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FORORD 

Norge står overfor store utfordringer med hensyn til forvaltning av landets grunnvannsressurser. De 
to mest aktuelle eksemplene er den nylig inngåtte EØS-avtalen og Stortingets vedtak om utbygging 
av ny hovedflyplass på Gardermoen. Gjennom EØS-avtalen er Norge forpliktet til å følge EUs krav 
til drikkevannskvalitet. En håndhevning av disse standardene kan gjøre grunnvann økonomisk 
interessant for enkelte kommuner. Da Stortjnget vedtok å lokalisere Oslos nye hovedflyplass på landets 
største løsmasseavsetning, hle det satt strenge krav til Luftfartsverket for å sikre grunnvannet mot 
ekstra forurensning. 

Innen forsknings- og forvaltningsmiljøene har man lenge vært oppmerksom på hvilke krav samfunnet 
vil bli nødt til å stille vedrørende vern og utnyttelse av grunnvann. Samtidig har dette fagområdet 
lenge vært lavt prioritert. Det var derfor nødvendig med en tverrinstitusjonell satsning for å heve den 
generelle kompetansen innen dette feItet. Gjennom 'Haslemoen-prosjektet' har fagmiljøene i Oslo 
regionen gått sammen om å gjennomføre vitenskapelige undersøkelser knyttet til grunnvann. 

, H<L'Ilemoen-prosjektet' har blitt støttet av Norges Teknisk-Naturvitenskapelige Forskningsråd gjennom 
programmet "Bedre Bruk av Vanmessursene" med til sammen kr 208.000,-. De deltagende 
institusjoner har bidradd med egenandeler på minimum 50% av feltutgiftene. Kostnader til timelønn 
for vitenskapelig personell kommer i tillegg. Økte krav til intern<L'IjonaIt samarheide har gjort det 
naturlig for oss å utgi denne rapporten på engelsk. 

Av bidragsytere under denne delen av 'H<L'Ilemoen-prosjektet' bør nevnes Joseph Alkn (Universitetet 
i Oslo) som har modellert interaksjonen mellom elv og grunnvann, Eyvind Ellingsen (NVE) som har 
simulert pumpeforsøket numerisk sammen med Nils-Otto Kitterød (NVE), Jens-Olaf Englund (Norges 
Landbrukshøgskole) som foruten å være en av initiativtagerene til prosjektet også har hatt ansvaret for 
de kjemiske analysene av grunnvannet og Lars Gottschalk (Universitetet i Oslo) den andre av 
initiativtagerene, som også har gjort den geostatistiske analysen av grunnvannsobservasjonene. Fan­
nian Kong (Norges Geotekniske Institutt) har deltatt under innsamling av georadardata, og prosessert 
de tomografiske dataene. Marian Morris (Universitetet i Trondheim) har analysert de geoelektriske 
resistivitetsdataene. Vibeke Riis (Universitetet i Oslo) har samlet inn og analysert petrofysiske data og 
utarbeidet en geologisk avsetningsmodell. Jan Steinar Rønning (Norges Geologiske Undersøkelse) har 
hatt ansvaret for innsamling av georadardata, seismikk og geoelektriske resistivitetsdata. Jarl Øvstedal 
(Universitetet i Bergen) har bidradd under gjennomføringen av sporstoff-forsøket. Per Aagaard 
(Universitetet i Oslo) har skrevet den geokjemiske delen av rapporten. Nils-Otto Kitterød har 
koordinert aktiviteten, simulert forurensningstransporten regionalt og sporstoff-forsøket lokalt. 

Oslo, 12. mars 1994 

" /" 

Kjell Repp 
seksjonssjef 
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The Haslemoen-project - Main Results and Experience 

In the last few years there has been a growing interest for groundwater in Norway, 

mainly as a potential resource for water supply. Today Norwegian water supplies 

rely mainly on surface water, but the contamination leve l starts to concem the 

Public Health authorities. Groundwater is to some extent protected from pollution 

by the unsaturated zone, and is therefore an interesting alternative water supply 

source. However. pollution may cause serious damage to this resource, and more 

knowledge is therefor necessary on these issues. 

Groundwater and contamination problems are typical interdisciplinary subjects, 

involving geology, chemistry, hydrology, geostatistics and hydraulics of porous 

media. This approach requires an inter institutional cooperation. GREGR (Ground­

water REsearch GRoup, GREGR 1989) was a direct response to this dem and. The 

first joint project was Haslemoen, and in 1990 GREGR submitted a proposal to 

the Royal Norwegian Council for Scientific and Industrial Research' s (NTNF) 

R&D programe "Improved Use of the Water Resources" (the BBV Programe) for 

funding. 

1 Introduction 
The main purpose of this project was to develop a reference field for groundwater 

research in Norway. The geology of the reference field should not be too complex, 

and as pollution was a central part of the research, the site should have a well 

defined contamination history . The Haslemoen aquifer turned out to satisfy most 

of these criteria and was selected as the study area. The first step was a sedi­

mentological study, and a conceptual model of the geology was developed (chapter 

5). The geological model made the framework for a flow model in the saturated 

zone (chapter 8). The geological mapping was done by using indirect geophysical 

mapping-techniques (chapter 4), analyses of core- and auger samples and detailed 

mapping of sand- and grave l pits. A realistic flow model required monitoring of 

pore flow velocities, and a tracer experiment was necessary. During a 30 days 

pumping test, we applied 2 tracers that were monitored at 3 pumping tubes. Later 

we simulated the experiment by a simple analytical model and a more realistic 

numerical mndel (chapter 6). 

Nitrate contamination of groundwater caused by inorganic fertilizers has been 
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observed at Haslemoen for some time (Englund et al. 1990). During this project 

we have supplemented tr - monitoring equipment, and it is now possible to sample 

soilwater at different locations and elevations from the nitrate sources to the river 

bank of Glomma (chapter 9). The nitrate sources are two cultivated fields with 

mainly wheat, barley and oats. 

So far we have described geology and simulated groundwater flow in a determin­

istic way. An alternative approach that has received much attention in recent 

research internationally, is stochastic modelling. Some preliminary results from 

this geostatistic view point are presented in chapter 7. The next step is to apply 

this stochastic approach in a calibration-validation procedure in a model that 

includes regional groundwater flow and contamination transport. 

This report summarizes only the main results and experience. For further details 

we refer to articles, reports and theses. (For a summary of field activities 

supported by the BBV -program, see Table L) 
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Table I Main field activities at Haslemoen during the BBV -program period 1990-1992 

Field work Date ResuIts and aims 

Exploration-drilling May 1990 CPT -analyses and sounding graphs. 
Valuable geological information. 

Core-sampling May 1990 Sedimentological information. 
Analyses of petrophysical parameters. 

Installation of BAT - equipment May 1990 To define area of nitrate 
contamination. 

Establish local field at Glomma May 1990 To study interaction of groundwater 
and surface water. 

Georadar profiling (NGI) Oct 1990 One good profile obtained. The 
concept needs some more technical 
development. 

Georadar profiling (NGU) Apr 1991 Additional geological information 
from several high quality data 
profiles. 

High resolution seismics and Apr 1991 Good results along the river Glomma. 
refraction seismics (NGU) 

Preliminary tracer test inc!. CP- Apr 1991 Indication of aquifer parameters. CP-
profiling data indicate tracer travel path. 

Tracer test Aug 1991 Monitored drawdown curves and 
breakthrough curves. 

Georadar tomography (NGI) Apr 1991 To detect tracer and confirm density 
forced transport and 
regional flow. 

Soil water pressure measurements Sept 1992 Data to he used in a regional flow-
by BAT-equipment mode!. 

Georadar profiling (NGU) Sept 1992 To try to improve data quality in 
problem area. To confirm diffuse 
anomalies above nitrate plurne. 

Vertical electrical sounding Sept 1992 Data to be used to correlate electrical 
(NGU/NTH) anomalies to georad'lf signais. 

Horizontal electrical profiling Sept 1992 To verify electrical anomaly in nitrate 
(NGU/NTH) contaminated area. 
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2 Location 
The Haslemoen aquifer located in Våler and Åsnes counties in south east Norway, 

is approximately 23 km2 in areal extension and has sediment thicknesses from a 

couple of meters at Spulsåsen in the north-west to maximum 170 m in the south 

(Figure 1 and Figure 2). Glomma in south east, the tributary river Hasla to the 

east, peatbog and shallow deposits in north and west define the boundary 

conditions of the aquifer. Most of the area is cultivated with potatoes, wheat, oats 

and barley, the remaining parts are woodlands with mainly pine trees. Large areas 

of almost horizontal fluvial deposits with terraces at different elevation above 

Glommas present channel, characterize the geomorphology (Figure 1). 

