
Introduction

Groundwater contamination by the hazardous, toxic
organic compounds has recently become an urgent is-
sue of a great social and environmental concern.
Common use of the hydrocarbons for fuelling cars,
plains, etc. caused development of the storing and
distributing facilities. Handling the petroleum products
has often resulted in the accidental spills. The water
soluble components of the petroleum products, like
BTEX (benzene, toluene, ethylbenzene, xylenes) and
naphthalene have been found to be rather mobile in the
soils and groundwater, causing deterioration of the
natural environment (Bennett et al. 1993; Eganhouse
et al. 1993; Harvey 1998; Wiedemeier et al. 1999).
Therefore, it is very important to understand the

behaviour of the organic pollutants in the groundwater
environment and to examine the controlling factors and
processes of their migration and removal, like advec-
tive–dispersive transport, sorption, retardation, volatil-
isation and biodegradation (Fetter 1992; Fitts 2002;
McAllister and Chiang 1994; Schwartz and Zhang
2003; Wiedemeier et al. 1999). The processes leading to
a decrease of concentration and mass of the organic
contaminants and/or to their complete removal have
been termed natural attenuation and have lately be-
come of a major interest (Chapelle 1999, 2001; Wie-
demeier et al. 1999). The main process controlling
degradation of the organics, often called intrinsic bio-
degradation (Wiedemeier et al. 1999), largely depends
on availability of the electron acceptors which in turn,
to a great extent, depends on the groundwater chem-
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Abstract This paper deals with a
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ducted under natural gradient con-
ditions at the international Oslo
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settings, has been contaminated by a
jet fuel spill. The tracer sol-
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ethylbenzene and naphthalene, have
been injected into the plume. Their
migration and changes in concen-
tration of the electron acceptors and
metabolic by-products have been
monitored. Fast removal of both the
non-reactive tracer as well as the
aromatic organics has been ob-
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completely removed, however, trim-
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controlling processes.
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istry, flow direction and velocity as well as on geo-
chemisry of aquifer solids (Alfnes et al. 2003a, b; Soe-
vik et al. 2002).

The tracer and push–pull tests have been successfully
applied to examine behaviour of organic pollutants
upon transport within both pristine and contaminated
aquifers. Such experiments, which involve monitoring of
the injected non-reactive and reactive solutes, allow
determination of the major factors governing the overall
process of organic solutes degradation (Barker et al.
1987; Mackay et al. 1994, 1986; Schroth et al. 2001;
Thierrin et al. 1995).

This paper deals with the push–pull and tracer tests
conducted at the firefighting training site of the Oslo
international airport. The concentrations of the organic
compounds, electron acceptors and metabolic by-prod-
ucts have been monitored for 2 years—between Sep-
tember 2001 and September 2003 (Klonowski et al.
2005). Based on the monitoring data, the major factors
controlling the development of the plume have been
recognised and evaluated. The available data, however,
does not allow a detailed interpretation of the rates of
various processes. This study aims at estimating the
contribution of biodegradation to the overall process of
plume development and its natural attenuation. This, in
turn, enables a long-term prediction of the contaminant
degradation and plume behaviour.

Materials and methods

Site description

The research has been conducted at the firefighting
training site of the international Oslo airport—Garde-
rmoen, located about 50 km northeast of Oslo. The
studied site used to belong to a military airport. Con-
struction of a new civil airport, completed in 1998, has
intensified firefighting training activities. At present, the
site is used to train the firefighters of the National Avi-
ation Authorities from the whole country. Potential
spills of the jet fuel, used for training purposes, should
be retrieved by a run-off collection system. Nevertheless,
in 1998 a hydrocarbon contamination originating from a
leaking oil skimmer, a part of the collecting system, was
found in the soil and groundwater (Rudolph-Lund and
Sparrevik 1999).

The Gardermoen airport is located on an ice contact
glacio–marine fan delta. This was deposited in a shallow
marine environment during the early Holocene phase of
the Scandinavian ice cap retreat (Soerensen 1979). The
Gardermoen fan delta consists of three units, namely:
topset, foreset and bottomset. At the studied area, the
topset unit is formed by about 2 m thick, layer of gravels
and coarse sands. This is underlain by the foreset unit
consisting of dipping southwest, interbeded layers of fine

and coarse sands. The bottomset unit consists of fine
sands, silts and clays.

The Gardermoen delta forms a phreatic aquifer, re-
charge mainly—about 60%, by snow melting (Joergen-
sen and Oestmo 1992). The aquifer is divided into two
catchments areas and the groundwater divide, striking
NNW–SSE, stretches out throughout the middle of the
airport. Northeast of the groundwater divide the
groundwater flows towards a number of the kettelhole
lakes and the Risa river, while southwest of the divide,
including the studied area, the groundwater is drained
via the numerous springs into the Sogna and Vika rivers
(Oestmo 1976). This situation is illustrated in Fig. 1.
Significant groundwater table fluctuation, reaching up to
a 2-m range, has been observed between September 2000
and September 2003 (Klonowski et al. 2005). Hydraulic
conductivity of the deposits ranges between 6.63Æ10)5

and 2.11Æ10)2 (m Æ s)1), and reaches maximum at the
depth of about 4 m and decreases thereafter with depth
(Klonowski et al. 2005). Fig. 1 illustrates geological
settings as well as some hydrogeological and hydrolog-
ical features of the area adjacent to the studied site.

