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Appendix 2 – Borehole data

Figure 72: Grain size distribution curves from well 2, prepared by Brødrene Myhre AS. Samples from greater depths than
14 m show a larger proportion of fine material than more shallow samples.

99

Figure 73: Discharge information well 2, by Brødrene Myhre.

Figure 74: Discharge information well 1, by Brødrene Myhre.
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Figure 75: Borehole logs from west of the river along the main road (Oppland Vegkontor 1982).

Figure 76: Two representative borehole logs from the east side of the river (Oppland Vegkontor, 1982).
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Appendix 3 – Pumping test

Figure 77: Comparison between pumping test and recovery test data.
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Appendix 4 – Modeling
Table 14: The original and modified versions of P and E. The modified versions are used as a basis for developing
representative boundary conditions.

Month
(20122013)
Sept
Oct
Nov
Dec
Jan
Feb
Mar
Apr
May
June
July
Aug
Sept
Oct

Original
P (mm)

56
93
111
63
28
20
3
24
141
147
13
117
67
51

Modified P with Modified P Original E
respect to model for area 1-4 (mm)
surface recharge (mm)
(mm)
56
56
33
93
93
26
111
111
14
0
63
7
0
28
2
0
20
3
0
3
1
93
93
14
187
187
112
147
147
147
13
13
13
117
117
99
67
67
39
51
51
14

Modified E
with respect
to
Tamm
(mm)
28
22
12
6
1
3
1
12
94
124
11
83
33
12

Modified E
with respect
to elevation
(mm)
25
20
11
5
1
2
1
11
84
111
10
74
29
11

Table 15: Groundwater fluxes for area 2 and 4 together with the modified water balance components that were used for
calculating these. The averaged winter month runoff is denoted as modified runoff in the table.

Month
(20122013)
Sept
Oct
Nov
Dec
Jan
Feb
Mar
Apr
May
June
July
Aug
Sept
Oct

Modified P Modified E with Runoff
Modified Groundwater
Groundwater
for area 1-4 respect to Tamm (mm)
runoff
flux Area 2 flux Area 4
(mm)
(mm)
(mm)
(m3)
(m3)
56
28
28
28
5880
22680
93
22
71
71
14910
57510
111
12
99
99
20790
80190
63
6
57
25
5250
20250
28
1
27
25
5250
20250
20
3
17
25
5250
20250
3
1
2
25
5250
20250
93
12
81
81
17010
65610
187
94
93
93
19530
75330
147
124
23
23
4830
18630
13
11
2
2
420
1620
117
83
34
34
7140
27540
67
33
34
34
7140
27540
51
12
39
39
8190
31590
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Table 16: River depths calculated from the modified water balance components corresponding to area 1 and 3. The
evapotranspiration was multiplied by a factor of 0.9 for this area, since it is more elevated and the evapotranspiration is
therefore likely lower.

Month
(20122013)
Sept
Oct
Nov
Dec
Jan
Feb
Mar
Apr
May
June
July
Aug
Sept
Oct

Modified P for Modified E with Resulting
Modified
Correspondi
area 1-4 (mm)
respect
to runoff (mm)
runoff
ng
river
elevation (mm)
depth (m)
56
25
31
31
0.4
93
20
73
73
0.83
111
11
100
100
1.11
63
5
58
26
0.27
28
1
27
26
0.27
20
2
18
26
0.27
3
1
2
26
0.27
93
11
82
82
0.93
187
84
103
103
1.05
147
111
36
36
0.3
13
10
3
3
0.11
117
74
43
43
0.45
67
29
38
38
0.45
51
11
40
40
0.5
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