\' 

/Ter-ace 

~ Channel 

~Pea\land 

mBedrocK 

~-'--~Io - 0.5 m Thlckness of 

!~. > O.S m ( slll/sand lop laye6 0.5 , 'm 
~=~====,' 

Figure 1 Key map of Haslemoen showing thickness of top layer 
(' koppjord' ). The white area is cultivated land (Jakobsen et al. 1990) 

The surface soil in the area between Kongsvinger and Våler consists of mainly 

coarse silt and fine sand, and has a particularly large storage capacity of soil 

water. This property makes it interesting from a geological, hydrological and 

especially from an agricultural point of view. The storage capacity and large 

ability to transport groundwater to the surface by capillary force, minimize the 

need for irrigation, even when a water deficit occurs during the growth season. 

This soil has been the subject for severai papers (Bjørlykke 1901, Sondal 1921, 

Holmsen 1954, Goffeng et al. 19HO, 1981 a, 19H lb). In recent years the attention 

has been drawn to water budget and recharge studies (Haldorsen et al. 1986, 

Jakobsen 1987 and Jakobsen et al. 1990) and nitrate leakage to the groundwater 
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Figure 2 Bedroek topography mapped by re/raetion seismies and 
gravimetry by Høye and Sand. 1983. 

reservoir (Englund and Haldorsen 1986 and Englund et al. 1990). 

3 Climate 
Meteorological data from Flisa (7 km south-west of Haslemoen) show typical 

in land climate with co Id winters and warm summers. Annua1 mean precipitation 

and potential evaporation (calculated by Penmans method) for the period 1961-90 

are 617 mm and 365 mm respective1y. Approximately 60% of the precipitation 

falls from May to October, the remaining 40% comes mainly as snow. Potentia1 

evaporation corresponds well to growth season and occurs mainly from May to 

August (Tabell Il, DNMI, 1991). 

Table Il Mean Precipitation (R) and Potential Evaporation (PE) from 1931-1960 at Flisa 

May Jun Jul Aug Sep Oct Nov-Apr Year 

R 39 68 87 83 68 57 221 623 

PE 78 115 89 62 21 - - 365 

4 Geophysical survey 
To get an impression of sedimentary structures at Haslemoen, it was necessary to 

use indirect mapping techniques. In this project we used two different Ground 

Penetration Radar (GPR) concepts, an impulse system - Puls Ekko IV (Rønning 

and Kitterød, 1992), and a multiple frequency radar system (Kong et al. 1990). 

The Norwegian Geological Survey (NGU) operated the impulse radar equipment 

and the Norwegian Geotechnical Institute (NGI) the multiple frequency system. 
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Besides GPR, NGU did conventional high resolution reflection- and refraction­

seismics in a few profiles. In september 1992 NGU supplemented the geophysical 

data with GPR-profiles, vertical electrical resistivity sounding (VES) and 

horizontal electrical resistivity profiling (HEP). VES and HEP data from the last 

survey are not yet available. 

4.1 GPR, VES and "EP 

All together NGU have profiled approx. 25 km with Pulse Ekko IV, 14 km in 

1991 and 10 km in 1992 (Figure 3). The multiple frequency radar concept was 

still under development during this project, and we got only one pro file of l km 

length with reasonably good results. Figure 4 illustrates data from one profile 

sampled by both systems. Both GPR-systems reveals a strong reflector from 

bedrock at around 25 m depth. Data sampled by Pulse Ekko IV are superior and 

reve al internal sedimentary structures that are important in order to understand the 

depositional environment. 

Roughly GPR-data from Haslemoen can be grouped in three different dasses with 

respect to data quality (Rønning and Mauring 1991, and Rønning and Kitterød, 

1992); 

i) areas with good penetration and high resolution 

ii) areas with slightly stronger attenuation than in area i) 

iii) areas where noise ruins signals 

High reso1ution and good penetration (around 30 m) occur in areas with shallow 

depth to the groundwater table (2-4 m), open are as at some distance to the wood 

and generally away from nitrate contaminated areas. The data in Figure 4 represent 

such an area. 

Sampling GPR-data at small paths or dose to the wood, usually gave a noisy 

signal (Figure 5). One possibility that may explain some of the noise, is leakage 

of energy from antennas to air. Leakage may cause reflections from the wood, and 

geological significant reflections are difficult (but probably not impossible) to 

extract. One way to improve signal to noise ratio is to increase the number of 

traces by decreasing the sampling step (e.g. from 2 to l m) and run simple trace 

averaging in the signal proeessing. This was a main objective of the 1992 survey. 
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Figure 3 Sampled GPR-profiles hy NGU, in 1991 and 1992. 

An interesting result appears in areas with nitrate contamination. Nitrate in soil 

water causes an increase in the order of one magnitude in electric conductivity. In 

the unsaturated zone; 3-4 mS/m in uncontaminated area to 30-35 mS/m in 

contaminated area. In the saturated zone from 2 mS/m in uncontaminated area to 

maximum 25 mS/m in contaminated area. High electrical conductivity attenuate 

electromagnetic waves, and the electrical anomaly from nitrate contamination may 

shield an underlaying strong reflector. We tried to prove this hypothesis by 

sampling one profile across the field where nitrate contamination occurs both in 

unsaturated and saturated zone. Unfortunately wood surrounds the field, and it is 

not possible to see the shielding without doing further signal processing, which is 

beyond the scope of this report. 

In one of the profiles along the field one strong reflector diminishes gradually 

downstream (Figure 6). Severai causes can explain this. First; the thickness of the 

unsaturated zone inerease from approx. 2 m in the north to approx. 5 m in the 

south. This will cause an attenuation even without nitrate contamination. (At this 

point we assume a uniform nitrate concentration in the unsaturated zone). Second; 

the thickness of the nitrate plume increases downstream because of strong vertical 

flow components in the saturated zone. Third; because of the underlaying silt unit 

and a constant nitrate application upstream there may be a slight increase in nitrate 

contamination in the saturated zone southward. lf these two last effects pre­

dominates we have an example of attenuation due to a gradually increasing 

contamination. 
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We made some effort to point out an attenuation of GPR-signals in areas where 

the contamination occur only in the saturated zone i.e., downstream of the field. 

In this area the electrical anomaly is at a greater depth and the differenee is even 

more difficult to prove. Besides that, such areas are either entirely in the wood or 

the depth to groundwater tab le starts to be a critical factor. This problem will be 

a topic for further research. To shed more light on this problem we sampled VES 

and HE P-data. 

Detection of a semi horizontallayer appearing in nearly every profile, was a most 

important result. The depth of this reflector varies from a couple of meters below 

the surface in the north east close to Hasla south of Åmot, to 15-20 m further 

south. On top of this persistent reflector there is a unit characterized by 

unsystematic intern al reflections. In some profiles there are reflectors that can be 

interpreted as channels and channel depositions. The sustained reflector is 

consistent with the interface to a silt unit discovered from core sampling. The 

overlaying chaotic unit is well documented through core sampling, auger samples 

and exploration drilling and consists of layered sand. For further discussion of the 

results see chapter 5 and Riis (1992). Worth noting are also the consistency in 

GPR-data and depth to bedrock (Høye and Sand, 19~3 and Figure 2.) 

Cl 
dJ (~-I '-l (\J r::;) Cl 

c-:.~ __ l') ll) r, \_':) __ o 

l~-.-+--~ -;- ..--.,-- ~.--. ~ .. ..--. ---+---+- ~ -t -+ .--t-t--t--t--..-+- t----.--.-t-.,-- 1-+---+-' - ,-t--t-t---+-t- -1 ~t- <--.- .--,-_1 - t- 1-1-1_ - .. -~--~ ,-~~ t -f- t-~ 1--+- ..... --.-----t---.---1-.-~-.--.- .. ~ -, 

Figure 5 Example of data sampled in the wood, 6 in Figure 3. The noise 
is probably due to leakage of energy from transmitter antenna (RØnning 
and Kitterød, 1992) 
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4.2 Reflection- and refraetion seismics 

Seismic surveys on land are time consuming, so only three reflection profiles and 

one refraction profile was sampled during this project (Figure 3). Sampling 

followed a so called 'common-depth-point' procedure. By trace-stacking, common­

depth-point technique increases the signal to noise ratio, depending on degree of 

data coverage. In this survey we obtained a 6-fold data coverage. The equipment 

was a 24-channel digital seismograph (S-2 Echo, Scintrex, Canada), with a center 

frequency of 50 Hz. Signal generator was a 12-caliber specially designed shotgun. 

In the first profile Sl in Figure 3, the bedrock is dose to the surface (6-10 m), and 

reflections from the bedrock and the direct wave (i.e. the shortest traveltime from 

source to receiver) occur almost at the same time. This makes it difficult to 

distinguish between the reflections and the 'tail' of the direct wave. This reflection 

technique is therefare not suitable for detecting targets at less than 15-20 m depth. 

