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NEW APPROACHES FOR LOW-INVASIVE CONTAMINATED SITE CHARACTERIZATION, MONITORING AND MODELLING
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Abstract Transport and degradation of de-icing chemical
(containing propylene glycol, PG) in the vadose zone were
studied with a lysimeter experiment and a model, in which
transient water flow, kinetic degradation of PG and soil
chemistry were combined. The lysimeter experiment indi-
cated that aerobic as well as anaerobic degradation occurs
in the vadose zone. Therefore, the model included both
types of degradation, which was made possible by assum-
ing advection-controlled (mobile) and diffusion-controlled
(immobile) zones. In the mobile zone, oxygen can be trans-
ported by diffusion in the gas phase. The immobile zone is
always water-saturated, and oxygen only diffuses slowly in
the water phase. Therefore, the model is designed in a way
that the redox potential can decrease when PG is degraded,
and thus, anaerobic degradation can occur. In our model,
manganese oxide (MnO2, which is present in the soil) and
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NO−
3 (applied to enhance biodegradation) can be used as

electron acceptors for anaerobic degradation. The applica-
tion of NO−

3 does not result in a lower leaching of PG nor in
a slower depletion of MnO2. The thickness of the snowcover
influences the leached fraction of PG, as with a high infiltra-
tion rate, transport is fast, there is less time for degradation
and thus more PG will leach. The model showed that, in this
soil, the effect of the water flow dominates over the effect of
the degradation parameters on the leaching at a 1-m depth.

Keywords Vadose zone · De-icing chemical · Modeling ·
Degradation · Contaminant transport

Introduction

At Oslo Airport in Norway, de-icing chemicals are used to
remove snow and ice from airplanes before departure dur-
ing winter time. This is done on a platform, such that about
80 % of the de-icing chemicals are collected, but the remain-
ing is spread along the runways or carried further by the
aircraft (OSL Airport 2013). This results in an annual con-
taminant load of 100–200 tons to the airfield soil along the
runways (Øvstedal and Wejden 2007). During snowmelt,
the infiltration rates are high and the de-icing chemicals
can be transported rapidly through the coarse-textured soil
on which the airport is located (French et al. 2001). The
airport is located on a large unconfined aquifer, and ground-
water contamination with the de-icing chemical should be
avoided.

In the soil, de-icing chemicals consisting of the organic
compound propylene glycol (PG) may be degraded by
microorganisms (Klecka et al. 1993; Veltman et al. 1998;
Jaesche et al. 2006). Microorganisms need electron accep-
tors for the degradation of PG. This can be oxygen or, in the
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absence of oxygen, other electron acceptors that are present
in the soil, like oxides of manganese or iron. Continuous
application of PG may lead to a depletion of manganese and
iron and therefore lower degradation potential of the soil.
To avoid depletion of manganese and iron and to enhance
biodegradation, remediation techniques can be used, for
instance by applying nitrate, which can also be used as
an electron acceptor (Cunningham et al. 2001). To study
the degradation pathways of PG, we performed a lysime-
ter experiment. Both aerobic and anaerobic degradation
products were observed in the experiment, in the form of
metabolites, and leaching of manganese and iron.

To study the leaching of PG to groundwater, the long-
term effects of continuous PG application on manganese
concentrations in the soil and the potential remedia-
tion strategies, modelling is needed. Commonly, models
describing anaerobic degradation can be divided in two
scales: either the aquifer scale (Hunter et al. 1998; Brun
and Engesgaard 2002; Mayer et al. 2002) or the aggregate
scale with the order of centimetres (Leffelaar 1988, 1993;
Leffelaar and Wessel 1988; Rappoldt 1990). At the aquifer
scale, often, steady-state flow is assumed. In the vadose
zone, this assumption is not valid with snowmelt when water
flow is very dynamic and a transient water flow approach is
needed. Furthermore, as aquifers are saturated, they become
anaerobic when oxygen is depleted. As was observed in
the lysimeter experiment, in the vadose zone, anaerobic
zones may develop in aggregates. A model to describe trans-
port and degradation of a contaminant, which can be used
at the plot scale and which includes anaerobic degrada-
tion, is rarely found according to Dassonville and Renault
(2002). Therefore, we constructed a model for this purpose,
by combining a hydrological model with a soil chemical
model.

As both aerobic and anaerobic degradations were
observed in the experiment, we want to combine transport in
the vadose zone with the redox regime in an aggregate. We
use a mobile–immobile concept for the soil, which concep-
tualizes an aerobic mobile zone and an anaerobic immobile
zone. In the model, the anaerobic immobile zone reflects
water-saturated aggregates or hardly accessible pores. In the
aerobic mobile zone, solutes are transported by advection.
Exchange of solutes between the aerobic and the anaerobic
zones occurs by diffusion.

Different electron acceptors can be used for degrada-
tion, in both the aerobic and the anaerobic zones. One
approach to model the transition between different elec-
tron acceptors is the use of a critical concentration for
the most favourable (in gained energy) electron acceptor;
below this concentration, the less favourable electron accep-
tor will be used (Barry et al. 2002). Another approach
was used by Kindred and Celia (1989) and Brauner and
Widdowson (1997), who modelled simultaneous use of two

electron acceptors by two different microbial communi-
ties for the degradation of a substrate. Some bacteria are
known to be able to respire nitrate in the presence of O2,
although the physiological advantage is not clear (Carter
et al. 1995). As the redox chemistry of the soil is included
in our transport model, multiple electron acceptors can be
used.