A network of nine piezometers, referred to as P1–P6
and P8–P10, and two observation wells, referred to as
Br1 and Ano11, has been installed in order to monitor
elevation of the groundwater table. A network of 16
multilevel samplers, referred to as: MLS 1–MLS 13,
MLS 15–MLS 16 and MLS 19, has been installed in
order to monitor groundwater quality and concentration
of soil gases. The code for each multilevel sampler
consists of the sampler number and a sampling port
number, e.g. MLS 10/3. The numbering of the sampling
ports starts at the bottom. The samplers cover both
unsaturated and saturated zones, up to a depth of about
12 m. In addition, installation of some multilevel sam-
plers enabled sediments sampling (Klonowski et al.
2005). The localisation of the selected monitoring points
is illustrated in Fig. 2.

Hydrogeochemical settings

The hydrocarbons plume, resulting from the leaking oil
skimmer, has been detected in the topset and foreset
units, in both saturated and unsaturated zones (Ru-
dolph-Lund and Sparrevik 1999). The leaking skimmer
has been dismantled and replaced by the observation
well Br1 which is further on referred to as a contami-
nation source zone. A part of the hydrocarbons free
phase and contaminated groundwater was removed
during the construction work. In the subsequent years
the plume was a subject to the detailed geochemical and
hydrogeological studies. Below, only the most important
features of the studied plume are given—for the details
please refer to our earlier work (Klonowski et al. 2005).
The sampled sediments contain the jet fuel components:
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n-C10–n-C16. The highest concentrations, up to 3,900
(mg Æ kg)1) of dry weight sediment, was found along the
whole sampled profile at the source zone, while down-
gradient hydrocarbons were constrained to a narrow
zone of 4–5 m deep. The plume of the organics detected
in the sediment samples is at least 17 m long. The
hydrocarbons have been smeared out in vertical direc-
tion due to the groundwater table fluctuation.

The following dissolved hydrocarbons were found in
the groundwater samples: toluene, ethylbenzene, o-xy-

lene, m/p-xylene, 1,2,4-trimethylbenzene (1,2,4-TMB),
1,3,5-trimethylbenzene (1,3,5-TMB) and naphthalene.
The zone of high concentration of the dissolved hydro-
carbons, referred to as a core of the plume, coincided
with the maximum concentrations of the hydrocarbons
determined in the sediment samples. The concentrations
of the individual jet fuel components differed within the
plume. Toluene showed very small concentrations lim-
ited to the source zone and its close vicinity, while xyl-
enes and ethylbenzene formed the larger plumes and

Fig. 1 Map showing hydrogeo-
logical settings of the Garde-
rmoen delta (modified after
Dagestad 1998; Knudsen 2003)

1042



show higher concentrations. Naphthalene was found the
most recalcitrant—it showed the highest concentrations
and formed the most extensive plume. The concentra-
tions of the dissolved hydrocarbons showed noticeable
variation over time caused by the groundwater table
fluctuation.

The data on concentrations of the electron acceptors
and metabolic by-products in the aquifer were used to
study evidence of the natural attenuation processes. The
depletion zones of the electron acceptors corresponded
to the zone of high concentration of the dissolved
hydrocarbons. Increased alkalinity of these zones indi-
cated a biological character of the observed removal of
the dissolved organics. The observed concentrations of

the electron acceptors and metabolic by-products cor-
relate well with changes in hydrocarbons concentration.

Experimental set up

The field experiment, a combination of a push–pull test
and a tracer test, described in this paper was conducted
under natural hydraulic gradient conditions between
September and December 2003. The tracer solutes were
prepared in two brand new and clean steel oil drums,
further on referred to as drum one and drum two, with
capacity of 200 L each, equipped with an electric stirrer
and a tightly closed lid. The drums were completely filled
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with groundwater retrieved from the plume via the fol-
lowing sampling ports: MLS 10/2, MLS 12/2 and MLS
13/2, located just below the groundwater table. Before
filling the empty drums up, those were flushed with a
technical purity nitrogen—in order to avoid oxygenation
of the groundwater. In addition, a slight nitrogen over-
pressure was maintained during mixing and injection of
the tracer. The groundwater stored in the drums was
spiked with a mixture of the organic compounds found
in the studied plume: toluene, o-xylene, 1,2,4-TMB,
1,3,5-TMB and naphthalene. The mass ratio of these
compounds was chosen as 1:2:2:1 (toluene:o-xylene:total
trimethylbenzenes:naphthalene), based upon the con-
centration of the aromatic hydrocarbons dissolved in the
deionised water in contact with pure jet fuel (Breedveld
et al. 1997). Naphthalene, as a solid, was dissolved first
in the remaining liquid organic compounds. After about
3-h stirring, the groundwater was spiked with a solution
of potassium bromide. To ensure the proper mixing of
the solutes the tracer was continuously stirred prior to
and during the injection, for approximately 12 h. Iden-
tical procedures were applied to both drums.

Concentration of all the tracer solutes was main-
tained high enough to yield detectible concentrations in
the whole plume, taking into account dilution, disper-
sion and sorption, even as far as the MLS 4—about
37 m downgradient from the injection points. The con-
centrations were 3,000 and 60 (mg Æ L)1) for total or-
ganic compounds and potassium bromide, respectively.
The compounds, of analytical grade and purity, were
purchased from VWR International (VWR Interna-
tional, West Chester, USA) and SIGMA-ALDRICH
(Sigma-Aldrich, St. Luis, USA). Selected physical and
chemical properties of the tracer components are given
in Table 1 (Lyman et al. 1990; Montgomery 2000), while
mean concentrations of the solutes in the tracer solution
and their statistical moments are given in Table 2.