Refractions on the other hand, can be identified in this profile, and suggest a depth 

to bedrock of approx. 9 m at the beginning of the profile. 

At profile S2 the depth to bedrock was approx. 25 m. In this area another problem 

arose, namely loose packed unelastic surface soil (cfr. 'koppjord'). Unelastic 

matter cause strong attenuation of the high frequency energy. In addition this 

surface soil prov ide poar acoustic contact from energy SOlJrce to soil and from soil 

to receiver. Of those reasons bedrock reflections in this ..trea, was hard to detect. 

At profile S3 at the Glomma river bank (Figure 3), water saturates the soil almost 

to the surface. This condition caused a good acoustic contact between soil and 

energy source, and the depth to bedrock was large enough to distinguish between 

multiples and reflections. Profile S3 rendered the most valuable experience with 

reflection seismics at Haslemoen. NGU determined the depth to bedrock to 80 m 

with at least 5 strong intern al reflectors. To improve velocity analysis we did a 

seismic refraction profile that gave average soil velocities of 1500 m/s. 

5 Geology 

A realistic groundwater flow model is based on the knowledge of aquifer geometry 

and a basic understanding of the geo!ogical characteristics. Høye and Sand (1983) 

estimated depth to bedrock by gravimetry and seismic refraction (Figure 2) and 

proposed a sedimentological model of the aquifer, but the internal structure and 

hydraulic properties of the aquifer were still uncertain. On this background it was 
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necessary to make an effort to establish a more precise sedimentological model of 

the aquifer. 

Retreat of the Late Weichselian icecap in eastern Norway, draining of 

glacierdammed lakes, fluctuating sea levels and isostatie land elevation controlled 

the sedimentation of the main sedimentological units at Haslemoen. On the basis 

of drilling, core sampling and geophysical mapping, the sediments of Haslemoen 

can be classified in six stratigraphical units (Figure 7). To some extent the 

environment of deposition can be specified. 
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Sand/sildg sand, enhet B 
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Figure 7 Illustration of Facies at Haslemoen. A-till, B-sandy silt, C-silt-fine 
sand, D-Iayered medium sand, E-silt (' koppjord' ) Riis, 1992. 

Above bedrock there is a discontinuous till of 2-3 m thickness (unit A). A glacier 

near brackish-marine unit (B) is overlaying bedrock and till up to 150 m a.m.s.l. 

This unit, which is poorly mapped, was probably deposited from 9500 to 9200 BP 

(BP - before present) when the icecap retreated from Haslemoen to Elverum. Unit 

C is fluvial silt of 12-13 m thickness and overlays unit B in the whole area from 

approximately 150-164 m a.m.s.l. This unit is probably connected to the 

catastrophic draining of the glacierdammed lake 'Nedre Glåmsjø' 9200 years BP. 

A meandering river system eroded the silt unit, and deposited point bars from 157-

l74 m a.m.s.l. (unit D'). During a new period with increasing river discharge the 
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fluvial medium sand unit (D) was deposited. Unit D that has a chaotic signature 

in the GPR-prof1l1:~s, similar to what we expect from a braided river system. This 

unit are deposited all over the valley from 150-180 m a.m.s.l. and consists mainly 

of fluvial medium sand. The surface sediment unit E is silt ('Koppjord'), probably 

an overbank deposit. The isostatic land elevation caused a lowering of the erosion 

basis. Glomma eroded the sediment and caused the characteristic terraces 

surrounding the river today (Riis, 1992). 

6 Porewater flow velocity 
Calibration of groundwater models is usually done with respect to hydraulic head. 

Hydraulic head is not very sensitive to inhomogeneities in the aquifer. Pore flow 

velocities on the other hand, is very sensitive to aquifer inhomogeneities. The 

crucial question when dealing with chemical contamination is pore velocities or 

residence time in the aquifer. Accordingly a main purpose of the field activity in 

this project was to monitor porewater flow velocities. This is an essential part in 

groundwater modelling when chemical contamination is the ultimate problem. 
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Figure 8. Preliminary tracer test (loc.8 in Figure 9). Break-through occured 
after 8 hours. Of /4 kg Total Dissolved Solid was 8 kg recovered. 

Our main concern was the average pore velocity on a macro scale. Average pore 

velocities can be monitored indirectly by imposing a trace:- into the aquifer. As the 

gradient of the hydraulic head is a driving force to flow, a main decision is 

whether the velocity should be monitored with the naturally gradient or with an 

imposed gradient in addition 10 the regional flow gradient. Natural pore velocities 
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may be in the order of a few centimeters to severai meters per day in the Hasle­

moen aquifer, and we considered this uncertainty to be so large that we decided 

to impose a gradient to speed up the velocity. This approach assumes that pressure 

is monitored in detail. 

Figure 9. Tracer test was peiformed a. location 73, and preliminary tracer 
test at Ioc. 8. Markers indicate location of BAT-equipment 

Preliminary tracer test with CP-monitoring 

To gain some experience a preliminary tracer test with salt (NaCl) was performed 

in 1991 (500 m to the west of the subsequent tracer test). In this preliminary test, 

previous installed tubes and piezometers were utilized and the direction between 

injection- and pumping tube was normal to the regional groundwater flow. Pump­

ing rate started at 5.4 m3/h and fell gradually off to 3.3 m3/s (due to shrinkage in 

a plastic pumping tube). Distance between injection and pumping tube was 3 m. 

Manually collected water samples were taken, and the NaCl concentration 

determined indirectly by measuring the electrical conductivity. 

Breakthrough occurred after 7 hours and maximum concentration passed after 

approx. 10 hours with 10 times the initial el.conductivity. After approx.50 hours 

of pumping the el.conductivity had decreased almost to the initial conductivity 

(6% higher than initial condition, Figure 8). NGU performed a Charged Potential 
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Figure 10. Results from exploration drilling at Ioc. 73 (Figure 9), indieating 
silt at top, layered sand to 29 m below swface,and till above bedrock. 

(CP) monitoring of this test, and was able to detect an electrical anomaly 

corresponding to the salt pulse moving from injection to pumping tube (Morris et 

al., 1992). From this monitoring pore flow velocity and flow direction was 

possilble to define. Probably a minor part of the salt escaped from pumping 

because of the regional flow perpendicular to the injection-pumping direction. 

Indication of the amount of tracer escape is also possible to interpret from this 

data. Unfortunately it was not possible to carry out CP-monitoring during the later 

tracer test. However, if tracer tests in the saturated zone should be performcd in 

the future with or without pumping, CP-monitoring is recommended. 

Local geology 

The tracer test was perforrned 200 m to the west of the com field at point 73 

(Figure 9). Geological details were available through exploration drilling and 

pressure test (CPT) performed by NGI (Figure 10). From core samples 4-13 m 

below surface, Riis (1992) analyzed hydraulic conductivity, porosity and grain size 

distribution (Figure 11). 

The mam resuIt from this analysis is the following geological model; above 

bedrock at 38 m below surface, there is a 4 m till deposition. A coarse silt-fine 

sand unit of approx. 4 m thickness is overlaying the till. From approx. 30 m to 

1.5 m below surface there is a stratified sand unit with medium to fine sand. 

Groundwater table is 4 m below surface. The top soil is coarse silt ('koppjord'). 

For Norwegian conditions this stratified sand unit is remarkably homogeneous. 

Variance of hydraulic conductivity is larger with respect to estimation techniques 
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Variance of hydraulie conduetivity is larger with re speet to estimation techniques 

than actually variance of estimates from samples to samples (Figure 11). Direct 

permeability measured from whole core samples of 64 cm length, varies from (6.1-

R.3)· 10-5m/s, while Hazen's and Gustafson 's estimates from grain size distribution 

gi ve values from (1.7-2.0)' lCr4 rn/s and (2A-2.R)· lO-4rn/s respectively. From triaxial 

tests with cores of 11 cm length, the mean value varies from (1.0-2.6)' 1O-4m/s, 
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with only aminor decrease in permeability as a function of increasing pressure. 

These results indicates that compressibility of the sediment can be neglected in 

this part of the aquifer. There is however a trend in the estimates that indicate a 

slightly decreasing hydraulie conductivity with increasing depth. Porosity is 

estimated to be around 25%. For further details see Riis (1992). 
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Figure 13. Set-up of the experiment in horizontal plane. The dashed line 
indicate groundwater table before pumping, contour interval in cm. 