The objectives of this study are to (1) develop a con-
ceptual model in which water flow, degradation and soil
chemistry in the vadose zone are combined, to study trans-
port and degradation of a contaminant. The model contains
an aerobic mobile zone and an anaerobic immobile zone.
This model will be used to investigate (2) the long-term
effects of frequent PG application on the availability of
electron acceptors, (3) the effect of nitrate application on
PG leaching and availability of electron acceptors and (4)
the effect of the snowmelt (intensity and duration) on PG
leaching.

Materials and methods

Biodegradation of propylene glycol

PG degradation by microorganisms was modelled in this
study by using O2, NO−

3 and manganese oxide (MnO2)
(in order of preference) as electron acceptors. The redox
equations are as follows:

1

4
O2(g)+ H+ + e− � 1

2
H2O pE(W) = 13.75 (1)

1

5
NO−

3 + 6

5
H+ + e− � 1

10
N2(g)+ 3

5
H2O pE(W) = 12.65 (2)

1

2
MnO2(s)+ 2H+ + e− � 1

2
Mn2+ + H2O pE(W) = 9.8 (3)

where pE is the redox potential. At lower redox potential,
Fe oxides can be used as an electron acceptor. Theoretically,
MnO2 is a stronger oxidizer, so with equilibrium, reduction
of Fe oxides would only start after all MnO2 is reduced. So,
in the modelling, adding Fe oxides would not change the
results (Stumm and Morgan 1996).

The biodegradation rate is modelled with Monod kinetics
(Barry et al. 2002):

d[O2]
dt

= μ
[O2]

KO2 + [O2]
[PG]

KO2,PG + [PG]B (4)

d[NO−
3 ]
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= μ

[NO−
3 ]

KNO−
3
+ [NO−

3 ]
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3 ,PG + [PG]

×B
KI,O2

KI,O2 + [O2] (5)
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d[MnO2]
dt

= μ
[MnO2]

KMnO2 + [MnO2]
[PG]

KMnO2,PG + [PG]

×B
KI,O2

KI,O2 + [O2]
KI,NO−

3

KI,NO−
3
+ [NO−

3 ]
(6)

where [O2], [NO−
3 ] and [MnO2] are the concentrations of

the electron acceptors (in moles per cubic metre of water),
t is time (in second), μ is the maximum growth rate (in
per second), KY is the half-saturation constant of substance
Y (in moles per cubic metre of water), [PG] is the con-
centration of propylene glycol (in moles per cubic metre
of water), B is the biomass (in moles per cubic metre of
soil) and KI,Y is an inhibition parameter (in moles per cubic

metre of water). In Eqs. 5 and 6, the terms
KI,O2

KI,O2+[O2] and
K

I,NO−
3

K
I,NO−

3
+[NO−

3 ] are introduced to ensure the order of prefer-

ence for the electron acceptors (Gallo 2003). With a high

O2 concentration, the term
KI,O2

KI,O2+[O2] is small, meaning

that almost no NO−
3 or MnO2 will be used for biodegrada-

tion. The terms increase from 0 to 1, while the O2 or NO−
3

concentrations decrease.
The redox equations of NO−

3 and MnO2 (Eqs. 2 and 3)
are rewritten to equivalent O2 degradation rates. The sum
of the three (rewritten) degradation rates is used to cal-
culate PG degradation. The O2 concentration is adjusted
with the three (rewritten) degradation rates. In this way,
the redox potential is correct. The reduction of NO−

3 and
MnO2 is calculated automatically using the redox potential
and chemical equilibria. Moreover, re-oxidation of reduced
forms of nitrogen and manganese is included.

The biomass grows when PG is degraded:

dPG

dt
= −

(
d[O2]
dt

+ d[NO−
3 ]

dt
+ d[MnO2]

dt

)
(7)

dB

dt
= G

(
d[O2]
dt

+ d[NO−
3 ]

dt
+ d[MnO2]

dt

)
(8)

where G is a yield parameter (in moles of biomass per mole
of PG).

Sources and transport of electron acceptors

For each electron acceptor, a different process is important
for the transport or source of this electron acceptor.

O2 is transported by advection in water and by diffu-
sion in air. The diffusion constant of oxygen in air is higher
than that in water. As soil consists of water, air and solids,
the O2 diffusion in soil depends on the fraction of air-filled
pores. Furthermore, diffusion depends on the connectivity
of the air-filled pores (Jin and Jury 1996; Kawamoto et al.
2006). Soil respiration, which consumes oxygen, is caused

by respiring microorganisms and roots, where root respi-
ration may be as large as microbial respiration (Kelting
et al. 1998; Hanson et al. 2000). However, root respiration
is ignored in the model, as it probably will be low during
snowmelt when the temperature is low.

