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Abstract: In cold climates, the use of de-icing chemicals in the winter can lead to groundwater con-
tamination, especially when used in large quantities, such as at airports. Oslo Airport, Gardermoen, is
situated on Norway’s largest rain-fed aquifer. Potassium formate is used to remove ice from runways
and propylene glycol from airplanes; the organic parts are degradable. Most of the wells to monitor
the spread of de-icing chemicals in the underlying aquifer have well screens near the groundwater
level, while the runways and the source of de-icing chemicals are near the groundwater divides,
where vertical flow is expected. The objective of this study is to demonstrate the importance of layers
and time-varying recharge on the spreading of contaminant plumes in an aquifer near a groundwater
divide. This is done with numerical modelling. The model results show increased vertical transport
of the added tracer in the presence of horizontal layers, both continuous and discontinuous, in
the aquifer. With certain distributions of hydraulic conductivity, Ks, we demonstrate that deeper
monitoring wells are required. With the scenarios modelled here, time-varying recharge has a weaker
effect on plume distribution. Measured concentrations of potassium and total organic carbon show
the cyclic effect of seasonally varying recharge of contaminants, and an asymptotic accumulation
of concentration over time, that is consistent with the model runs. In conclusion, groundwater
monitoring systems near a groundwater divide should include multi-level samplers to ensure control
of the vertical plume movement.

Keywords: de-icing chemicals; monitoring wells; modflow

1. Introduction and Site Description

In areas with winter frost, substantial amounts of de-icing chemicals are used to
remove and prevent ice formation on airplanes, runways, and roads. At most airports,
these chemicals are released or partially released into the local environment [1,2]. Oslo
Airport (OSL), Gardermoen, approximately 40 km north of Oslo in south-eastern Norway,
was opened in 1998. The organic parts of the de-icing chemicals propylene glycol (for
de-icing airplanes), potassium acetate, and later potassium formate (to de-ice runways) are
completely degradable. Therefore, the removal of chemicals (mainly in the unsaturated
zone) by natural degradation is accepted by the environmental authorities on the basis that
the groundwater quality is carefully monitored. The overriding requirement defined by
the discharge permit from the Norwegian Environment Agency for Oslo Airport is that
airport operations should not lead to permanent changes to the groundwater chemistry
(Norwegian Environmental Agency, 2016).

The diffuse spread of the chemicals along the runway infiltrates into the ground and
are degraded by naturally present microorganisms. Several studies of flow and transport
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of de-icing chemicals in the unsaturated zone e.g., [3–5], document heterogeneous flow and
degradation before de-icing chemicals reach the phreatic level. However, increased man-
ganese concentrations indicated insufficient oxygen for complete degradation. When the
airport was opened, two monitoring systems were installed to control the water chemistry:
one in the unsaturated zone and one in the groundwater. The monitoring system installed
in the unsaturated zone consisted of porous filters. It did not take long before the filters
were clogged and this monitoring system was abandoned. There are currently 505 available
monitoring wells surrounding the entire airport, including wells to monitor background
groundwater quality. A selection of 102 wells is manually sampled 1–2 times per year. The
monitoring provides a unique dataset to assess the effect of 20 years of de-icing operations
on groundwater quality [6]. Most of the wells installed in the first years of operation had
screens that covered the fluctuation zone of the groundwater level and some metres below.
Hence, the system mainly allows for sampling the upper part of the groundwater zone.

The Gardermoen glacial-contact delta (Figure 1) is an aquifer composed of unconsol-
idated sand with beds of gravel underlain by silty glaciomarine deposits [7–9]. Coarser
sediments are dominating in the north-eastern parts of the aquifer, consistent with ice
contact, while there is a fining of the sediments towards the distal part of the delta, towards
the west and the south. In the deeper layers (bottom set), there is a higher proportion of
fine sediments, silt, and clay. The ravines in the southwest are formed in the clayey marine
sediments deposited when the Romeriksfjord was at the level of the glacial delta about
10,000 years ago. Today, the Gardermoen delta and the runways are situated 202 m above
the current sea level, caused by isostatic uplift.