The tracer was injected into the aquifer via three
separate injection points—MLS 10/3, MLS 12/3 and
MLS 13/3, situated 0.5-m above the groundwater
extraction points. A three channelled peristaltic pump
Watson and Marlow, model 505S (Watson and Marlow
Ltd., Falmouth, Great Britain), was first used to fill the
drums up with the groundwater and then to inject the
tracer. The pumping rate applied in both cases was kept

at a constant level of about 0.25 L per minute, for all
three channels together. In order to minimise sorption of
the organic compounds the Teflon and tygon tubing was
used. The tracer solution was injected over a 24-h
period—starting on 9 October, 20.00 p.m. A total vol-
ume of 370 L was injected (entire drum one and 170 L of
drum two). The tracer samples were collected during
injection—twice from drum one and three times from
drum two. Concentrations of the tracer solutes and
major ions were relatively stable during injection,
though some small differences between both drums were
found. Oxygen concentration remained stable in the
drum one, about 2 (mg Æ L)1), however it increased up
to more than 7 (mg Æ L)1) in the drum two, as a result of
nitrogen gas depletion. Bicarbonate and Fe(II) showed
slightly decreasing trends. Nitrate was not detected in
the tracer solution at all. Small concentrations of eth-
ylbenzene and m/p-xylene detected in the tracer solution
reflect the composition of the contaminated groundwa-
ter used for preparation of the tracer.

A network of multilevel samplers allows groundwater
and soil gas sampling from the different locations and
depths within the studied area. In order to minimise
sorption processes the stainless steel mesh and Teflon
tubing (inner diameter 1/8 in) were used for constructing
the samplers. The sampling ports were spaced at 0.5 m
of vertical intervals and covered both unsaturated and
saturated zones.

The groundwater sampling frequency varied during
the experiment. The groundwater was sampled twice per
day when the most significant changes occurred—at the
beginning of tracer removal from the injection points
and at tracer arrival at the observation points. Subse-
quently, the groundwater was sampled once per day,
twice per week and once per week. The total duration of
the experiment was about 60 days (1,500 h).

Field measurements, sampling procedures and labora-
tory analyses

Determination of the following groundwater parame-
ters: pH, electroconductivity, temperature and dissolved
oxygen content, were conducted using the field instru-
ments and a flow-through cell, prior to sampling. The

Table 1 Selected physical and chemical properties of the tracer components, after Lyman et al. (1990) and Montgomery (2000)

Compound Chemical
formula

Molecular
weight

Water solubility
(mg Æ L)1) at 20�C

Log Kow Log Kow Henry’s low
constant ())

Toluene C6H5CH3 92.14 515 2.65 2.30 0.28
o-Xylene C6H4(CH3)2 106.17 175 2.95 2.60 0.22
1,3,5-TMB C6H3(CH3)3 120.19 97 3.42 3.07 0.16
1,2,4-TMB C6H3(CH3)3 120.19 57 3.78 3.43 0.24
Naphthalene C5H4C5H4 128.18 30 3.36 3.01 0.02
Potassium bromide KBr 119.01 6,520 – – –
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following instruments were used—for pH determination
Orion, model 250A (Orion Research Inc., Boston,
USA), for determination of electroconductivity and
temperature WTW Cond, model 330i (WTW, Weilheim,
Germany) and for determination of oxygen content Oxi,
model 330 (WTW, Weilheim, Germany). The ground-
water samples were collected using a multichannel
peristaltic pump—Ismatec (Ismatec SA, Zurich, Swit-
zerland).

Groundwater sampling started after stable readings
of the measured groundwater parameters were reached.
This usually took about 5–10 min pumping at the
average rate of 60 mL per minute, purging approxi-
mately 0.5 L of the groundwater. The pump was directly
connected to a set of tightly capped glass bottles. Such
procedure, called in-line sampling, minimises exposure
of the groundwater to atmospheric oxygen. All the
groundwater samples were stored in a dark place at
ambient temperature and transported to the laboratory
on the sampling day.

The samples for analyses of concentration of the
dissolved hydrocarbons were collected into the 120 mL
glass bottles, tightly capped with the Teflon lined silicon
septa and stored upside down to minimise volatilisation.
The concentrations of the dissolved hydrocarbons were
quantified on the pentane extractions of the groundwa-
ter samples on the day of sampling. Usually 2 mL, in
rare cases 3 mL of pentane, with 1-Cl-4F benzene as an
internal standard, have been used. The extracts were
analysed by a Chrompack CP9001 gas chromatograph
(Chrompack, Mideelburg, the Netherlands) equipped
with a split/splitless injector, CP-Sil 8-CB column
(25 m·0.25 mL i.d.·1.2 lm) and a flame ionization
detector. Based on the volumes of the sample and ex-
tractant, the detection limit was approximately
0.1 (lg Æ L)1) for each hydrocarbon and the accuracy is
within 20%.