The model of Millington and Quirk (1961) calculates the
diffusion constant of O2 in soil:

Ds = Da
(n− θ)

10
3

n2
(9)

where Ds is the oxygen diffusion constant in soil (in cubic
metres of air per metre of soil per second), Da is the oxygen
diffusion constant in air (2×10−5 m2 air per second (Denny
1995)), θ is the soil moisture content (in cubic metres per
cubic metre) and n is the total porosity (in cubic metres per
cubic metre). As the soil moisture content varies in time and
in depth, also the diffusion constant varies in time and in
depth. When Ds/Da is smaller than 0.02, it is likely that
anaerobic degradation occurs (Kristensen et al. 2010). O2 in
the gas phase is in equilibrium with O2 in the water phase.

NO−
3 is applied to the soil surface, at the same time

as PG. NO−
3 is only transported by advection in the water

phase. With a decreasing redox potential, NO−
3 is trans-

formed into N2, via NO−
2 (Groffman et al. 2009; Laudone

et al. 2011).
The most abundant form of manganese in soil is MnO2.

This manganese oxide can be used as an electron acceptor,
which gives Mn2+. Re-oxidation and precipitation of other
manganese(hydr)oxides are taken into account (MnHCO+

3 ,
MnO−

4 , MnO2−
4 , MnOH+ and Mn[OH]−3 ). The chemical

equilibria and the present forms of nitrogen and manganese
are calculated in Objects Representing Chemical Speciation
and Transport models (ORCHESTRA, Meeussen (2003)).

Rationale for model structure and sensitivity analysis

To monitor the transport and degradation of the de-icing
chemicals PG and potassium formate under close-to-natural
conditions, eight undisturbed soil cores (with a diameter of
0.3 m and length of 1 m, 0.071 m3) were retrieved at the
Oslo Airport, Norway and installed as non-weighable small-
scale lysimeters at the nearby research station, Moreppen,
Gardermoen (Lissner et al. 2013). A description of the
research station can be found in French et al. (1994). A
vacuum control station (VS, UMS GmbH, Germany) that
was connected to a sample bottle at the lysimeter outlet
at a 1-m depth regulated the applied suction of 60 hPa.
Before snowmelt in March 2010, a mix of snow contain-
ing 350 g m−2 PG (Type I, Kilfrost), 71 g m−2 formate
(AVIFORM L50, ADDCON) and 17 g m−2 bromide as con-
servative tracer were applied uniformly to the snow on top of
each lysimeter on March 23. Following this, the lysimeters
were exposed to natural weather conditions for 1 year. Due
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to high infiltration rates, sampling was conducted inten-
sively during snowmelt. In the remaining year, the drainage
was collected according to meteorological conditions as it
became available.

Figure 1 shows the concentrations of PG and its degra-
dation products measured in one of the lysimeters. Lactate
and pyruvate are the products that are formed with aerobic
degradation of PG, and propionate and acetate are formed
with anaerobic degradation. From the observations, it was
concluded that aerobic as well as anaerobic degradation
occurs in the vadose zone in the lysimeter. Therefore, the
model that will be used to study transport and degrada-
tion in this soil should include both degradation pathways,
especially when the long-term effects of degradation on the
availability of electron acceptors are studied. The metabo-
lites only serve as an indicator for the pathways and are not
included in the model, as eventually PG is degraded to CO2.

Model structure

The snow, contaminated with PG, melts during spring
and can infiltrate rapidly in the coarse-textured soil (see
Lissner et al. (2013) for a description of the texture). During
snowmelt, PG is transported to a depth of about 2 m (French
et al. 2001). Then, during summer, evaporation balances
precipitation and PG transport is limited. The PG transport
is transient, and thus, the flow model should include tran-
sient weather series as atmospheric boundary conditions.
The degradation of PG depends on the availability of elec-
tron acceptors, like oxygen, nitrate and manganese oxide (in
this study). The oxygen concentration in an unsaturated soil
depends on the soil moisture content, which can be high
during snowmelt. Concentrations of nitrate and manganese
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Fig. 1 Measured concentration of propylene glycol and its degrada-
tion products. Lactate and pyruvate are formed with aerobic degra-
dation of PG; propionate and acetate are formed with anaerobic
degradation. The snowmelt period was from day 1 until day 8

oxide and the form in which they occur depend on the redox
conditions. Therefore, the redox chemistry in the soil should
be included in the model.

To model transport and degradation of PG in the vadose
zone, a hydrological and a chemical model need to be
combined, which was done with the hydrological model
Soil, Water, Atmosphere and Plant (SWAP, (Van Dam et al.
1997)) and the code ORCHESTRA . Both models have been
tested previously (Van Dam 2000; Kroes et al. 2000; Van
Beinum et al. 2000). SWAP can be used to model tran-
sient unsaturated water flow. Transient precipitation and
evaporation series from the year 1993 are used from the Gar-
dermoen site, which is a year with an average amount of
snow and precipitation. Before simulating with SWAP, snow
formation and melt is simulated in a separate routine:

S(t) = bP (t) if T (t) < 0 (10)

M(t) = c(T (t)− Tmelt) if T (t) > Tmelt (11)

B(t) = (1 − 1/b)D(t) (12)

where S is the depth of fresh snow (in metre), b is a fit-
ting parameter (in metres of snow per metre of water), P is
the precipitation (in metre), T is the temperature (in degrees
Celsius), M is the snowmelt, c is a fitting parameter (in
metres per degrees Celsius), Tmelt is the critical tempera-
ture for snowmelt (in degrees Celsius), B is the total storage
available for water in the snowcover (i.e. porosity of the
snowcover × depth of the snowcover, in metre) and D is
the thickness of the snowcover (in metre). Fresh snow S is
added to the snowcover D. When the temperature is higher
than 0 ◦C, P and M are added to the liquid water depth W .
When W exceeds B , this is called infiltration. The result-
ing infiltration rate was used as precipitation in SWAP. The
parameters b and c were fitted with data from other years
and were 8 m snow/m water and 0.001 m/◦C, respectively.
The resulting infiltration rate is given in Fig. 2.