The groundwater map (Figure 1) is based on groundwater levels measured in 2021.
Recharge occurs over the central part of the delta area, while groundwater discharges
towards the northeast and southwest. Over the monitoring period of 1999–2019, most of
the wells indicated a fluctuation of about 1 m, with some exceptions of up to 2 m, hence
indicating a rather stable groundwater flow pattern. Although the airport does not have
permission to modify the discharge conditions surrounding the aquifer, the central part of
the airport has a drain system in place to maintain the groundwater level below the airport
railway line running south-north through the airport. The groundwater level is kept below
a defined level (approximately 192–196 m.a.s.l.) along the west side of the railway with a
drain (Per Espen Jahren, OSL pers. comm.).

The unsaturated zone thickness prior to the opening of the airport varied between 1
and 30 m. The annual precipitation is approximately 800 mm, and the evapotranspiration
is about 400 mm. More than 50% of the groundwater recharge occurs during the snowmelt
period over 3–5 weeks [3,7,10,11]. The de-icing chemicals start to infiltrate the unsaturated
zone during snowmelt (March–April, e.g., [3]). Summer precipitation is normally balanced
by evapotranspiration during the growing season (May–August), and a new vertical
push of water in the unsaturated zone occurs during the autumn (September–November),
followed by another stagnant period during the winter when all precipitation accumulates
as snow [2]. The principle transport pattern of de-icing chemicals in the unsaturated zone
during snowmelt based on unsaturated heterogeneous modelling is shown in Figure 2 [12,13].
In this work, we focus on what happens to the chemicals after they have reached the
groundwater table.
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Figure 1. On the left is a map of the quaternary geology of the Romerike area [7]. The location of Oslo
Airport is indicated by the rectangle. On the right is a groundwater map based on groundwater levels
measured in 2021. The thick stippled line shows the main groundwater divide, while the thinner
stippled line shows the local groundwater divide along the western runway. The Br29 monitoring
wells inspiring the model scenarios carried out in this study are included as yellow points, and the
model domain is a yellow rectangle.
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The groundwater on the north-eastern side of the aquifer drains towards Lake Her-
sjøen, while the groundwater on the south-western side drains towards the river Leira,
west and south of the airport. This roughly corresponds to the groundwater map from 1976,
before the airport was built [14]. According to previous assessments of groundwater flow in
the Gardermoen aquifer, the groundwater divide could vary by up to 1 km in the horizontal
direction [7]. Today, the groundwater divides, indicated as blue stippled lines in Figure 1,
are probably more stable, partly because the groundwater level is kept constant or below a
given level along the railway line. Below the groundwater divide, a strong vertical flow
direction is expected, while horizontal groundwater flow is expected to dominate between
the recharge and discharge zones. This flow pattern is confirmed by a combined tracer and
modelling study performed by Sundal et al. [9] in the northern part of the groundwater
area. Since the runways, and hence the source of de-icing chemicals at this airport, are
mainly situated near the groundwater divides, we argue that these zones should also be
carefully monitored at greater depths. In addition, we expect the presence of thin layers
of varying grainsize (from silts to coarse sand, Figure 3) to affect the fate of contaminant
plumes released in such areas. This effect was not considered by Sundal et al. [9].
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Figure 3. Well logs along the Br29 transect (Figure 1) and dominant grain size classification of layers
observed during the drilling. The deep multilevel wells, ML1 and ML2, with screens at A, B and C
were installed after the modelling presented here was performed, highlighting the importance of
vertical flow effects in the vicinity of the groundwater divide. The approximate groundwater level
and direction of flow are indicated. The model domain is shown with stippled lines, and the location
of tracer infiltration and the zone of discontinuous layer (DCL) are all indicated on the top boundary.
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Water samples from the groundwater monitoring programme at Oslo Airport from
when the airport opened in 1998 to 2019 [6] show the largest changes in water chemistry in
the southwestern part of the western runway. This area receives a high load of de-icing
chemicals because propylene glycol, used to de-ice the wings, sloughs off during takeoff
at this part of the airport, in addition to potassium formate from runoff from the runway.
The mechanical spreading of snow from the runways causes chemicals to spread about
40 m from the runway. This was documented by collecting snow at different distances
from the runway in this area [15,16]. The groundwater level in the area is also relatively
shallow (6–7 m below the surface). In November 2007, several monitoring wells were
installed. These have been named after the first monitoring well, Br29, and form a line
along what is expected to be the main direction of groundwater flow. They are named
Br29-2, Br29-3, Br29-4, and Br29-5 (area indicated in Figure 1). Notice that the groundwater
map and flow lines suggested by the most recent groundwater map, diverge somewhat
from the line of Br29-wells shown in the groundwater map. Well logs provide a qualitative
description of the stratification (Figure 3); multi-level wells were not available prior to this
modelling study. The challenge with using this information to model the groundwater flow
in the area was that the information is descriptive and does not provide accurate hydraulic
conductivity of the layers. Well logging was carried out by different people, and it is
uncertain whether the same classification was used when installing the various wells. With
a groundwater table at 6–7 m depth and a total well depth of 10–15 m, there is very limited
information about the groundwater zone. The entire lengths of the runways are between
3 and 4 km, illustrating the challenge of both characterising detailed hydrogeological
parameters and monitoring groundwater quality.