Alkalinity of the groundwater samples was deter-
mined in the field, immediately after sampling, by the
direct Gran titration method (Appelo and Postma 1996;
Stumm and Morgan 1996). The 30 mL groundwater

samples were titrated by 0.01 normal hydrochloric acid
up to pH of about 4.2, using a digital burette (Rudolf
Brand GMBH+Co, Wertheim, Germany). The pH
measurements were taken by the above-mentioned Or-
ion instrument. Alkalinity was assumed to equal the
concentration of HCO3

), since the groundwater pH was
below 8.3.

The groundwater sampled for determination of the
major ions was filtered through a 0.45 lm filter tightly
fitted into the in-line sampling system and collected in
the 27 mL glass bottles. Concentration of the major
anions: F), Cl), NO3

) and SO4
2) was analysed by an ion

chromatograph Dionex QIC (Dionex, Sunnyvale, USA).
The groundwater samples taken for determination of
major cations: Na+, K+, Ca2+, Mg2+, Fe2+ and Mn2+

were conserved in the field with 3-normal nitric acid,
stored in a cooling room and analysed after the com-
pletion of the experiment using an atomic adsorption
spectrograph Varian SpectrAA-300 (Varian Techtron,
Springvale, USA).

Concentration of the soil gases were determined by a
direct reading field instrument Multiwarn II (Dräger,
Lübeck, Germany) measuring concentration of oxygen,
carbon dioxide and methane in volume percentage. The
instrument was connected to the sampling ports located
in the unsaturated zone via a water trap. The measure-
ments were taken three times, prior to the experiment,
on the 20th of September 2003, during the experiment,
on the 24th of October 2003, and after termination of
the experiment, on the 12th of February 2004.

Data processing

Removal of the tracer solutes and breakthrough data
were analysed by a method of moment analysis (Lev-
enspiel 1989). The mean times, t; of injection, removal
and breakthrough are the first moments of the concen-
tration versus time data. The moment analysis was
conducted according to the linear interpretation method
for the pulse response data separated by unequal time

Table 2 Statistical moments
and mean concentration of
tracer solutes during injection

Count Minimum Maximum Standard
deviation

Mean
concentration

O2 (mg Æ L)1) 5.0 1.10 7.60 4.60 3.47
HCO3

) (mg Æ L)1) 5.0 101 130 20 125
Br) (mg Æ L)1) 5.0 1654 1780 9 1,840
SO4

2) (mg Æ L)1) 5.0 11.2 12.2 0.7 12.3
Fe2+ (mg Æ L)1) 5.0 47.5 64.1 11.7 65.8
Mn2+ (mg Æ L)1) 5.0 0.76 1.01 0.16 0.90
Toluene (lg Æ L)1) 5.0 8,292 11,414 98 12,534
o-Xylene (lg Æ L)1) 5.0 13,584 20,787 2,246 20,518
1,3,5)TMB (lg Æ L)1) 5.0 4,817 8,545 1,684 7,570
1,2,4-TMB (lg Æ L)1) 5.0 5,081 8,853 1,702 7,862
Naphthalene (lg Æ L)1) 5.0 4,018 6,503 1,296 5,705
TDH (lg Æ L)1) 5.0 35,844 5,6176 7,029 54,081
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intervals, where Ci and ti are the concentration and time
at interval i, respectively:

t ¼
Pn�1

i¼1 tiþ1 þ tið Þ Ciþ1 þ Cið Þ tiþ1 � tið Þ
2
Pn�1

i¼1 Ciþ1 þ Cið Þ tiþ1 � tið Þ
ð1Þ

Sorption implies partitioning of a chemical between the
groundwater and the aquifer solids and results in
retardation of a sorbed compound (Freeze and Cherry
1979; Karickhoff 1984). A retardation factor R can be
used to express a ratio of groundwater transport and
solute transport:

R ¼ Vw

Vc
ð2Þ

Where Vw is an effective groundwater velocity, equal to
the velocity of the non-reactive tracer, and Vc is the
mean velocity of the retarded solute. In case of the push–
pull test, removal was observed and the retardation
factors were calculated by dividing the mean removal
time of the individual organic solute, torg; by the mean
removal time of the non-reactive solute, bromide, tBr�;
as:

R ¼ torg
tBr�

ð3Þ

Assuming linear, reversible and instantaneous sorp-
tion, the sorption distribution coefficient—Kd, can be
calculated from the observed retardation as follows:

Kd ¼ ðR� 1Þ � h
qb

ð4Þ

Where qb is bulk density of the aquifer solids (g Æ cm)3)
and h is the porosity of the aquifer (dimensionless
fraction).

For comparison, sorption distribution coefficients
have been also calculated based on the organic carbon
content in the sediments samples (Karickhoff 1981):

K
0

d ¼ Koc � foc; ð5Þ

and

logKoc ¼ logKow � 0:35 ð6Þ

Where Koc is a distribution coefficient of an organic
compound between organic carbon and water, Kow is a
distribution coefficient between water and octanol and
foc is a fraction of organic carbon in the sediment sam-
ple.

Determination of bulk density and porosity was
conducted for the undisturbed sediment cores obtained
from the Gardermoen aquifer at the Moreppen research
field station by Knudsen (2003). Like the studied site,
the Moereppen station is located in the distal part of the
delta, about 1,000 metres north of the studied area

(Fig. 1). Determination yielded the following results:
qb=1.68 (g Æ cm)3) and h=0.367 ()) (Knudsen 2003),
which were used for calculations in this paper.