First, the water fluxes are generated as output by SWAP;
then, these are used as input for ORCHESTRA. Advection,
kinetic degradation of PG and chemical redox equilibria in
the soil are modelled with ORCHESTRA. The solutes were
transported by advection and numerical dispersion with the
water fluxes. With snowmelt, the effect of advection is
probably larger than that of dispersion. Moreover, by includ-
ing mobile and immobile zones and detailed chemistry,
the calculation time is quite long. For these two reasons,
we decided to not include dispersion explicitly. ORCHES-
TRA has a modular and object-oriented architecture, which
implies that new biogeochemical functionalities can be rel-
atively easily implemented. The chemical reactions have
been modelled assuming equilibrium.

From the lysimeter study, it was concluded that the soil
should contain anaerobic zones (Lissner et al. 2013). There-
fore, in the model, the soil was divided into aerobic and
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Fig. 2 Infiltration rate

anaerobic zones. Figure 3 shows a schematic overview of
the conceptual model with mobile and immobile zones. The
size of the zones is constant in time. The immobile zone is
always saturated with water and therefore can be anaerobic.
In the mobile zone, water flows and solutes are advected
and oxygen is transported by diffusion in the gas phase. The
water content in the mobile zone varies in time and depth;
therefore, the diffusion constant for oxygen also varies
(Eq. 9). The total water content of both zones is the same
as the water content in a soil with only one zone. Therefore,
the water content in the mobile zone is lower than the water
content would be with one zone. Solutes are exchanged
between the two zones, driven by the gradient in concen-
tration. One diffusion constant was taken for all solutes:
1×10−9 m2 s−1, which is the diffusion constant of oxygen

Fig. 3 Schematic overview of the mobile–immobile model with redox
chemistry

in water at 0 ◦C (Denny 1995). The radius of the aggregates
was 0.015 m. In both zones, PG is degraded (Eq. 7) and the
biomass grows (Eq. 8). The chemical equilibria are calcu-
lated in both zones. As the redox potential can be different in
both zones, the preferred electron acceptor can be different.
From the soil water retention characteristics, it was con-
cluded that the saturated soil water content was 0.39 m3 m−3

and the immobile water content was 0.13 m3 m−3. In the
model, the immobile part covers 12.5 % of the soil. Within
the aggregates, a homogeneous solute and O2 concentration
is assumed.

Model parameterization

The soil hydraulic parameters used in SWAP are given in
Table 1. The infiltration rate is given in Fig. 2. The degra-
dation parameters μ and KY in Eqs. 1–3 were fitted to
obtain kinetic degradation rates that are similar to a total
first-order degradation rate of approximately 0.02 day−1

(derived by French et al. (2001) and Schotanus et al.
(2012), see Table 1). These parameters are difficult to
experimentally determine independently. The critical envi-
ronmental factors controlling in situ biodegradation are soil
water, oxygen, pH, nutrient status and temperature (Leahy
and Colwell 1990). The relationship between these factors
and μ and KY, is not only quite complex and nonlinear
but is also affected by these different factors differently.
Experimental assessment of dependencies is difficult and
costly, as the laboratory conditions are not representative
for the field scale (Holden and Firestone 1997). There-
fore, we based the kinetic degradation parameters on the
first-order degradation rate that was determined for field
conditions and investigate the complexity by parameter
variation.

Sensitivity analysis

Two case studies with the model will be discussed. First,
the effect of nitrate application on the PG degradation and
MnO2 will be shown. Second, the effect of the intensity
and duration of the snowmelt on the leached fraction of
PG is discussed. We have opted for these case studies
to investigate the leaching risk of PG and use of nitrate
as a remediation measure at Oslo Airport. In Table 1, an
overview of the used parameter values is given.

Nitrate application

Nitrate can be used as an electron acceptor by microor-
ganisms and therefore could lead to a lower PG leaching
than without nitrate application. A sensitivity analysis of
the degradation parameters and the inhibition parameter will
be done. These parameter values were chosen, to be close
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Table 1 Overview of parameters