Set-up of experiment 

The stratified sand unit is approx. 25 m thick below the groundwater table. Of 

economical reasons we did not screen the whole aquifer, either in sections nor 

with one weU. 3 pumping tubes, 32 mm in diameter and with 70 cm long filtertips 

at 2-5 m below the groundwater table, penetrated 12 % of the aquifer. The 

injection tube had a 4 m long screen and was located 10 m away from the 

pumping wells. The injection screen covered the same depth interval as the 

pumping filters. Drawdown was monitored automatically in 4 piezometers and 

manuaBy in 6 tubes (Figure 12, Figure 13 and Figure 14). Pumping rates was 1.8 

m3/h for the upper tube (2.0-2.7 m below initial groundwater surface), 1.65 m3/h 

for the intermediate tube (3.4 - 4.1 m depth) and 1.6 m3/h for the deepest tube (4.4 

- 5.1 m depth). These pumping rates were constant during the whole pumping 

period, only interrupted by maintenance of the power generator or by technical 

problems. The pumping period was 30 days and a steady state flow condition was 

not fuBy achieved (Figure 15). 
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(Figure 9). 
breaks. 

Drawdown monitoring form 12.08.-20.09.91 
The irregular character in drawdown is due 

at loc.73 
to pumping 

We used two different tracers, Rhodamine-WT and NaCl. We recharged 43.43 g 

dissolved Rhodamine and 35 kg salt dissolved in 300 l water into the injection 

tube after approx. 5 hours of pumping. At the pumping tubes we sampled 

electrical conductivity every 2nd minute. Water samples were taken to detect 

Rhodamine (detection limit 0.2 ppb). One of the electric al conductivity sensors 

probably broke down before we detected any electrical anomaly (Q3 in Figure 17). 

The electrical anomaly occurred earlier than break-through of Rhodamine both at 

Q 1 and Q2 (Figure 18). 
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We recovered only 2.3 g Rhodamine-WT i.e. 5.3 % of injected tracer. Obviously 

there have been a large escape of tracer from the pumping tubes, and some 

fraction have most likely been adsorbed in the sediment matrix. The amount of 

adsorbed matter have not yet been quantified. 

The recovery of salt is more complicated. After the first receSSlOn In salt 

concentration, the concentration started to increase in Q1 and did not cease during 

the pumping period (Figure 17). This can be explained by the great salt 

concentration (approx. 10 %), that have a rather large density contrast to fresh 

water. The salt could therefore sink downwards before it was recovered. Gravity 

is very important in this tracer test because of the slow pore flow velocities around 

the injection tube. Another possibility to the increase in salt concentration at the 
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end of the pumping period, is that all the salt crystals may not have been dissolved 

before injection. This crystals would then sink to the bottom of the injection tube 

and gradually dissolve. 

Accordingly the escape of salt have most likely been greater than for Rhodamine­

WT. Escape of salt is confirmed by an electromagnetic tomography performed by 
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NOl at to PVC-tubes during the tracer test. One of this tubes was located right 

downstream to the injection tube with respect to the regional flow direction (PVC2 

in Figure 13). The other PVC tube was located between the injection an the 

pumping tube. The attenuation of energy was greatest in the PVC-tube downstream 

of the injection tube (Figure 16). 

Regional flow 

To minimize the escape of tracer the direction between injection and pumping 

should be parallei with respect to regional groundwater flow. As indicated in the 

groundwater table map there is aminor anomaly in the groundwater flow in the 

tracer test area (Figure 19). The regional flow direction is therefore somewhat 

difficult to monitor. Pumping and injection tubes were installed before the local 

flow direction was determined in detail. Accordingly, injection-pumping direction 

was 30° off the regional flow direction. 

Figure 19. Groundwater table mapped by Englund et al. in june 19R5. 

The gradient of the groundwater table in the flow direction is of the magnitude 

2· 10-3• The drawdown of the water table around the pumping tube is not entirely 

concentric circles, but is elongated in the regional flow direction (Figure 13). 

However, the gradient between injection and pumping tube increased an order of 

magnitude; to 1.4· 10-2 (03-PI) and 7.0· 10-3 (03-P2). So as a first approximation 

the regional groundwater flow may be neglected. 
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6.1 Analytical simulation of drawdown and break-through curves 

The main purpose of this traeer test was to monitor pore flow veloeities. Pore flow 

veloeities are a funetion of hydraulie eonduetivities, porosities and gradients of 

hydraulie head, V~. With a relatively homogeneous aquifer, good estimates of 

petrophysieal parameters and weU monitored drawdown and break-through curves, 

pore flow velocities should be possible to model. 

The first step was to simulate drawdown and break-through eurves with an 

analytical solution based on assumptions of a simplified geologieal model. This 

simple analytical solution is weU suited to analyze sensitivity in drawdown and 

break-through with respeet to different petrophysieal parameters. The next step 

was to ealibrate a numerieal model under the same eonditions as the analytical 

model, primarily to gain some numerieal experienee with the code and to make 

proper deeisions with respect to boundary conditions and how to discretize the 

flow field. The final step not yet aehieved, is to apply a more realistie model of 

the geology in the numerical mod el. 

Analytical approximation 

The response of water abstraction from a weU is usually analyzed by applying the 

observed data to type curves developed from analytical solutions that represent 

different simplifying approximations of the true flow. Severai analytical methods 

are diseussed by Kruseman and de Ridder, 1992. In resent years analytical solu­

tions are developed to handle aquifers with more realistic geology (Wikramaratna 

1984, Maas 1987, Szekely 1992), and it seems to be a need for analytieal simula­

tions as an alternative to rigorous numerical simulations (Veiing, 1991). 

At loeal seale around point 73 the Haslemoen aquifer can with some reservations, 

be eonsidered homogeneous, but with a distinct stratification. At first we assumed 

that the aquifer was isotropic. Later we changed this assumption and eonsidered 

the aquifer to be anisotropi c with respect to the horizontal and vertical flow 

direetions. 

Maximum drawdown was approx. 40 cm and the thickness of the aquifer is 

minimum 2S m. The gradient in the flow direetion dh/dr, had a maximum of 0.02 

between P2 and P3. As dh/dr « 1, the flow is mainly horizontal (Dupuit­

Forchheimer assumption, Bear and Verruijt 1987), and the equations for a eonfined 

aquifer may be applied. (This assumption is somewhat violated for r < 1.8 m i.e. 

for Pl and P2.) 
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If we neglect the regional groundwater flow gradient, which is of the order dh/ds 

= /- 10-3 , the radial flow equation in a homogeneous isotropic confined aquifer is 

described by the differential equation (Bear, 1979); 

+ 
1 ås 
rår 

+ 
cf2s Sås 

Tåt 
(1.1) 

where s is the drawdown at a time t at a radius rand depth z, s(r,z,t)=<po - <p(r,z,t). 

Sand T is the storativity and the transmissivity of the aquifer respectively. 

The initial and the boundary conditions are (b and d explained in Figure 12): 

and 

ser ,z,O) = ° , 
ås(r ,O,t) = ° , 

åz 

lim(b-d)r ås 
r .... O år 

° Qw 
--
27tk 

° 

s( oo,z,t) = ° , 
ås(r,D,t) = ° 

åz 

for O<z<d 

for d<z«b -d) 

for z>b 

Where Qw is pumping rate, k is hydraulic conductivity and D is aquifer thickness. 

In the following transmissivity T is replaced by kD. 

According to Hantush (1961) the solution can be divided in to two parts Weu) and 

f. Weu) is the Theis-well function which takes the horizontal flow component into 

account, while f is the additional drawdown due to a partially penetrating weU. 

This latter flow component is both vertical and horizontal. From Hantush (1961) 

we get; 

ser ,z,t) Qw { (rbdz)} Wiu + u----
47t kD () f 'D' D' D' D 

(1.5) 
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where 

and 

f - 2D ~ {l (. meb _. med) n7tz W ( n7tr)} - L.J - SID-- SID-- cos-- U,--
7t(b-d)n=l n D D D D 

where 

and 

2 
00 (n7tr) 

w(u, n7t r)= J lexp{ -~ - D }d~ 
D ~=u ~ 4~ 

~ is a dummy variable. 

If s is not observed at a point z, but over an interval b' to ei (Figure 12), s has to 

be integrated over the observed interval, hence; 

where 

2D 2 
------·B 
7t 2 (b-d)(b '-d ') 

B -~ 1 (' n7tb . n7td)(. n7tb' . n7td ') 117.( n7tr) - L.J - SID-- -SID-- SID-- -SID-- "1 U --
n=l n2 D D D D ' D 

If b' -ei < 0.05' D, the difference between f and fm is negligible. 

(1.10) 

If U is small, then f and fm can be considered stationary, and is on ly a function of 

the position. 
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Hantush (1961) claims that if 

u < J....(1tr)2 
20 D 

then W(u,mtr/D) can be approximated very closely by 2Ko (nrrr/D) where Ko is 

the zero-order modified Bessel-function of the sec ond kind. 