The mean injection concentrations were determined
by dividing the area under the concentration versus time
curves by the injection time—24 h (Mackay et al. 1994).
The removal and breakthrough data have been norma-
lised by dividing the observed concentrations—C, by the
mean injection concentrations—C0, in order to facilitate
comparison of the individual monitored species.

The average linear groundwater flow velocity—Vx,
also called seepage velocity or pore water flow velocity,
was calculated according to the following equation
(Appelo and Postma 1996; Fetter 2001):

Vx ¼ �
K
h
� dh
dl

ð7Þ

Where K is hydraulic conductivity, h is effective porosity
and d h/d l is hydraulic gradient. The hydraulic gradient
was obtained from the groundwater table elevation data.

Effective groundwater flow velocity was calculated
for the field experiment by dividing the distance between
the injection point and the monitoring point by the mean
travel time of the non-reactive solute. This, in turn, was
calculated as a difference between the mean arrival time
and the mean injection time of the non-reactive tracer.

The plots illustrating two dimensional (2-D) distri-
bution of the selected electron acceptors and metabolic
by-products were prepared in Surfer software, version
8.0, using kriging method for data interpolation (Golden
Software 2002). An anisotropy ratio of 1:10 was used,
based on the previous studies conducted at the Moe-
reppen research station (Alfnes et al. 2003a, b; Knudsen
2003).

Results

Hydrogeological settings

Prior to and during the experiment, the groundwater
table elevation was monitored in the piezometer P8 lo-
cated nearby the plume. Summer and autumn 2003 were
rather dry and relatively deep groundwater table posi-
tion was expected. The measurements showed that the
groundwater table was constantly decreasing during the
experimental period—namely, between the 22nd Sep-
tember and 12th December 2003, the groundwater table
elevation dropped from 198.89 to 198.70 m above sea
level.

The hydraulic gradient of the studied aquifer was
determined three times during the experimental period,
for the piezometers P2 and P10. It yielded 0.0043 for
each calculation. Assuming hydraulic conductivities
calculated according to the Gustafson method (Klo-
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nowski et al. 2005) and porosity equal to 0.367 (Knud-
sen 2003) the average linear groundwater velocities were
calculated for the injection and monitoring points. The
results are presented in Table 5.

Initial hydrogeochemical conditions

In order to determine the hydrogeochemical conditions
under which the experiment was conducted an initial
groundwater sampling session was carried out prior to
the experiment. Totally, 49 groundwater samples were
collected for determination of the major inorganic spe-
cies and 38 for determination of the organic compounds.
The samples were obtained from all the sampling ports
of the following multilevel samplers: MLS 10, 12, 13, 11,
9, 3, 15, 9 and 4. The observed distribution of the dis-
solved hydrocarbons as well as the inorganic species
were comparable to those observed in the previous
sampling sessions (Klonowski et al. 2005), therefore only
the main features are given below.

The plume of the dissolved hydrocarbons was de-
tected in about 1-m thick top zone of the aquifer.
Naphthalene was the main constituent—it formed the
most extensive plume and revealed the highest concen-
tration, up to about 700 (lg Æ L)1) at MLS 10/2—1.1 m
downgradient from the source zone. The concentration
decreased gradually downgradient and at MLS 19/
1—37.5 m downgradient of the source zone, reached 27
(lg Æ L)1), being the only hydrocarbon detected at this
point. The plumes of 1,2,4-TMB and 1,3,5-TMB showed
a similar extent, of about 17 m, however concentrations
of 1,2,4 TMB were relatively higher. Toluene and o-xy-
lene were detected only in small amounts, close to the
source zone, while ethylbenzene and m/p-xylene showed
some intermediate features. Distribution of the selected
individual jet fuel components determined for the plume
core along the longitudinal cross-section MLS 10–MLS
4 is illustrated in Fig. 3.

Spatial analysis of the electron acceptors and meta-
bolic by-products revealed a distinct zonation, strongly
correlated with distribution of the dissolved hydrocar-
bons. A zone of depleted dissolved oxygen was observed
along the whole plume. Minimum concentra-
tions—about 1 (mg Æ L)1) and below, coincided with
maximum concentration of the dissolved hydrocarbons
at MLS 10 and MLS 11—1.1 and 3.2 m downgradient
from the source zone, respectively. In the plume’s out-
skirts slightly higher concentrations were observed. Ni-
trate was almost completely depleted at the plume core.
Increased concentration of Mn(II)—up to about 3
(mg Æ L)1), were limited to the top zone of the aquifer at
a distance of 7.5 m downgradient of the source zone. In
contrast, increased Fe(II) concentrations—around 100
(mg Æ L)1) and higher, were found within most of the
plume—up to about 17 m downgradient of the source

zone. A zone of sulphate depletion was found to strictly
coincide with the core of the hydrocarbons plume. A
zone of increased bicarbonate concentrations was found
within most of the plume—up to MLS 15, 17 m
downgradient of the source zone. Its maximum values
coincided with maximum hydrocarbons concentration.
Bicarbonate and sulphate concentrations showed also an
increase with depth due to pyrite and calcite dissolution.
These processes were observed earlier in the Garde-
rmoen aquifer (Basberg et al. 1998; Klonowski et al.
2005; Knudsen 2003). Spatial distribution of the electron
acceptors and metabolic by-products, for the longitudi-
nal cross-section MLS 10–MLS 4, showing the initial
geochemical conditions of the experiment is illustrated in
Fig. 4.