Name Symbol [] Standard value Sensitivity analysis

Applied or Propylene glycol [PG] mol m−3 5×10−3

initial Oxygen air O2 (g) atm 0.2

concentration Nitrate [NO−
3 ] mol m−3 2×10−4

Manganese oxide [MnO2] mol m−3 3×10−4

Degradation Maximum growth rate μ s−1 6×10−6 6×10−7, (1, 3, 9)×10−6,

6×10−5

Half-saturation constant PG KPG mol m−3 water 1.25×10−3 0, (1.25, 6.25)×10−4,

(1.25, 1.88)×10−3, 1.25×10−2

Half-saturation constant O2 KO2 mol m−3 water 5×10−5 0, 5×10−6, 5×10−4

Half-saturation constant NO−
3 KNO−

3
mol m−3 water 5×10−5 0, 5×10−6, 5×10−4

Half-saturation constant MnO2 KMnO2 mol m−3 water 1×10−4 0, 1×10−5, 1×10−4,

1×10−3

Inhibition O2 KI,O2 mol m−3 water 2×10−4 5×10−5, 8×10−4

Inhibition NO−
3 KI,NO−

3
mol m−3 water 8×10−5

Initial biomass B mol m−3 soil 8.75×10−4 8.75×10−5, 8.75×10−3

Yield parameter G mol biomass mol−1 PG 0.5

Snowcover Infiltration rate mm day−1 20, 30, 40, 60

Duration days 5, 10, 15

Soil hydraulic Residual water content θres m3 m−3 0.0298

Parameters Saturated water content θsat m3 m−3 0.3852

α m−1 2.61

n 1.4517

Saturated conductivity Ksat m day−1 1.13

I 0.5

Miscellaneous Diffusion constant air Da m2 s−1 2×10−5

Apparent diffusion constant Dw m2 s−1 1×10−9 1×10−5, 1×10−8

Fraction immobile zone % 12.5 5

to an apparent total first-order degradation rate of approxi-
mately 0.02 day−1, which was measured in the field (French
et al. 2001). Furthermore, the PG leaching with nitrate
application will be compared with PG leaching without
nitrate application. The first sensitivity analysis was done as
follows:

1. Degradation parameters for PG:

• μ = 3 × 10−6, 6×10−6 and 9×10−6 s−1

• KPG = 6.25 × 10−4, 1.25×10−3 and
1.88×10−3 mol m−3 water

2. Inhibition parameter:

• KI,O2 = 5 × 10−5, 2×10−4 and 8×10−4 mol m−3

water

3. Degradation parameters, with or without nitrate appli-
cation:

• μ = 6 × 10−7 and 6×10−5

• KPG = 1.25 × 10−4, 1.25×10−3 and
1.25×10−2 mol m−3 water

• KO2 = 5 × 10−6, 5×10−5 and 5×10−4 mol m−3

water
• KNO−

3
= 5 × 10−6, 5×10−5 and 5×10−4 mol m−3

water
• KMnO2 = 1×10−5, 1×10−4 and 1×10−3 mol m−3

water
• B = 8.75 × 10−4 and 8.75×10−3 mol m−3 soil
• The highest and lowest leaching resulting from 1

4. Inhibition parameter, with or without nitrate applica-
tion:

• KI,O2 = 5 × 10−5 and 8×10−4 mol m−3 water

5. Apparent diffusion constant:

• Dw = 1 × 10−8 and 1×10−5 m2 s−1
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Intensity and duration of snowmelt

To investigate the effect of the thickness of the snow-
cover on the leached fraction of PG, the length of the
snowmelt period and the infiltration rate were varied. The
length of the snowmelt was 5, 10 or 15 days, and the
infiltration rate was 20, 30, 40 or 60 mm day−1. PG was
applied with a constant concentration during the snowmelt
period. Thus, the applied PG mass varied between 0.5 and
3 mol m−2. The degradation rate was either kinetic with
Monod (Eqs. 4–6) or zeroth order (by taking KY � [Y]
in Eqs. 4–6 and adjusting μ to reach a similar rate as with
Monod). With zeroth-order degradation, the degradation
rate only depends on the biomass, not on the concentration
of PG.

Furthermore, with the same initial mass of snow, the
degradation parameters, the infiltration rate and the duration
were varied:

• μ = 6 × 10−7 and 6×10−5 s−1

• KPG = 1.25 × 10−4 and 1.25×10−2 mol m−3 water
• KO2 = 5 × 10−6 and 5×10−4 mol m−3 water
• KNO−

3
= 5 × 10−6 and 5×10−4 mol m−3 water

• KMnO2 = 1 × 10−5 and 1×10−3 mol m−3 water
• B = 8.75×10−5, 8.75×10−4 and 8.75×10−3 mol m−3

soil
• Infiltration rate = 20 and 40 mm day−1

• Duration = 5 and 10 days

Results and discussion

Concentrations of PG, tracer and electron acceptors

Figure 4a shows the concentrations of PG and a tracer,
scaled with the applied concentrations, in both the mobile
and the immobile zones. In the mobile zone, the concen-
trations of PG and the tracer increase rapidly. The peak
concentration is reached later in the immobile zone and
is lower than that in the mobile zone. This is caused by
diffusion between the two zones.

Figure 4b shows the concentrations of different nitrogen
species. In the immobile zone, NO−

3 is rapidly transformed
to NO−

2 and then to N2 (Groffman et al. 2009; Laudone
et al. 2011). This is caused by the decreasing redox poten-
tial in the immobile zone, due to the consumption of oxygen
by the microorganisms. When the PG concentration is low,
and thus the degradation rates are low, N2 is transformed
into NO−

2 and then to NO−
3 as can be seen in Fig. 4b from

day 320 onwards. As N2 is a gas, in reality, it probably
would be transported by diffusion to the soil surface and
the nitrogen would leave the soil system. In the model how-
ever, this is ignored. Also, transformation of NO−

3 in NH+
4

was included in the model, but this did not occur in the
simulations.