The actual flow pattern may diverge from the presented groundwater map. Despite
being one of the hot spot areas influenced by de-icing chemicals and in the vicinity of
the groundwater divide, there has been limited information about the geology and water
quality below the upper 6 m of the groundwater zone. There are no drillings to indicate the
depth to the bedrock or to the finer soils in this area to confirm the lower no-flow boundary
of the groundwater flow. Two multi-level wells (ML1 and ML2 in Figure 3) were installed
after the present model work was finished.

In this paper, we use a numerical groundwater model to assess the effect of supplying
an inactive tracer to an aquifer using different combinations of surface boundary conditions
and a homogeneous or layered aquifer. The surface boundary condition is either a stationary
flux boundary with a constant recharge or a transient flux boundary representing snowmelt
conditions. As pointed out, e.g., by Nalarajan [17], the data required for constructing a
model to simulate a field system are virtually never complete and detailed enough, and
there are always significant and small-scale spatial variations. Additionally, the information
available here on the layers and their hydraulic conductivity is limited. The main goal is to
examine the potential effects of such layers, their continuity or lens structure on the flow
pattern, and the contaminant concentrations that would be measured at different depths.
We then perform a qualitative comparison between the model results and the observed
concentrations along the Br29 transect.

The aim of running model scenarios, is to improve our understanding of the fate
of contaminant spread in an aquifer influenced by the presence of layers and transient
recharge conditions. Of specific interest was to describe different realisations of plume
distributions with depth and to assess how different distributions may or may not be
captured by the set-up of monitoring wells, as exemplified by the cyclic supply of de-icing
chemicals at Oslo Airport, Gardermoen.

The main purpose of the work was to quantify whether:

(1) The vertical flow component near a groundwater divide is influenced by the presence
of horizontal layers of varying Ks;

(2) The presence of layers with different hydraulic conductivity affects plume movement
and should therefore dictate the placement of well screens in monitoring wells;
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(3) Contaminant transport is more affected by transient recharge conditions than the
presence of layers.

2. Modelling and Field Monitoring Data

To model the flow and transport pattern, MODFLOW [18] and MT3DMS [19] were
used, and the results were compared with historical measurements of solute concentrations
in the groundwater from monitoring wells. The affected area that serves as an example
for our model study (Figure 1) is near a groundwater divide; the exact position of the
groundwater divide is unknown and is expected to vary in time.