Push–pull test

The push–pull test was based on monitoring of the tra-
cer solutes removal and induced changes in groundwater
geochemistry at the injection points—MLS 10/3, MLS
12/3 and MLS 13/3, located 1.1, 1.5 and 1.5 m down-
gradient from the source zone, respectively. About 85 h
after injection started, the groundwater table dropped
below the injection point MLS 13/3. Due to this fact, the
full tracer removal data sets were obtained only for MLS
10/3 and MLS 12/3. Normalised concentration of the
selected organic compounds, electron acceptors and
metabolic by-products, versus time for the injection
point MLS 10/3, are illustrated in Fig. 5. Normalised
concentration of bromide for some observations ex-
ceeded one which might be a result of analytical error
for the high concentration range.

Removal of the non-reactive bromide solute was very
rapid and noticeably higher for MLS 12/3 than for
MLS 10/3. This is due to the difference in hydraulic
conductivity, which for the earlier, is 9.58Æ10)4 (m Æ s)1),
while for the latter is about 2.71–3.75Æ10)4 (m Æ s)1)
(Klonowski et al. 2005). Compared to bromide, removal
of the reactive organic solutes from the injection points
was retarded—toluene was removed first, than o-xylene
and finally the remaining compounds. Between the 114th
and 138th hour of the experiment a significant fluctua-
tion of organic compounds concentrations was ob-
served, which will be discussed below.

Injection and subsequent removal of the tracer sol-
utes induced changes in groundwater chemistry. A very
strong fluctuation of dissolved oxygen concentration
was observed for the injection points 10/3 and 12/3.
First, the fluctuation range was rather small, below the
concentration in the tracer, while after about 180 h
much higher variations were observed. Sulphate con-
centration, for MLS 10/3, revealed first an abrupt in-
crease—from CÆC0

)1=1 up to almost 3.5 and then a
gradual decrease since about the 180th hour onward.
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For MLS 12/3 a gradual decrease from about CÆC0
)1=1

to about 0.5 during the experiment was observed. Pat-
terns of Mn(II) and Fe(II) concentrations resembled
each other. At MLS 10/3 a constant decrease and a
short period of stabilisation was observed first. The
concentrations increased suddenly since about the 300th
hour and stabilised towards the end of the experiment.
In turn, for MLS 12/3 a very steep increase was detected
until about the 200th hour of the experiment and then a
slight decrease and stabilisation of concentrations.
Bicarbonate concentration for MLS 10/3 increased
until about the 140th hour and decreased for the
remaining part of the experiment. For MLS 12/3 only a
decrease was observed. Different concentration patterns,
especially for Mn(II) and Fe(II), observed for both
injection points might have been an effect of different
removal rates. The changes observed at the beginning of
the observations at MLS 10/3 might also occurred for
MLS 12/3 before the observation started.

Because nitrate was not detected in the tracer at all, it
is not shown in Fig. 5. Nitrate was detected in the
groundwater only at MLS 10/3. Its absolute concen-
trations ranged between 4.25 and 0.31 (mg Æ L)1), with
maximum at the beginning of the experiment and
gradual decrease over time.

Tracer test

The aim of the tracer test was to examine the transport
of the tracer solutes and induced changes of ground-
water chemistry. Tracer transport was monitored at the
sampling ports located 0.5 m below the injection
points—MLS 10/2, MLS 12/2 and MLS 13/2 as well as
downgradient—at the MLS 11, MLS 9 and MLS
15—3.2, 7.5 and 17.0 m of the source zone, respectively.

The distance between the injection point MLS 10/3 and
the monitoring point MLS 11/3 was 2.1 m.

At the monitoring point MLS 10/2 only a very small
part of bromide solute was detected—maximally 0.0047
of the normalised concentration, at the 135th hour of the
experiment. Maximum concentration of the reactive
solutes occurred at the same time. Naphthalene revealed
the highest concentration—up to 0.18 of normalised
concentration, while 1,2,4-TMB, 1,3,5-TMB, o-xylene
and toluene showed 0.1, 0.04, 0.01 and 0.006, respec-
tively. Further on, at the 516th hour, a single peak for all
organics was detected. Concentrations of the electron
acceptors and metabolic by-products remained rather
stable during most of the experiment. Some slightly in-
creased values of bicarbonate and decreased levels of
oxygen were observed at the beginning of the experiment.
None of the tracer solutes was detected at the monitoring
point MLS 10/1. No nitrate was detected in monitoring
point MLS 10/2 and small concentrations—up to 1.15
(mg Æ L)1), were determined for MLS 10/1.

Very similar concentration patterns of the tracer
solutes, electron acceptors and metabolic by-products
were found for the monitoring points MLS 12/2 and
MLS 13/2. For both very low bromide concentrations,
0.0001 of normalised concentration, were detected at the
beginning of observations—at the 88th hour. Those
were followed by the organic solutes, however concen-
trations for MLS 13/3 were slightly higher then for MLS
12/2. For example, relative concentration of naphtha-
lene reached up to 0.0526 for the earlier and up to 0.014
for the latter, maximally. Concentrations of o-xylene
and toluene were up to one order of magnitude lower.
Concentrations of the electron acceptors and metabolic
by-products remained rather constant during the
observation period. Some variations in oxygen concen-
tration and depletion of sulphate at the beginning of the
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experiment were noticed. No nitrate was detected in
monitoring point MLS 12/2 and MLS 13/2.