Figure 4c shows the redox potential (expressed as pE) in
the mobile and immobile zone. In the mobile zone, the pE
is almost constant in time. This means that oxygen transport
is always larger than oxygen consumption. In the immobile
zone, the pE decreases when degradation of PG starts in the
immobile zone. The pE increases again when PG degrada-
tion is small, and oxygen diffuses into the immobile zone.
The pE increases quite suddenly; at the same time, N2 is
transformed into NO−

2 , because of the increase in the pE.
Then, the PG concentration is low and oxygen consumption
does not exceed the diffusion anymore. The maximum value
of the pE is higher and the minimum value is lower than
those that can be expected in a soil solution. In the model,
not all processes that occur in soil water can be included;
these processes can buffer the pE. Therefore, in the model,
the values of the pE are more extreme than those that would
be expected in the field.

Figure 4d shows the degradation rates caused by O2,
NO−

3 and MnO2 reduction (Eqs. 1–3). The rates increase
because of an increasing PG or electron acceptor concen-
tration or because of an increasing biomass. In the mobile
zone, O2 results in the highest degradation rate, followed
by NO−

3 and then MnO2. This is caused by the definition
of the rates, including the inhibition term(s) in the rates for
NO−

3 and MnO2. In the immobile zone, MnO2 is the most
important electron acceptor, as the concentrations of O2 and
NO−

3 are low in the immobile zone. The degradation rate by
MnO2 decreases from day 90 onwards, because the MnO2

concentration decreases. Thus, different electron acceptors
are used in the mobile and the immobile zones.

Figure 4e shows the MnO2 in both zones. The mineral is
not transported by advection or by diffusion. In the immo-
bile zone, the MnO2 concentration decreases, while in the
mobile zone, the MnO2 concentration increases. This is
caused by diffusion of dissolved and reduced manganese
from the immobile to the mobile zone. As O2 and NO−

3
are consumed by the microorganisms, the pE lowers and
MnO2 can be used as an electron acceptor. This results in
dissolved Mn2+ (and other dissolved forms of manganese).
The dissolved forms can be transported by diffusion from
the immobile to the mobile zone. In the mobile zone, the
dissolved Mn2+ re-oxidizes and forms MnO2 precipitates
again, as the pE is higher and MnO2 is the most common
form at a higher pE. In the lysimeter experiment, dissolved
manganese was observed in the drainage. This indicates that
re-oxidation of dissolved manganese might be a rate-limited
process. However, for the chemical reactions, equilibrium
was assumed in the model. Figure 4e shows that the man-
ganese oxide concentration decreases in the immobile zone
over the course of 1 year. With frequent PG application,
manganese oxide might be further depleted in the immobile
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Fig. 4 Concentrations of
propylene glycol and a
non-degradable tracer, in the
mobile and immobile zones of
the soil, at a 1-m depth (a).
Concentrations of NO−

3 , NO−
2

and N2 (b). Redox potential (c).
Degradation rates of O2, NO−

3
and MnO2 (d). Concentration of
manganese oxide (MnO2) (e).
Soil moisture content (f)
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zone. As a result, the degradation in the immobile zone will
become lower, and thus, more PG may leach.

Sensitivity analysis

Nitrate application

In Fig. 4, nitrate was applied to enhance biodegradation.
Nitrate can be used as an electron acceptor by microorgan-
isms and therefore could lead to a lower PG leaching than
without nitrate application. As nitrate could be a contami-
nant in itself, the required application concentration should
be known, to prevent nitrate leaching. In this section, the
effect of nitrate application on PG leaching will be inves-
tigated. As PG leaching depends on the degradation rate,
first, a sensitivity analysis of the degradation parameters and
the inhibition parameter will be done. Then, for different
parameter combinations, the PG leaching with nitrate appli-
cation will be compared with PG leaching without nitrate
application.

Figure 5a shows the leaching of a tracer and PG at a
1-m depth. For PG, the maximum growth rate μ and the
half-saturation constant KPG in Eqs. 4–6 were varied to
study how sensitive PG leaching is to these parameters.
For all parameter combinations, most leaching occurs in the
first 50 days, during or just after snowmelt. With the high
infiltration rate, solutes are transported rapidly in the coarse-
textured soil (details on the texture distribution can be found
in Lissner et al. (2013)). This was also found in the field
experiment (Fig. 1). The highest leaching was found with
a low μ and high KPG, and the lowest leaching was found
with a high μ and low KPG, as was expected. In this coarse-
textured soil, the effect of the water flow dominates the
effect of the degradation parameters on the leaching at a 1-m
depth. With increasing depth, the effect of the degradation
parameters increases.