The most important anisotropy at Haslemoen is the difference between vertical and 

horizontal hydraulic conductivities. In such cases anisotropy can be taken into 

account by letting J, that include vertical flow, be a function of the radius 

multiplied by the ratio of vertical to horizontal conductivity ~=r/D' (kik,,) Jh 

(Kruseman and de Ridder, 1992). Then (1.5) is reduced to 

ser ,z,t) (1.13) 

where 

l. 4D ~ {l K ( A) (. n1tb _ . n1td) n1tz } s L.-J - o n1t p Sffi-- Sffi-- cos--
1t(b-d)n=l n D D D 

Or if s is observed over an interval b' to d; 

( b db' d'l 4D 2 , f. p---- = ·B 
ms ' D' D' D' D 1t 2 (b - d)( b ' - d ') 

(1.15) 

where 

B '-~ 1 K ( A)(' n1tb . n1td)(. n1tb' . n1td') -L.-J - n1t p Sffi-- -Sffi-- Sffi-- -Sffi--
n=l n2 oDD D D 

One important practical result from Hantush (1961) is that at a radius r greater 

than l.S' D· (k,/k) 0 to 2· D· (k,/k) Jh the flow is essentially 2 dimensional and the 

J -part can be neglected in equation ].] 3. 
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Figure 20, Observed and simulated drawdown at P4 (Figure /3). Only 
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conditions. 
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Calibration and sensitivity analysis 

To simulate drawdown we needed to write subroutines in order to calculate Weu), 

Is,/ms and Ko' All subroutines were controlled against tabulated functions (see app. 

and e.g. Bear, 1979 or Kruseman and de Ridder, 1992). From these subroutines 

we calculated the drawdown in each of the observation wells. For each well kh , 

kv and S is tuned to fit the observations as shown in Figure 20, Figure 21 and 

Figure 22 for P4. 

The simulation indicated following ranges for k h , kv and S: 

2.0 - 10-4 < kh < 2.5 - JO-4m/s 

k h < kv < lhkh 

0.2 < S < 0.3. 

Finally we used ane set of parameters to simulate the observed drawdown in all 

wells. In Figure 23 are drawdown simulated in P3, P4 and G3 with parameters; 

kh=2.0 - 10-4m/s, k v=I.5· 10-4m/s, and S=0.20. At a radius less than 2 m the as­

sumption of using the equations for a confined aquifer is not fulfilled, and we 

were not able to simulate the drawdown with desired precision. At a radius less 

than 2 m the observed drawdown is always less than simulated. At Pl (radius of 

0.3 m) observed drawdown is 30-40 cm less than simulated. Generally the 

simulations indicate more drawdown than observed at Pl, P2, P3 and P4, but 

underestimate drawdown at G3 (see Figure 24 where accumulated deviation 

between simulated and observed drawdown is plotted). 

o 

·0,05 

~ -0,1 

~ 
o 
'O 

~ -0,15 

-0,2 

-0,2S 

A ..... A- -, 
" 

B 
B. 

.. 11- .. 

IIhB· "'8 

B 

• 

4,5 5 S,S 6 6,5 
logCt) <s> 

Il P3(obs) ,P4(obs) "G3(obs) 
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At a radius of 30 m the flow is dose to 2 dimensional, and observations can be 

fitted to a Theis type-curve. This gives estimates of kh and S in the range of 

1.5· 10-4<kh<.2.0· 10-4m/s and 0.2<.5<0.3. 
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Figure 24. Accumulated deviation between simulated and observed draw­
down at P3, P4 and G3 (Figure 13), Over estimation in P3 and P4, under 
estimation in G3. 

Break-through simulation 

After obtaining one set of parameters, flow in the horizontal and the vertical 

directions were calculated analytically in a 25 x 25 cm grid net, 12 m in the 

radial- and 12 m in the z-direction (Figure 25). These flow fields were imported 

to 'ASM' (Kinzelbach and Rausch, 1989) where a 'random-walk' algoritme was 

utilized to simulate break-through curves. 

70% of the recovered tracer appeared in Q2 (Figure 26). We are not able to 

simulate the break-through curves in all the three pumping-wells assuming a 

homogeneous aquifer. So at this stage we are satisfied with simulating the break­

through in Q2. 

In the following simulations we assumed no adsorption, as this quantity is un­

certain. The retardation factor was then set to 1. However, the average velocity of 

a moving tracer depends heavily on adsorption. The greater the adsorption factor, 

the greater is the retardation of the moving tracer. This means that the front moves 

slower than the average pore flow velocity. lf the break-through time is monitored, 

pore flow velocities have to be increased by a decreasing effective porosity to 

balance an increasing adsorption factor. lf we assume no adsorption, the tracer 
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Figure 25. Drawdown simulation after Y'2, J, JO and 30 days of pumping 
in the interval; 050r::;,12 m and 050z5012 m. The thickness of aquifer is 25 m. 

front would have the same velocity as the pore water. The estimates of effective 

porosity have therefore to be considered as maximum estimates. 

Head distribution after 10 days of constant pumping was calculated (Q3=OA44 Ils, 

Q2=OAOS lis, Ql=OAOO lis). With horizontal and vertical hydraulic conduc­

tivities of 2.0' 10-4m/s and 1.5· 10-4m/s respectively, effective porosity of 26.63 %, 

longitudinal and transversal dispersivity of 3 cm and O cm respectively. Break­

through was simulated to 6.9 days with the maximum concentration after 9 days 

(Figure 27). The injection of tracer was set to 11.25 m away from the pumping 

tubes, that is 1 m more than the actual radial distance between injection- and 

pumping tubes. This was done to compensate for the additional drift caused by the 

regional groundwater flow (Figure 13). 
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At R days after the injection there was a small interruption in pumping at Q l and 

Q2 while pumping was continued in Q3. This caused a temporarily deerease in 

Rhodamine eoncentration in Q2. Without this interruption in pumping the break­

through curve at Q2 would have been smoother and the previous inerease in 

concentration would probably have been continued, and the whole concentration 

curve shifted somewhat to the left. Accordingly we allow the simulated maximum 

concentration to occur a little bit earlier than the observed maximum in Q2. 

The greatest deviation between observed and simulated curves oceur in the reees­

sion. The most likely explanation to this discrepancy is the numerous breaks in 

pumping due to maintenance and techniqual problems. Every stop in pumping will 

cause a drift of tracer due to the regional flow gradient. Two physical reactions 

that most likely plays a role in this case, is the following: When the concentration 

of the tracer is high, astrong adsorption of tracer to matrix may occur. After a 

while, when the concentration of the tracer declines, the adsorbed tracer may 

dissolve and start to move towards the pumping tube again after having been 

retained in the matrix for a while. This may be looked upon as a secondary inter­

nal source. The effect will be an extended recession of tracer at the pumping 

tubes. Another important factor is inhomogeneities in the aquifer. When the 

concentration of tracer is high a diffusion may take place from a permeable unit 

into a less permeable unit. After a while, when the concentration of tracer is less 

in the permeable unit as a result of advection, the diffusion will go the opposite 

way. This effect will also contribute to a skewness in break-through curves 

(Sudicky, 19R6). 
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6.2 Numerical simulation with the fluid dynamics analysis package FIDAP 

In order to simulate the propagation of a tracer through the aquifer a numerical 

model was used. The model uses the finite element method and is a commercially 

available fluid dynamics analysis package, FIDAP (1991), designed for a wide 

range of fluid problems. It can handle both linear and nonlinear fluids, porous 

flow, stationary or transient modes, and two or three dimensional modes with 

complicated boundary conditions. The main advantage with the finite element 

method, compared to e.g. the finite difference method, is the great flexibility in 

the element mesh. An aquifer with complicated topography can easily be 

discretized and the same aquifer can be divided in different element gro ups where 

each gro up represents geological units with different petrophysical parameters. 

At this stage we have only simulated the tracer test under the same geological 

assumptions and hydraulic conditions as for the analytical mode!. This was 

necessary to make sure that FID AP and the analytical solution calculated the same 

flow field. A next step will be to include element groups in FIDAP that represent 

a more realistic aquifer. When future aquifer evaluations take place (e.g. Upper 

Romerike), this model can easily be modified to fit new geologic and hydraulic 

conditions. 

Mathematical model 

FID AP solves the Navier-Stokes equation for incompressible viscous flow in a 

broad sense. In the following the equations of flow in a isothermal saturated media 
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are outlined. The reader is referred to Bear (1972) for a complete discussion on 

the derivation and validity of these equations. 

Suppose that within the domain of interest n there is a region V containing a rigid 

porous material saturated with a viscous incompressible fluid. In FIDAP the 

domain n can also consist of a region nf occupied entirely by fluid. The saturating 

fluid in V must be the same as in nf if the two regions share a common permeable 

interface. In this work, however, n is entirely occupied by V. 