The breakthrough curves for the monitoring point
MLS 11/3 and concentrations of the selected electron
acceptors and metabolic by-products are illustrated in
Fig. 6. Bromide was detected after 85 h of observations
and lasted up to the 235.5th hour. Maximum normalised
concentration reached slightly more than 0.21 at the
132th hour of the experiment. The peak concentrations
of the organic compounds were observed between the
110th and the 161st hour, reaching up to: 0.1211, 0.0546
and 0.0153 of normalised concentration for naphtha-
lene, 1,2,4-TMB and 1,3,5-TMB, respectively. No in-
crease in neither o-xylene nor toluene concentrations
above the initial conditions was detected. No retardation
of the organics was observed. After the peak, the tracer
solutes concentrations decreased to the level of initial
conditions, detected prior to the experiment and re-

mained stable. The results of the moment analysis for
the breaking through solutes at the MLS 11/3 and the
calculated residence times for migration from MLS 10/3
are given in Table 3.

An appropriate response in the electron acceptors
and metabolic by-products concentrations was ob-
served. A peak of Fe(II) and Mn(II) concentrations,
coinciding with the peak of the tracer solutes, was found.
The maximum normalised concentrations amounted up
to three and four for Fe(II) and Mn(II), respectively.
After the peak, the concentrations showed a slight
increasing trend with time. Oxygen concentrations were
rather unstable and fluctuated significantly, especially
between the 110th and 156th hour. A significant increase
was observed for two last measurements. Bicarbonate
concentrations showed first a decrease at the arrival of
the tracer and then a sudden increase. Afterwards, the
concentration showed a slight increasing trend over
time. Neither nitrate nor sulphate was detected.

At the monitoring point MLS 11/2 very low con-
centrations of the tracer solutes were detected. Bromide
was observed at the beginning of the observations, be-
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tween the 114th and the 183rd hour, with the maximum
normalised concentration of 0.0075. Out of all the in-
jected organic solutes only naphthalene and 1,2,4-TMB

appeared, with the maximum normalised concentrations
up to 0.03 and 0.02, respectively. Those compounds
showed a stable increase of concentration during the
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experiment. Oxygen concentration was rather unstable.
Concentration of bicarbonate revealed slightly higher
values coinciding with the tracer peak, and then a de-
crease. The same patterns were observed for sulphate,
Mn(II) and Fe(II). Nitrate was not detected at all.

Groundwater sampling at the multilevel samplers
located further downgradient—MLS 9 and MLS 15
did not yield any breakthrough results. No bromide,
organic solutes nor changes in electron acceptor and
metabolic by-products concentration were detected.
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Table 3 Results of moment
analysis for the selected tracer
solutes—mean times of
injection, removal and arrival;
calculated residence time

– No peak detected

Mean injection
time

Mean removal
time

Mean removal
time

Mean arrival
time

Residence
time

MLS ID 10/3, 12/3, 13/3 12/3 10/3 11/3 10/3–11/3

Br) 12.1 34.6 49.2 135 123
Toluene 11.3 138 80.9 – –
o-Xylene 12.9 189 107 – –
1,3,5-TMB 13.3 246 237 135 122
1,2,4-TMB 13.2 295 217 145 131
Naphthalene 13.2 351 227 145 132
TDH 13.0 239 170 145 132
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Soil gases concentration

The measurements of carbon dioxide and oxygen con-
centrations in soil atmosphere were carried out to as-
sess carbon dioxide production resulting from
biodegradation of hydrocarbons and to indirectly
evaluate the natural attenuation processes. First soil
gas monitoring session, conducted on the 20th of Sep-
tember 2003, determined the initial conditions related
to the developed hydrocarbons plume. The next two
sampling sessions took place during and after the
experiment, on the 24th of October 2003 and the 12th
of February 2004, respectively. Those were carried out
in order to evaluate short- and long-term effect of the
injected tracer on carbon dioxide production. The re-
sults of these three monitoring sessions, determined for
the sampling ports located directly above the ground-
water table, are illustrated in Fig. 7. Measurements
taken at MLS 8 represent the background values.
Constant increase in carbon dioxide concentrations in
time for all the monitored sampling ports was found.
The highest detected concentrations coincided with the
hydrocarbons source zone. An abrupt decrease down-
gradient of the source zone was observed. Oxygen
concentrations showed the expected opposite patterns.
Two first sampling sessions were conducted in au-
tumn—under very similar weather and vegetation
conditions and an open system with respect to oxygen
and carbon dioxide diffusion. The third session was
carried out in winter, when carbon dioxide production
in the root zone was minimised and the snow cover and
frozen ground formed a closed environment preventing
replenishment of oxygen and diffusion of carbon
dioxide (Appelo and Postma 1996). These effects might
have influenced the obtained results.

Solute transport parameters

Retardation in removal of the individual organic com-
pounds was detected for the push–pull test. Correlation
between the retardation rate of the injected organics and
their properties, like hydrophobicity and affinity to or-
ganic carbon, was observed—first toluene was removed,
than o-xylene and subsequently the remaining com-
pounds. Retardation factors and sorption distribution
coefficients were calculated based on the moment anal-
ysis and theoretically based on the content of organic
carbon in the sediments samples. The results are given in
Table 4 and Fig. 8.