2.1. Model Geometry and Boundary Conditions

The groundwater model MODFLOW (version 2005; [18]) provided by the United
States Geological Survey (USGS) was used for the simulation of groundwater flow, and
the model MT3D-USGS [19] was used for the simulation of solute transport. The model
was constructed in the software ModelMuse (version 5.1, [20]). The model geometry,
boundary conditions, and parameter values were chosen to represent the situation at the
Oslo Gardermoen airport, specifically a cross-section of groundwater flow from the edge
of a runway to 150 m horizontally in the assumed direction of groundwater flow. The
cross-section covers the presence of several observational groundwater wells that are placed
in a roughly horizontal transect from the northeast to southwest (Figure 1).

The model geometry is shown in Figures 3 and 4. It represents a simple two di-
mensional flow system with a no-flow boundary at the northeast end and a constant
head boundary at the southwest end. The vertical no-flow boundary coincides with the
groundwater divide in the area as determined by well observations (Figure 1), while the
constant head (CHD) boundary is based on nearby groundwater well measurements. The
bottom boundary is a no-flow boundary. The top boundary of the model receives (Figure 4)
steady-state recharge equal to half of the average precipitation, totaling 400 mmyr−1, or
1.1 mmd−1, for the duration of the simulations. The element size is 2 by 2 m in the x-y
plane. The total vertical extent of the model is 20 m, from 197 m.a.s.l. to 177 m.a.s.l., and
it is divided into 9 layers. The top layer is 4 m thick, while deeper layers are 2 m thick
(Figure 4). Dispersivity is defined as 0.75 m.

Although we have no measurements of hydraulic conductivities from these specific
well logs, they are measured, estimated values from grain size distribution curves from
many parts of the airport [21] and calibrated values of Ks including the same area from
previous model studies e.g., [9]. Since the objective of this study was to assess the possible
effects of different combinations of layer features and transient boundary conditions, we did
not attempt to calibrate Ks. Our reference model has a homogeneous Ks of 7 × 10−6 ms−1,
which could represent a fine sandy soil and is consistent with the distal part of the delta.
In addition, we modelled three layered scenarios, with different combinations of layer
continuity and Ks values, i.e., three continuous layered scenarios and three discontinuous
layer scenarios were defined (Figure 4). In all seven model scenarios, the average Ks is
7 × 10−6 ms−1. The eight layers (2 m in the z-direction) were assigned high (7 × 10−5 ms−1),
medium (7 × 10−6 ms−1), or lowest (7 × 10−8 ms−1) Ks values that are isotropic and
homogeneous. Adjacent layers with the same Ks are avoided for the continuous layer
scenarios. In the discontinuous layer scenario, the layers are broken over a 20 m long
section; this part consists of two consecutive lenses of 10 m each (Figure 4). The length of
the lenses at the field site have not been confirmed by drillings, but available logs near the
runway (Figure 3) suggest some consistency in layers over 10–20 m. The smallest Ks for the
discontinuous part of the layers is low Ks (7 × 10−7 ms−1). The specific yield is 0.2 and the
specific storativity is 1 × 10−5 in all models.
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2.2. Simulation Time and Transient Surface Boundary

The model is run for one year to reach a stable hydraulic gradient. A gradient of
1/150, similar to the measured gradient, is obtained. After steady state conditions are
established, an inactive tracer with a concentration of 100 mgL−1 is added to the upper
layer for a duration of one month (consistent with the observed snow melting periods
described earlier). The tracer is added to the surface boundary in the zone of 10–50 m
from the north-eastern no-flow boundary next to the runway (Figure 4), consistent with
the observed spread of de-icing chemicals [15,16]. The recharge added with the tracer is
twice the background recharge value (i.e., 2.2 mmd−1 instead of 1.1 mmd−1) because snow
clearance from the runway is added to these parts of the green areas next to the runway.
After the addition of a tracer for 30 days, the total simulation time is 100 years to allow the
plume of a single tracer pulse to completely flow through the system.