Figure 5b shows the effect of the inhibition parameter
KI,O2 in Eqs. 5–6 on the leached fraction of PG. When the
inhibition parameter is lower, the leaching of PG is higher,
because the oxygen concentration has to be lower before
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Fig. 5 a Sensitivity of leached
PG fraction to parameters μ
(values of 3×10−6, 6×10−6 and
9×10−6 s−1) and KPG (values
of 6.25×10−4, 1.25×10−3 and
1.88×10−3 mol m−3 water) in
grey. The black line is a tracer. b
Sensitivity of leached PG
fraction to inhibition parameter
KI,O2 . c Sensitivity of leached
PG fraction, with (solid lines)
and without (dotted lines) nitrate
application. The black line has
the following parameters:
μ = 6 × 10−6 s−1 and
KPG = 1.25 × 10−3 mol m−3

water and
KI,O2 = 2 × 10−4 mol m−3

water. The grey solid lines are
the lines with the maximum and
minimum PG leaching in a. d
Sensitivity of leached PG
fraction to inhibition parameter
KI,O2 , with (solid lines) and
without (dotted lines) nitrate
application, with
KI,O2 = 5 × 10−5 and
8×10−4 mol m−3 water. e
Sensitivity of leached PG
fraction to apparent diffusion
constant Dw, with (solid lines)
and without (dotted lines) nitrate
application, with
Dw = 1 × 10−8 m2 s−1 (black)
and 1×10−5 (grey) m2 s−1
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NO−
3 will be used for degradation. Figure 5c shows the

leached fraction of PG with and without nitrate applica-
tion. Three combinations of μ and KPG are shown: with the
highest and lowest leaching in Fig. 5a and with the median
values. The leaching of PG is slightly lower when NO−

3 is
applied than without NO−

3 application. The immobile zone,
in which anaerobic degradation occurs, is small (12.5 %)
compared to the mobile zone, in which aerobic degradation
occurs. To study the effect of NO−

3 application on PG in
more detail, the maximum growth rate, the half-saturation
constants and the initial biomass were varied over at least
1 order of magnitude. Also for these values, the difference
between PG leaching with and without nitrate application
was small. For the highest degradation rate resulting from
these parameters, the difference was largest (9 %), but this
degradation rate was actually higher than the total first-order
degradation rate of approximately 0.02 day−1. Figure 5d
shows the combined effect of the inhibition parameter and

nitrate application. Also here, the effect of nitrate applica-
tion on PG leaching is small (<4 %). The difference in with
and without nitrate application in PG leaching is largest for
the lowest PG leaching. Finally, Fig. 5e shows the effect
of the exchange between the mobile and immobile zones,
which was approximated by changing the apparent diffu-
sion constant. The leached fraction of PG decreases with
an increasing Dw, because more PG can be degraded in the
immobile zone. However, the effect of nitrate application on
PG leaching is still small (<3 %).

For the different sets of parameters, the effect of the
application of NO−

3 is small. This can be explained as fol-
lows (Figs. 6 and 7). Figure 6 shows the degradation rates
of PG that are caused by O2, NO−

3 and MnO2, in both the
mobile and the immobile zones, and with and without nitrate
application. The degradation rates of O2 are similar with
and without nitrate application, in the mobile zone and ini-
tially in the immobile zone. The reason for this is that O2
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Fig. 6 Degradation rates of O2,
NO−

3 and MnO2 in the mobile
(left) and immobile (right) zones
of the soil, at a 1-m depth, with
(solid lines) and without (dotted
lines) nitrate application
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is more preferred as an electron acceptor than NO−
3 ; there-

fore, NO−
3 application does not influence the degradation

rate for O2 much. Obviously, due to the absence of NO−
3 ,

the degradation rate of NO−
3 is zero without nitrate applica-

tion. In the mobile zone, the degradation rate for MnO2 is
lower with nitrate application than without. This is caused
by the inhibition term in Eq. 6, which results in a lower

degradation rate for MnO2 in the presence of NO−
3 . On

the other hand, in the immobile zone, the degradation rate
for MnO2 is higher with nitrate application than without.
To explain this, the concentrations of PG, O2, NO−

3 and
MnO2 in the mobile and the immobile zones, and with and
without nitrate application, will be discussed (Fig. 7). With
nitrate application, the PG concentration is slightly lower

Fig. 7 Concentrations of PG,
O2, NO−

3 and MnO2 in the
mobile (left) and immobile
(right) zones of the soil, at a 1-m
depth, with (solid lines) and
without (dotted lines) nitrate
application
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than without. The O2 concentrations are equal with and
without nitrate application, for the same reason as explained
in the previous paragraph. With nitrate application, the NO−

3
concentration decreases rapidly in the immobile zone. The
redox potential decreases in the immobile zone, and thus,
NO−

3 is transformed into reduced forms of nitrogen. As
a result, the NO−

3 concentration becomes zero and NO−
3

cannot be used as electron acceptor anymore. The MnO2

concentration in the immobile zone is slightly higher with
nitrate application than without, because also NO−

3 was
used as an electron acceptor. This means that less MnO2

is reduced and thus mobilised. Thus, less manganese can
diffuse to the mobile zone, and as a result, the concentra-
tion of MnO2 in the mobile zone is slightly lower with
nitrate application than without. As the MnO2 concentration
is higher with nitrate application than without, as a result,
the degradation rate for MnO2 is higher (Eq. 6).