Assuming that the porous medium is homogenous and isotropic and the fluid and 

the solid are in thermal equilibrium, then the equations describing the fluid motion 

in the region V are as follows. Within V, let VI be the volume occupied by the 

fluid and Vs the volume occupied by the solid, where 

The porosity of the porous medium is defined by 

Vj 

V 

To derive the porous flow equations two averaged quantities are introduced; 

v == l fVdV 
m V 

~ 

and 

V == l fVdV 
n V 

v 

where v is any quantity (scalar, vector or tensor). vm is referred to as the pore 

average and Vh as the volume average of the quantity v. Vm and V h are related by 

vh=nevm• In particular, the volume averaged velocity Ui and pressure p of the fluid 

is defined by 

Omitting the index h on the averaged values and following the convention used 
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Ph = ~ J pdV 
V V 

in groundwater modelling, Uh is similar to the Darcy velocity q. Performing the 

volume average of the momentum and continuity equations results in the following 

equations. 

Momentum: 

Continuity: 

+ ~} q 
~ 

v . (pq) = O 

+ 'Iq 1)} + pf 

where p is the density of the fluid, ne is the porosity, Kj is the permeabilit/, Cr is 

the inertia coefficient, /.l and /.le is viscosity and an effective viscosity and Ilq II is 

the magnitude of the velocity. p is pressure and f is external forces, in this case 

the gravitational acceleration. 

The equations presented above repr"'sent a generaIization of the standard Darcy 

equations for isothermal flow in a saturated porous medium. This system IS 

sometimes referred to as the Forchheimer-Brinkman model for porous flow. 

Regarding the momentum equation given above it can be seen that this is very 

similar to the standard momentum equation in the Navier-Stokes equations. The 

difference being basically the two terms in brackets on the left side. 

The first of these terms is derived from the convective term (q·V q) m the 

standard Navier Stokes equation. This term is of ten referred to as the Forchheimer 

term and is an inertia term due to Iocal accelerations. The second term is the 

standard Darcy approximation of the viscous force (pr. unit volurne) which resists 

the motion. When the Iocal Reynolds num ber is less than l the Forchheimer term 

will be very small compared to the Darcy term and may therefore be neglected. 

'The most general fonn of the penneability K is a tensor K.r In FIDAP it is ,L,>sumed that the off­
diagonal tenns of this penneability tensor are zero; thus. the principal axes of the permeability tensor must 
coincide with the coordinate axes. 
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Figure 28. Boundary conditions and mesh used in the P/DAP simulation. 
Dirichlet boundary condition at r=1000 m. 

Because of the similarities between the standard Navier-Stokes equations and the 

equations given above, it is quite straightforward to combine a porous medium and 

a general flow region in a given flow simulation. A model for this flow situation 

is of ten referred to as a Brinkman model. 

Regarding the general momentum equation given above it can be noted that by 

judicious selection of the various coefficients, a num ber of standard flow models 

can be derived. Thus if cc=O, a Brinkman model is obtained, while if Pe=cc=O, the 

standard Darcy formulation is approached. For a further discussion of individual 

models and their regions of applicability, the reader is referred to Bear (1972). 

From the above we can conclude that a stationary Darcy formulation will be 

identical with the potential approach used in the analytical solution. The only 
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exception is that the permeability is included in the Darcy term, while the so 

called hydraulic conductivity appears in the potential formulation. These 

parameters are related by 

where g is the gravitational acceleration. 

On each segment of the boundary of the computational domain Q it is necessary 

to prescribe appropriate boundary conditions. The boundary condition relating to 

the momentum equation is either the specification of velocity components: 

or specification of surface stresses: 

where O"ij is the stress tensor and S is a parameter measuring position along the 

relevant boundary segment. nis) is the outward unit normal to the boundary. 

Figure 29. Streamlines between; O<r<15m and O<z<25.3m. The flowrate 
is the difference between two streamlines. 
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The surface of the aquifer is considered to be fixed in space (confined aquifer) and 

the boundary eonditions on the surfaee are given by veloeities. As shown in 

Figure 2X veloeity boundary eonditions are also given on the bottom and on the 

side near the pumping tubes. A hydrostatie pressure eondition is speeified on the 

boundary far from the pumping tubes. At the pumping tubes a parabolic veloeity 

profile was specified and adjusted until the correet flowrate was obtained. Subjeet 

to these boundary conditions the equations of mass and momentum eonservation 

were solved in an axisymmetrie coordinate system. 

Numerical results and experiences 

The drawdown s, is very small compared to the thiekness of the aquifer. The 

numerieal simulation is therefore very sensitive both to boundary conditions and 

to the diseretization of the flow field. The problem of boundary eonditions is 

mainly conneeted to how far from the pumping tubes we may claim that 

hydrostatie pressure exists. In the numerieal mode! it was neeessary to set this 

distanee to approximately 1000 m in order to get the correet drawdown. In the 

analytical solution constant head was at infinity. 
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Figure 30. Tracer simulation with Darcy velodty and advectiol1. FIDAP to 
the left, and the analytical model to the right (marker each 5th day travel). 



Figure 29 shows the streamlines in the region near the pumping tubes. This flow­

field is seen to be very similar to the field calculated by potential theory. 

Figure 30 shows the transport pattern of twelve massless particles after 

approximately 29 days. It can be seen from the plot that the tracer first enters the 

middle pumping tube, Q2. This occur because we (so far) assurne homogeneity. 

In reality the break-through occurs first in the upper well (Q3) because there is a 

slightly decreasing permeability with depth. In this simulation the tracers are 

transported by pure advection and the velocity is the volurne average velocity 

(Darcy velocity). Imposing the same effective porosity (0.27) as we used in the 

simulation with the analytical model the break-through would occur at 7.8 days. 

(29 days multiplied by the effective porosity of 0.27) 

As mentioned above the numerical simulations are not yet completed. The most 

interesting part still remain, that is to evaluate the relative impact from different 

geological units to the drawdowns and the break-through times. It is our intention 

to continue this work with FIDAP. 
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Figure 31. Fitted linear semivariogram (bold) to experimental semivariogram 
(light). Range at 6 km (x-axis) and slll at 65 m2 
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7 Geostatistical analysis of groundwater levels 
One standard objective of geostatistical analysis is to estimate the value of the 

variable under study (here groundwater leveis), z in the point xo' as a linear 

combination of regional observations z(x); i=1, ... ,n. The estimator is therefore: 

n 

Z *Cxo) = L Å;zCx) = AT Z 
;=1 

where Z is the column vector of observations and AT is the transposed column 

vector of weights \, i=1, ... ,n associated to the observations. Optimal weights can 

be found, based on the intrinsic assumption and under the conditions of unbiased­

ness, by minirnizing the estimation variance. This gives rise to the system of 

kriging equations that read in the matrix notation: 

where 

yCO) 

y C IX2 -Xl i) 

r = 

y ( \Xn -Xl \) 

1 

Ål 

Å2 

A= 

Ån 

~ 

rA = ro 

y C Ixl -x2 1) 
yCO) 

y ( \Xn -X2 \) 

1 

and ro 

y C I Xl -Xn I) 1 

Y C I X2 -Xn \) 1 

y (O) 1 

1 O 

Y (\Xl-Xo I) 
Y C I X2 -Xo I) 

y C IXn -xo I) 
1 

"((h) denotes the (point) semivariogram for the distance h and Il is the Lagrange 

multiplier. 

38 



A theoretical semivariogram (or correlation function) determined for all data is 

subsequently used to estimate parameter values anJ kriging variances for every 

observational point. Linear, spiterical, exponential and Gaussian models (Clark, 

1979) are used in the present study as theoretical semivariograms. 

The empirical semivariogram is determined from the experimental data set for the 

event tk by the equation: 

where 

R (h) == { (i ,j) ; h - e :s; I x i - xj I :s; h + e } 

that is, all pairs of sites separated by a distance close to h are considered, and 

N(h) is the number of elements in the distance class R(h). Figure 31 shows the 

empirical semivariogram and a fitted linear theoretical one. In the procedure of 

fitting the theoretical semivariogram the main weight has been restricted to the left 

hand side of the diagram, which represents typical distances between observation 

points. The empirical semivariogram is not very accurate at large distances. 
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Figure 32. Estimated woundwater tahle hy kri}?ing. 3D-p/ot to the right. The 
white line is the modelledflow path (('hapter 8). 
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A eross-validation (i.e. eaeh observation point is sueeessively excluded from the 

analysis and foreeasted from neighboring observations) was performed on ground­

water leveI data from 31 tubes on four oeeasions. Results from one of them (Nov 

l<.JX<.J) is shown in Tabell Ill. There is a very good agreement between the 

observed and estimated groundwater leveis. The deviation is only in one case 

larger than the one expeeted from the theoretical estimation error. The results are 

almost identical for the four different oecasions. 

Figure 32 shows the estimated groundwater table for the event of Nov 1989 and 

Figure 33 the corresponding estimation error. We can note that no information 

from the levels of the Glomma and Hasla ri vers has been used. That is why the 

estimation errors are rather large along these. This will be improved. 