Finally, two additional boundary conditions were tested. In the first situation, the
constant head boundary in the southwest was varied between 193 and 195 m (1 m lower or
higher than the reference model). In the second situation, a seasonal variation of recharge
was defined. This was based on observed hydrological conditions, with increased recharge
during snowmelt and late autumn and no recharge during winter (because of sub-zero
temperature conditions) and summer (due to evapotranspiration). During each simulated
year, the recharge was defined as 6.7 mmd−1 for 30 days in spring (the snowmelt period),
1.67 mmd−1 in autumn (3 months), and 0 mmd−1 in winter and summer. The recharge
totalled 400 mm per year defined for the stationary boundary condition.

In addition to ModelMuse, MODFLOW, and MT3DMS, the USGS software pro-
grammes Model Viewer and GW_chart were used to visualise results from the simulations.
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Tracer concentrations were examined for each layer at two different locations, A and B
(Figure 4).

2.3. Selected Water Quality Data from Oslo Airport

Potassium (K) from potassium formate, the non-degradable component of the de-icing
chemical, is used for the qualitative comparison, with the model results showing an inactive
tracer. Total organic carbon (TOC) represents the degradable propylene glycol and formate
as well as their degradation products. We focus on the concentrations measured in the
selected area (Figure 1) along the Br29 transect, with data from 1999 to 2019. The full dataset
of water quality data used for the evaluation of the groundwater quality situation at Oslo
Airport is described in Hansen et al. [6]. Following the modelling study performed in
2020 [22], two multi-level wells were installed, ML1 and ML2, both shown in Figure 3. These
wells are described further in Waade [23], but we only show the same chemical variables
for the additional depth provided by these wells, i.e., at 12.5 and 25 m below surface.

3. Results
3.1. Modelled Head Distribution

The hydraulic head distributions and water table locations for each of the scenarios
(homogeneous Ks, continuous Ks layers, and discontinuous Ks layers–Model 1 are used for
illustration purposes) are shown in Figure 5. While the water table remains the same, the
hydraulic head equipotential lines are very differently distributed. For the homogeneous
Ks case, equipotential lines are nearly vertical, and the system is dominated by horizontal
flow. In the other cases, and especially with the discontinuous Ks layers, equipotential lines
are highly curved, giving rise to a stronger vertical flow component.
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continuous, and discontinuous layers of variable Ks, respectively, (Model 1 is used for illustration).

3.2. Different Distributions of Ks

Breakthrough curves of tracer concentrations for the scenarios with varying Ks dis-
tributions (Models 1–3, Figure 4) are shown in Figure 6. For the homogeneous case, most
of the tracer is found in shallow layers near the source of the plume (187–83 m.a.s.l., Lo-
cation A, 23 m from the tracer application zone), whereas further downstream (Location
B, 57 m from the tracer application zone), most of the tracer is found in the middle layers
(185–181 m.a.s.l.). In the layered cases, the breakthrough curves for the different layers are
very different from one scenario to another. Additionally, the plume velocities are affected
by the layer configurations.
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Figure 6. Concentration of added tracer for different elevations (corresponding to the different
discretized layers), different model configurations, and two different locations (A and B, Figure 4)
against time. The model scenario given in the graphs on the right (location B) also applies to the
graphs on the left (location A).

With Model 1, for both the continuous and discontinuous layers, the tracer is mainly
found below 185 m.a.s.l. (locations A and B). At location B, the tracer has also spread
to deeper layers (179–177 m.a.s.l.) compared to the homogeneous case. Furthermore,



Water 2023, 15, 985 10 of 16

the maximum concentration at different depths occurs at different times. In the cases of
discontinuous layers, the amount of tracer that reaches the deepest layer (177 m.a.s.l.) has
also increased.