From Figs. 5–7, it was concluded that with the chosen
parameter values, the application of nitrate does not result
in a much lower PG leaching nor a much slower depletion
of MnO2. Under low redox conditions, NO−

3 is transformed
into reduced forms of nitrogen, and therefore, the effect of
NO−

3 as an electron acceptor is small. In the mobile zone,
sufficient O2 is available, which is preferred as an elec-
tron acceptor above NO−

3 . Thus, both in the mobile and
immobile zones, the effect of NO−

3 application is small.
The parameter KI,O2 in the inhibition term in Eq. 5

should be chosen such that NO−
3 is used as an electron

acceptor before it is chemically transformed into NO−
2 . In

the simulations, the PG leaching may become lower, due to
NO−

3 application, when the parameter KI,O2 in the inhibi-
tion term in Eq. 5 is increased. Then, the inhibition term is
closer to 1 at the same O2 concentration, and thus, the degra-
dation rate by NO−

3 is higher. However, in Fig. 5b, it was
shown that increasing KI,O2 only results in a slightly lower
PG leaching. This observation supports the conclusion that
application of nitrate does not result in a lower PG leaching.

At a deeper depth, the effect of nitrate application may
be larger, as oxygen diffusion to deeper depths may be
lower. Also in the groundwater, nitrate application may
enhance biodegradation. Cunningham et al. (2001) added
nitrate and sulphate to an aquifer contaminated with BTEX.
They found that both nitrate and sulphate were used as elec-
tron acceptors and that biodegradation could be enhanced.
In the saturated aquifer, addition of electron acceptors may
enhance biodegradation, while in the vadose zone, addition
would not lead to enhanced biodegradation.

Intensity and duration of snowmelt

The thickness of the snowcover might influence the redox
potential in the soil during snowmelt. With a thicker snow-
cover, a higher infiltration rate and thus a higher soil
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Fig. 8 Leached fraction of PG, at a 1-m depth, with Monod kinetics
degradation or zeroth-order degradation

moisture content might occur, leading to a lower oxygen
diffusion into the soil (Eq. 9). Furthermore, with a thicker
snowcover, the solute can be transported more rapidly into
the soil, which can lead to a higher solute leaching.

Figure 8 shows the simulated leached fractions of PG at
a 1-m depth. The leached fractions differ from the leached
fractions in Fig. 5 because the atmospheric boundary condi-
tion was changed. For both types of degradation, the leached
fraction increases with increasing initial mass. The leached
fraction only depends on the initial mass of snow, as dif-
ferent thicknesses of the snowcover and different meltrates
result in the same leached fraction. Furthermore, with the
same initial mass of snow, the degradation parameters, the
infiltration rate and the duration were varied. The leached
fraction was found to depend on the degradation parame-
ters, not on the infiltration rate or the duration, similar as in
Fig. 8.

The high infiltration rate during snowmelt and the sub-
sequent high soil moisture content do not lower the degra-
dation rate with the chosen parameter values. Moreover,
as the biomass is low during snowmelt and the degrada-
tion rate increases with increasing biomass, the degradation
rate is low during snowmelt. The O2 concentration in the
mobile zone is always high enough, such that aerobic degra-
dation is not limited. The effect of the low biomass on the
degradation rate is larger than the effect of the high soil
moisture content. However, the amount of snow influences
the leached fraction of PG, as with a large amount of snow,
transport is fast, there is less time for degradation and thus
more PG will leach.

Conclusions

Transport and degradation of de-icing chemical (contain-
ing PG) in the vadose zone were studied with a lysimeter
experiment and with a model. The lysimeter experiment
indicated that aerobic as well as anaerobic degradation
occurs in the vadose zone. One way to simulate this in a
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model was to assume the existence of both diffusion- and
advection-controlled zones.

To model transport and degradation of PG in the vadose
zone, a hydrological and a chemical model were combined.
The combined model can simulate transient water flow, soil
chemistry and PG degradation. The model includes an aer-
obic mobile zone and an anaerobic immobile zone. This
was necessary, as with only a mobile zone, the anaerobic
degradation which was measured could not be explained.
We first compared the combined model with a mobile-zone-
only model: the diffusion of O2 in the soil was high enough
to maintain a high O2 concentration in the coarse soil, while
O2 was used for degradation. The high soil moisture con-
tent caused by the snowmelt did not result in anaerobic soil
parts. Including the immobile zone in the model, the redox
potential decreased, and thus, anaerobic degradation could
occur.

In the immobile zone, the MnO2 concentration
decreased, while in the mobile zone, the MnO2 concentra-
tion increased. This was caused by diffusion of dissolved
manganese from the immobile to the mobile zone. The
application of NO−

3 to enhance biodegradation did not
result in a lower leaching of PG nor in a slower depletion
of MnO2. In the mobile zone, O2 was preferred over NO−

3 ,
and in the immobile zone, NO−

3 was transformed in reduced
nitrogen forms.

The length of the snowmelt and the infiltration rate were
varied, to study the effect on the PG leaching. The mobile
zone was always aerobic, such that degradation was not
limited. The amount of snow influenced the leached frac-
tion of PG, as with a high infiltration rate, transport is fast,
there is less time for degradation and thus more PG will
leach. In this soil, the effect of the water flow dominates the
effect of the degradation parameters on the leaching at a 1-m
depth. With increasing depth, the effect of the degradation
parameters increases.
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