The interpolation routines have been combined with a Geographical Information 

System IDRISI. In this are stored digital terrain models of geologieal formations 

and the interpolated groundwater leveis. From this flow paths ean be traced auto­

matically (Figure 32), and information on the aquifer geometry along the corre­

spond ing section, can be retrieved. 
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Table III Cross-validation with linear semivariogram model, nugget=(l, sill=65 m2, range=6.0 km 

St.nr. Observed Estimated Estimation error nn Sign. 

167.95 164.65 2.71 22 

2 l63.RO 163.19 3.6R 19 

3 167.3R 167.10 2.55 23 

4 170.77 171.24 1.08 26 

5 172.29 172.06 2.59 27 

6 155.R4 162.09 2.55 21 * 
7 170.62 170.50 2.37 26 

8 171.83 172.15 2.80 25 

9 171.75 170.R9 2.61 23 

10 16R.86 170.97 2.34 17 

11 170.04 170.72 2.00 26 

12 171.22 171.61 1.85 27 

13 170.69 170.83 2.04 27 

14 169.38 169.85 2.35 25 

15 168.65 168.49 2.43 23 

16 168.63 167.22 2.64 23 

17 172.98 172.73 3.05 2R 

18 171.98 170.09 2.67 20 

19 179.22 17R.14 1.82 5 

20 155.72 160.36 2.56 3 

21 169.42 168.98 2.32 24 

22 170.82 171.42 1.46 26 

23 178.85 177.72 3.53 11 

24 173.12 173.72 3.74 19 

25 157.16 160.20 3.18 21 

26 16R.9R 170.13 I.RO 19 

27 172.14 172.45 2.49 23 

28 176.RO 175.02 3.16 10 

29 173.31 172.86 2.46 17 

30 171.89 170.84 1.20 26 

31 170.72 170.55 1.30 26 
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8 Regional groundwater flow 
Modelling of regional groundwater flow at Haslemoen has been through severai 

stages. Preliminary 2-0 models in the horizontal plane have been calibrated 

(Einan, 1989 and Kitterød, 1991). These models have to be considered as in­

sufficient because of scarcity of data. None of the presented models so far include 

the results from the geostatistical analysis presented in the previous chapter. 

Through this project we have sampled additional hydrological and geological data 

(Table I). With the hel p of these data we was able to calibrate and validate a 2-0 

flow model in the vertical plane along one strearnline (Figure 32). This was done 

before the new geological model of the aquifer was completed. 

I I 

~---~---------------------------

Figure 34. The madel grid used in MODFLOW (le/t) and the jlaw-path 
madeIled in 2D (right), Al/en (1992). 

'A Modular Three-Oimensional Finite-Oifference Groundwater Flow Mode!' 

(MOOFLOW, McOonald and Harbaugh, 1988) was run in a 10 x 70 grid system 

(Figure 34). With recharge set to 0.8 mm/day (288 mm/year) the model was 

calibrated for a steady state flow to a subset of observed data with values of Kh 

and Kv listed in Table IV. To simulate the heads dose to Glomma properly, we 

had to introduee a loe al heterogeneity in layer 5. 
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Table IV Kh and Kv <m/s> for steady state calibration (Allen. 1992) 

Laycr Kh Layers Kv 

l 2.3' 10-4 

2 2.3' 10-4 1-2 5.6' 10-5 

3 2.3' 10-4 2-3 5.6' 10'5 

4 2.3' 10-4 3-4 5.6' 10-5 

5 2.3' 10-4 4-5 5.6' 10-5 

6 7.2· 10-5 5-6 2.4· 10-6 

7 1.2· 10-6 6-7 6.9' 10-7 

g 1.2· 10-6 7-'11, 6.9' 10-8 

9 1.2. 10-7 8-9 4.2' 10-9 

10 1.2· 10-8 9-10 2.g· 10-10 

From the remaining data subset the model was validated (Figure 35). The minor 

off-set between observed and simulated data is most likely due to the Dupuit 

assumption. Close to Glomma there is a strong vertical vector in groundwater 

flow. Sensitivity of head to river stage and recharge shows three zones of 

influence. In the first area adjacent to Glomma (0-30 m from riverside) the river 

stage overrides the effect from recharge. In the second area (30-70 m) recharge 

and the river stage of approximately equal significance. In the third area, more 

than 70 m from the river, Glommas influence on the head is negligible. In the 

observation period (Ma y 1990 to August 1991) the flow direction of the 

groundwater was always towards the river. Even if the groundwater head adjacent 

to Glomma is determinated by river stage, the groundwater was always flowing 

towards the river at Haslemoen. For further details see Allen, 1992. 

Based on the geological framework diseussed in chapter 5 we designed another 2-

D vertical flow mode!. This model is not yet fully calibrated, but we include some 

results from this preliminary modelling work to illustrate the impact from the 

geological framework on flow and residenee time. 

A finite differenee code (Aquifer Simulation Model - 'ASM', Kinzelbach and 

Rausch, 19X9) was run basically along the same stream lines as the previous 

model (Figure 32). The aquifer was discretized by a 60 x 60 grid net over a 

distance of 5000 m x 150 m. Close to the river side, the grid size was 25 m x 1 
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Figure 35. Simulated vs. measured head levels in piezometers Al and A2 
(left). Location map to the right, Al/en (1992). 

m (the stream tube was set to 100 m width). 

, 
X lO 
l 

'-i 

Our primary objective so far, has been the steady state flow. Accordingly we can 

allow the groundwater table to be a fixed surface. By doing so, the aquifer can be 

considered as confined. The groundwater level is fluctuating 1-1.5 m during a 

year, and the error introduced by letting the surface be fixed is negligible 

compared to the dimension of the aquifer. The flux into the groundwater reservoir 

is set equal to the difference between precipitation and potential evaporation (250 

mm/year, cfr. Table Il). The underlaying bedrock boundary is considered as 

impermeable. At the river side, boundary condition is represented by the mean 

river stage, 151 m a.m.s.l. (Dirichlet condition) . 

By gradually tuning the hydraulic conductivity in each layer we approached the 

observed hydraulic heads. According to the parameters in Table V the resulting 
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flow paths are plotted for three different cases in Figure 36. Case 3 is most in 

accordance with the observed hydraulic heads. In this simplified model we kept 

porosity and anisotropy constant. A full calibration and validation procedure 

including a geostatistical analysis will be a topic for further research. 

Table V Hydraulie parameters to f10w paths in Figure 36. Reeharge is assumed 250 mm/year. 

Parameters ease 1. ease 2. ease 3. 

K h <m/s> unit D 1.7. 10-4 1.7. 10-4 1.8· 10-4 

K h <m/s> unit C 2.1' 10-5 3.7' 10-6 3.7' 10-6 

K h <m/s> unit Bl 1.7. 10-4 1.2· 10-4 1.2· 10-4 

K h <m/s> unit B2 1.1. 10-5 7.6' 10-5 7.6' 10-5 

Kh <m/s> unit B3 1.1. W-5 3.7' 10-6 3.7' 10-6 

Effeetive porosity <%> 20 20 20 

AnisotTopy, KhIKv 4 20 20 

Maximum hydraulic head 198 177 173 

Residenee time from 15-20 25-45 30-50 
upper field <years> 

9 Geochemistry 
The content of this chapter is a summary based upon discussions in Englund et al. 

(1993) and data from Sæland (1987). 

The potential pollution of inorganic agricultural fertilizers to the Haslemoen 

aquifer has been under concern and a subject of study since 1986. A large number 

of water analyses were given by Sæland (1987), and additional water sampling and 

analyses have been conducted by the GREGR Haslemoen project through the last 

3-4 years. The major part of the Haslemoen area consists of a flat fluvial terrace. 

Spruce and pine cover the terrace except for a few cultivated fields producing oat 

and barley. The major crop producing field was deforested in 1952 and fertilized 

for the first time in 1953. Records of the amount and type of fertilizer applied are 

availab1e for the whole period up to now, the same is true for the lime supply. 

Corresponding data are also available for the crop produced, so the annual excess 

fertilizer available for leaching to the ground water can be estimated. The annual 

supply has been approximately constant through this period (compare Table VI). 
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Similarly chemical precipitation data are used to quantify annual atmospherie input 

to the forested areas. 

Table VI Annua] ;rreal input of chemical constituents to the Haslemoen area given as kg/da/year 
estimated for the 1960-1989 period. Forested areas receive only atmospheric precipitation, while input 
for the fertilized agricultural ;rreas have been estimated for two cases: (A) wherc only the grain wa~ 
hmvested and (B) where both grain and straw were removed. 