With Model 2, most of the tracer is found in the layer at 183 m.a.s.l. in both the
continuous and discontinuous cases. Less tracer is found in the shallow layers. The
discontinuous layer case causes the tracer to spread higher into the layer at 185 m.a.s.l.,
whereas in the continuous case the tracer hardly enters this layer. The tracer is well spread
vertically in the continuous case, further away from the source of the plume (location B,
189–179 m.a.s.l.), while in the discontinuous case, the tracer is mostly present between 183
and 179 m.a.s.l.

With Model 3, the results are quite different since the tracer now remains in the shallow
layers and is less concentrated in the deeper layers. The tracer also spreads fastest in the
shallow zone and spreads slower to the deeper layers (the peaks in the deeper layers are
delayed). In the discontinuous case with lenses, the concentration peaks are much lower.

Figure 7 shows the plume distribution for the homogeneous, continuous, and discon-
tinuous cases (Model 1 configuration), 15 years after the tracer was added. The effect of
layers and lenses of varying Ks is apparent. The location of the plume and its centre of
mass are strongly affected by the different Ks layers and lenses. The spread of the tracer is
also slower, and the tracer seems to remain at a greater depth. In the case of discontinuous
Ks layers, the tracer does not accumulate in one specific region with high concentrations
but spreads out more in the deepest layers. Although it may look as if there is less tracer
present in the layered systems (less red colour in Figure 7), the total mass is the same in all
model realisations, indicating a larger dispersion (i.e., dilution) of the plume.
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Figure 7. Spatial distribution of tracer concentration after 15 years for the homogeneous, continuous,
and discontinuous Ks cases (Model 1, Figure 4). Conc. = concentration.

3.3. Time-Varying Recharge and Recurring Tracer Pulses

In the case of time-varying recharge, the plume spreads in a stepwise manner due to
periodical reduction of flow rate (no recharge) and periodical accelerated flow rate (high
recharge) (Figure 8). The peak concentrations are higher with time-varying recharge. The
vertical distribution of the tracer only differs slightly between the time-varying and steady-
state recharge scenarios. With the discontinuous Ks layers, the time-varying recharge, for
example, leads to higher tracer concentrations in the layer at 181 m elevation. In general,
the tracer seems to be more concentrated in the middle and deeper layers in the case of
time-varying recharge. Furthermore, especially in the homogeneous Ks case, the tracer
concentrations drop faster with time-varying recharge, giving the breakthrough curve a
narrower distribution (a smaller variance).
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Figure 8. Modelled tracer breakthrough curves for time-varying (right) and steady-state (left)
recharge scenarios, and for both the homogeneous (top) and layered Ks (bottom) cases.

When the tracer is added recurrently each year, there is a build-up of the tracer in
specific layers (Figure 9). When layers with different Ks are discontinuous, most of the
tracer accumulates in the deepest layers (185–177 m.a.s.l.). With the homogeneous Ks
case, less tracer accumulates at depth and more in the shallow part of the aquifer. The
tracer concentrations reach a steady-state value at which the concentration no longer
increases. However, the concentration in the deepest layers is still increasing after 20 years,
particularly in the case of the discontinuous Ks layer.
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Figure 9. Modelled tracer breakthrough curves for the time-varying recharge scenario, including,
annual recurring addition of tracer during the defined snowmelt period and for both homogeneous
(top) and discontinuous Ks layers (bottom). Model 1 is used as an illustration for the discontinuous,
layered system.