NNH4+ NNo3_ K Na Ca Cl 504 

Forest 0.6 0.6 0.3 0.6 0.7 3.5 

Grain fields(A) 3.9 2.9 6,4 11.3 3.9 11.9 

Grain fields(B) 3.3 2.3 2.5 10,4 1.9 11.3 

Proeesses controlling the water chemistry 

The background evolution of the ground water chemistry is normally determined 

by 1) atmospherie precipitation including dry deposition (modified by forrest 

vegetation interception), 2) uptake/release by the vegetation, 3) soil ion ex­

change/adsorption and not least 4) mineral weathering and other mineral water 

reactions. When fertilizers are added in the form of nitrates, phosphates, sulfates 

and chlorides in addition to other salts, the amounts of dissolved constituents 

completely mask (compare Table VI) the normal evolutionary trend. However, in 

unpolluted fore sted areas and at larger aquifer depth, this background trend is 

found with a smaller steady increase in Na, K, Ca, Mg, Si and bicarbonate. The 

same pattern is also reflected in the conductivity measurements from station 23 

and the deepest sampling probe at station 48. Waters contaminated by fertilizer 

exhibit up to 4-6 times more dissolved constituents, and a change of chemical 

character. Liming in the fertilized areas causes a large increase in bicarbonate, 

which completely overshadows the amount of bicarbonate produced by silicate 

mineral weathering. An equivalent amount of Ca + Mg is also dissolved in the soiI 

water. The N and P-fertilizers release a large amount of ammonium, nitrate and 

sulfate to the soil and ground water. Very Iittle phosphate is washed down to the 

groundwater as it gets bounded to the upper part of the soil. The surplus am­

monium not used by the vegetation is rapidly converted to nitrate by nitrification 

processes in the soiI. Very little ammonium is detected in the ground water, so 

practically all nitrogen has to be transported as nitrate. Denitrification of nitrate 

is taking place in the aquifer. This is clearly manifested by the inverse relationship 

between dissolved organic carbon and nitrate. Oxygen saturation values also 

correspond to redox conditions where denitrification occurs. However, we have not 
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been able to express the denitrification quantitatively. An indirect approach will 

be first to model the spreading of nitrate in the aquifer as a conservative tracer and 

then to subtract the observed values. The difference constitutes the amount of 

nitrate lost by denitrification, and from this rough estimates of denitrification rates 

can be made. Work is planned along those lines. 

10 Summary and conclusions 
The purpose of developing Haslemoen as a reference fieid in geohydrology has to 

some extent been achieved, especially those aspects in vol ving geophysical 

mapping techniques. The Iocal properties of soil water (very Iow electrical conduc­

tivity) make Haslemoen a well suited area for electrical and electromagnetic 

methods, e.g. Ground Penetrating Radar (GPR). NGU as well as NGI have tested 

their equipment during this project. The GPR data from Haslemoen are very 

prornising and constitute one of the most important results from this project. 

Some efforts have been made to evaluate pore tlow velocities, which is a 

necessary part in any groundwater flow model dealing with contaminant transport. 

Valuable experience in handling the practical tests in the field has been gained. 

Models have been implemented and have increased our understanding of the 

aquifer. Those models may be applied to similar problems in the future. 

To make a synthesis of geology, describing the variability of petrophysical 

parameters and geochemistry in a 3-D flow model, requires an enormous amount 

of data, both physical data as core samples, and indirect data as GPR-data. Such 

a synthesis has not been fully achieved, but further research on the data collected 

during this project period is planned. 

One major aim of this project has been to strengthen the inter-institutional co­

operation, in order to improve our ability to solve practical and theoretical 

problems that we may face in the future as a result of the expected increase of 

groundwater utilization. This cooperation is established during the Haslemoen­

project and will continue in the future. 
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Appendix 
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Table <B> Results form SUBFUNCTIONS FSB. FOR and FSA.FOR, Ihr/Do, (k,lkh ) 1/' (cfr. 

Krallseman and de, Ridder, 199 1 Annex 8.1 p314, tab.R.l! 

Values of f [or b/o = 1.0 dnd d/O = 0.9 

.2 CJ 

· ? 5 

· 40 

· 4 
• C, O 

· 5 
· 60 

· 65 

.70 

.75 

.80 

.85 

.90 

.95 

1. 00 

l. 05 

1. 10 

1. 2 O 

1. 2 5 
lo 3 O 

1.40 
1.45 

1. 50 

1.SS 
l. (, O 

1.65 

Z/D=O.l 

- 4.784 

-] .416 

-2.633 

-~ • Cl 9~) 

-l. (-) y l) 

-1. 387 

-1.142 

-.944 
-.7R", 

-.650 
- . c,4 l 

-.376 

-.'114 

-.262 

- .21 9 

-.183 

- . 154 

-.129 

-.108 
-.090 

-.076 

-.064 
-.053 

-.045 

-.038 

- . 032 

-.027 

-.022 

-.019 
-.U16 

-. 013 

-. 011 

-4.018 

-2.615 

-1.9~S 

-1. 4'33 

-l.ORb 
-.833 
-.645 
_ . C,03 

- .3 1:2 

-.248 
- . 19 cl 

-. E,9 

. 12 R 

-. 104 

- . O 8 C, 

-.069 
-.057 

-.047 

-.039 

-.032 

-.02b 

- .022 

-.018 

-.OE, 

-. Il 13 

-.011 

-.009 

- . 007 

.006 

-.005 

-.004 

- . Cl 04 

Z/[J=l. U 

21.226 

11.402 
7.086 

4.777 

3.3'13 

2.498 

1.887 

1. 454 

1.136 

.89'1 

.718 

.468 

.381 

.312 

.256 

.211 

.174 

.144 

.120 

.099 

.OR3 

.06g 

.058 

.048 

.040 

. OH 

.02S 

.024 

.020 

.017 

.014 

.012 

Values of fm fOl b/O = 1. O and d/[j 0.9 

.10 

. l. S 

.20 

.30 

.35 

.40 

.45 

.65 

.70 

.75 

.80 

.85 

1.05 

1. l Cl 

1. 2 O 

1.25 

1. 3 O 

1. 35 

1. 4 O 

1. 4 5 

1. 50 

1.55 

1. 60 

1. 5 

-:!o=O.CJ 
)X'= 1.1 

-4.7R4 

-3.416 

-2.633 

- /.. \)5 

-1.696 

-1. 387 

-l. 142 

-.'144 
-.7 

-.650 
-.S41 

.-E.l 
-.376 

-.314 

-.262 

- .219 

-. 183 

-.153 

- . 129 

- . 108 

-.090 

- . I) 7 

-.OC14 

-. (}S J 

-.045 

-.038 

-.032 
-. !:27 

-.022 

-.016 

-. [113 

-.011 

))0=].1 1l()=7.1 

- 4 . 62 9 - :1 . li 17 

-3.264 -~.]03 

-2.487 -1.602 

-l. q~)7 -l .l(~d! 

-1.567 --.862 

-1.26CJ -.653 

-1.034 -.",02 

-.847 -.590 

-.b96 -.307 

-.574 -.243 

.475 -.194 

-.593 -.156 
-.326 -.126 

-.271 -.102 

-.22';-.084 

.187 -.06g 

-.156 -.056 

-.130 -.04b 

-.109 -.!lJS 

-.091 -.032 

-.076 -.026 

-.064 -.022 

-.053 -.018 

-.04 c, -.015 

-.038 -.013 

-.032 -.011 

-.027 -.UOg 

-.022 -.007 

-.019 -.U06 

-.016 --.005 

-.ill-', -.004 

-.Oll -.004 

-.009 -.003 
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Table <c> Modified Bessel-function of second kind, order 
zero. (efr. Bear, 1979, Tab1e 8-1 p 4) 

x Ko(x) x Ko(x) 

.010 4.72124 .550 .84657 

.015 4.31594 .600 .77752 

.020 4.02846 .650 .71587 

.025 3.80556 .700 .66052 

.030 3.62353 .750 .61058 

.035 3.46971 .800 .56535 

.040 3.33654 .850 .52423 

.045 3.21916 .900 .48673 

.050 3.11423 .950 .45245 

.055 3.01939 1.000 .42102 

.060 2.93288 1.500 .21381 

.065 2.85337 2.000 .11389 

.070 2.77982 2.500 .06235 

.075 2.71141 3.000 .03474 

.080 2.64749 3.500 .01960 

.085 2.58751 4.000 .01116 

.090 2.53102 4.500 .00640 

.095 2.47764 5.000 .00369 

.100 2.42707 5.500 .00214 

.150 2.03003 6.000 .00124 

.200 1.75270 6.500 .00073 

.250 1.54151 7.000 .00042 

.300 1.37246 7.500 .00025 

.350 1.23271 8.000 .00015 

.400 1.11453 8.500 .00009 

.450 1.01291 9.000 .00005 

.500 .92442 9.500 .00003 
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