3.4. Selected Water Quality Data from Oslo Airport, 1999–2019

To give an impression of the observed seasonal and accumulated response on ground-
water quality, we show the concentrations of potassium (Figure 10A) and total organic
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carbon (TOC, Figure 10B). Total organic carbon (TOC) includes both propylene glycol and
formate as well as degradational products and is expected to be completely degraded
by the time groundwater reaches the monitoring well furthest from the runway (Br29-5).
Potassium constitutes the non-degradable part of the de-icing chemicals and is expected to
behave more similarly to the modelled tracer. Hence, they are useful illustrations of the
long-term observations in an affected area. The potassium concentrations show a cyclic
effect consistent with annual pulses of de-icing chemicals. They also display a steadily
increasing concentration towards what can seem like an asymptotic concentration level
consistent with the results of the transient simulation of seasonal variation in recharge and
pulses of de-icing chemicals (Figure 9). TOC concentrations clearly show the cyclic effect
of the annual pulses and a more complete degradation at increasing distances from the
runway (Br29, 15 m, and Br29-5, 160 m from the runway).
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Figure 10. Observed concentrations from 1999 to 2019 of (A) potassium (K) and (B) total organic
carbon (TOC) in monitoring well Br29 shown on the secondary y-axis and wells Br29-3, Br29-4, and
Br29-5 on the primary y-axis (for distance from runway see Figure 3), wells from Br29-3 to Br29-5
were installed in 2007.

3.5. Water Quality Data from Deeper Wells at Oslo Airport

Although the groundwater samples from the Br29 transect wells nicely describe the
main features of dilution (K) and degradation (TOC) (Figure 10A,B), recent measurements
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from the multi-level wells (ML1 and ML2, Figure 3) confirm contaminant transport to the
deeper layers in the hotspot area along the western runway. Figure 11A clearly shows
that the shallow and deeper well screens of ML1 at 10 m from the runway have higher
potassium concentrations than the background. The same is the case for TOC. Although
ML2 (Figure 11B), 130 m from the runway, has lower concentrations of potassium, in
addition, the deeper screen seems to have a slightly raised concentration compared to the
background values.
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Figure 11. Concentrations of potassium (K, left y-axis) and total organic carbon (TOC, right y-axis)
in water sampled at three depths of the multilevel samplers (Figure 3), (A) ML1 at 10 m and (B) ML2,
installed at 10 and 130 m from the runway, respectively. Maximum background concentrations of K
are indicated as blue straight lines, and the equivalent for TOC as yellow lines.

4. Discussion

Modelling of tracer distribution in a layered aquifer similar to that at Oslo Airport,
Gardermoen, shows a stronger vertical flow component near a groundwater divide in
the presence of horizontal layers of variable Ks. Although a vertical flow component
near the groundwater divide is expected from general groundwater theory, the strong
influence of layers is highlighted by our examples. Other studies that have explored this
effect include Taylor et al. [24], who investigated the importance of vertical gradients using
bundled multilevel piezometers and a double-packer assembly in dedicated boreholes.
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The importance of layers was documented by Rushton and Salmon [25], who found that
when water passes vertically through low-conductivity zones in the Bromsgrove sandstone
aquifer, significant vertical head gradients occur.

With a homogeneous Ks, the tracer plume shifts to deeper layers with increasing travel
distance. This is expected since there is a recharge along the flow line, which creates a
slight vertical gradient in the system (Figure 5). The vertical head gradients increase in
layered aquifers, which causes the tracer to spread to deeper layers. The continuous layers
cause preferential flow paths and semi-confining units. Layers with high Ks allow for rapid
transport of the tracer, while the lower Ks layers slow down and confine the spread of the
tracer. Such mechanisms may direct de-icing chemicals to more conductive layers.

The addition of up to 10 m long lenses with varying Ks had a large impact on the
spread of the plume. These could retard or accelerate the spread of the tracer across the
layers, depending on the specific spatial configuration of Ks. Overall, it seems that the
tracer would stay in the groundwater system longer under heterogeneous conditions,
suggesting further accumulation in certain layers over time with the annually recurrent use
of de-icing chemicals. This was confirmed by the modelling of recurrent tracer additions.
Several deeper layers had cumulatively increased tracer concentrations over time under
heterogeneous conditions, while the build-up of the tracer occurred in shallow layers in the
homogeneous case. Furthermore, the placement of different Ks lenses affects the connection
between different layers, potentially creating ‘fast lanes’ and ‘slow lanes’ in the aquifer.
Fernàndez-Garcia et al. [26] explained the point-to-point flow and transport connectivity by
relating how much faster the head and travel time responses were when compared to those
expected for the equivalent homogeneous flow problem. Nalarajan et al. [17] showed with
numerical investigations of the well capture zone and solute transport that heterogeneity in
the hydraulic conductivity field significantly enhances the non-uniformity in the flow and
solute plume movements. Although a more statistically advanced approach was applied
in this study, their results indicated that the influence of probable Ks realisations on the
hydraulic behaviour within a heterogeneous aquifer could be adequately analysed even
without complex stochastic models.

Time-varying recharge had a minor impact on the spread of the tracer for the tests
performed here. It did, however, affect the concentration of the tracer and at what depth the
tracer concentration would be higher or lower. A stronger effect could be expected if the
recharge had greater temporal variability than what we modeled. Elfeki et al. [27] found a
strong impact on contaminant transport only if the amplitude of head gradient oscillations
is relatively large. This was based on a numerical study of solute transport under the
influence of oscillating groundwater flow in a homogeneous aquifer. For relatively small
oscillations, results were close to steady state conditions, similar to our results.

Field measurements of potassium concentrations in the hot-spot area of de-icing
chemical release at Oslo Airport indicate a steady increase of the concentrations towards
an asymptotic maximum and lower concentrations with increasing distances from the
runway. This result is in line with the simulation results. Measured total organic carbon
concentrations in the same wells show a cyclic effect reflecting the seasonal variation in
inputs of de-icing chemicals. Although the scenarios modelled here are by no means
exhaustive, the layered model scenarios seem to give a realistic representation of the
solute transport pattern observed at Oslo Airport. The model results strongly support the
installation of deeper monitoring wells, preferably multi-level wells that can capture zones
of varying concentrations. This paper demonstrates the usefulness of using numerical
modelling to explain contaminant transport processes and prompt managers at Oslo Airport
to supplement the existing monitoring programme with multi-level sampling wells.

Many publications document the effect of heterogeneity and transient boundary con-
ditions on solute transport [28], but these may not easily be grasped by practitioners. Our
modelling study illustrates how a more simplistic set-up can provide enough information to
improve the monitoring system at a specific site. The results also highlight the importance
of mapping layers in the vicinity of the groundwater divide, and vertical flow should be
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carefully monitored in such areas. This is important for the future design of appropriate
monitoring systems.

5. Conclusions

This modelling study shows that the vertical flow component near a groundwater
divide is stronger in the presence of horizontal layers with variable hydraulic conductiv-
ity. Hence the importance of mapping such layers to predict plume movement near the
groundwater divide. Further, the study demonstrates that a layered structure may have a
large impact on the spread of a tracer, and contaminants can become ‘trapped’ in certain
layers, depending on the combination of contaminant infiltration and discontinuities of
the layers. It is therefore important that the monitoring system allows for the collection of
depth-specific groundwater samples. Time-varying boundary conditions had less effect on
the plume movement than the layer structures defined for the tested circumstances. The 20
year time series of field measurements of potassium and total organic carbon concentrations
in the hot-spot area of de-icing chemical release at Oslo Airport support the simulation
results, showing a steady increase in concentrations towards an asymptotic maximum as
well as a cyclic effect reflecting the seasonal input of de-icing chemicals. Recently added
multi-level sampling wells confirm contaminant transport to deeper layers. The model
results presented here provide a useful example for designing groundwater monitoring
programmes, and they strongly support the installation of multi-level samplers, especially
near groundwater divides. Further modelling studies could include anisotropy effects and
the effect of heterogeneities within the different layers.
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