No retardation of the organics was detected for the
monitoring point MLS 11/3. Based on the moment
analysis of the bromide breakthrough data, the
groundwater flow velocities were calculated for the
monitoring points MLS 11/3 and 11/2. For comparison,
the average groundwater velocities based on porosity,

hydraulic conductivity and hydraulic gradient were cal-
culated as well. The results are given in Table 5.

Biodegradation potential

In order to evaluate contribution of biodegradation to
the overall process of natural attenuation of injected
organic solutes, a budget of the electron acceptors and
donors was accomplished. The following processes were
taken into account: oxygen consumption, nitrate
reduction, Mn(IV) reduction, Fe(III) reduction and
sulphate reduction as well as degradation of injected
organics: toluene, o-xylene, 1,3,5-TMB, 1,2,4-TMB and
naphthalene. No data on methane production were
collected.

Calculations were completed for the monitored
transport between the injection point MLS 10/3 and the
monitoring point MLS 11/3. The injected tracer solutes
were a subject to the complex processes, including deg-
radation, sorption, dilution and mixing with in situ
groundwater. Concentrations determined for the injec-
tion point MLS 10/3 at the mean removal time of the
total dissolved hydrocarbons, the 170th hour of the
experiment, were assumed to represent these processes
and were used as the starting point for biodegradation
potential calculations. For the monitoring point MLS
11/3 the concentrations determined for the peak values
were used. Calculations revealed that Fe(III) and sul-
phate reductions are the major factors controlling deg-
radation of the organic solutes. Comparison of total
available electrons, 6.73 (mmol Æ L)1) and total electrons
demand )8.62 (mmol Æ L)1), showed that the observed
electron accepting processes are capable to degrade the
majority of the injected organics. Thus complete loss of
toluene and o-xylene can be accounted for intrinsic
biodegradation. The calculation results as well as the
half-cell reactions for the electron acceptors and electron
donors are given in Table 6.

Discussion

Hydrogeological and geochemical settings

The experiment was conducted within a strongly heter-
ogeneous aquifer. Significant influence of dipping sedi-
mentary structure of the Gardermoen delta foreset on
the groundwater flow patterns, in both saturated and
unsaturated zones, was reported in the previous research
(Alfnes et al. 2003a, b; French 1999; Knudsen 2003;
Sabir 2001; Soevik et al. 2002). Therefore, low concen-
trations of bromide, detected at the monitoring points,
can to a great extent, be explained by preferential
groundwater flow. The collected data set does not allow
estimation of contribution of such process into the
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Table 4 Sorption distribution coefficients Kd and retardation factors R

Compound Injection
point

Organic carbon
fraction foc

Sorption distribution
coefficient Kd

a (L Æ kg)1)
Retardation
factor Ra (-)

Sorption distribution
coefficient Kd

b (L Æ kg)1)
Retardation
factor Rb (-)

Toluene MLS 10/3 0.0023 0.46 3.10 0.14 1.65
o-Xylene 0.0023 0.91 5.19 0.26 2.18
1,2,4-TMB 0.0023 2.70 13.37 0.83 4.41
1,3,5-TMB 0.0023 6.19 29.34 0.75 4.82
Naphthalene 0.0023 2.35 11.77 0.79 4.62
Toluene MLS 12/3 0.0012 0.24 2.10 0.65 3.98
o-Xylene 0.0012 0.48 3.19 0.97 5.45
1,2,4-TMB 0.0012 1.41 7.45 1.65 8.53
1,3,5-TMB 0.0012 3.23 15.78 1.34 7.12
Naphthalene 0.0012 1.23 6.62 2.00 10.16

aEstimated based on organic carbon fraction according to (Karickhoff 1981)
bCalculated based on the push–pull test
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overall attenuation process. On the contrary, 0.5 m of
vertical interval between the sampling ports might have
been too large to monitor the migration of solutes in
such a heterogeneous aquifer.

The tracer solutes were injected into the well-estab-
lished system of biologically mediated redox reactions of
hydrocarbons degradation (Klonowski et al. 2005). The
geochemical conditions were changed upon tracer
injection due to, among others, mixing of tracer solutes
with in situ groundwater, dilution of tracer solutes,
sorption and biodegradation.

Soil gas measurements

Spatial analysis of carbon dioxide and oxygen concen-
trations in the soil atmosphere showed that a surplus of
carbon dioxide produced in the redox reactions of
hydrocarbon degradation was released into the soil
environment. After tracer injection, a substantial in-
crease of carbon dioxide concentration in soil gas was
detected. This fact supports hydrogeochemical data

indicating that biological processes are the major cause
of hydrocarbons removal.

Push–pull test

The data for the push–pull experiment were obtained by
sampling groundwater via the injection points. Moni-
toring of the tracer solutes concentrations in time re-
vealed quick removal of bromide and retardation of the
organics which is illustrated by the results of mean re-
moval time calculations. Removal was greater for the
MLS 12/3 than for the MLS 10/3 because of higher
permeability of the sediments and higher groundwater
flow velocity for the earlier. In addition, due to high
inflow of the groundwater from the background more
electrons were available resulting in higher biodegrada-
tion potential and quicker removal of the organics.
Whereas initial contamination detected prior to the
experiment for MLS 12/3 was much higher than for
MLS 10/3—for example for naphthalene by two orders
of magnitude. This fact must affect the processes of
sorption and degradation of the injected organic solutes.

The observed differences in removal of the individual
organic compounds resulted from differences in their
chemical and physical properties. Toluene and o-xylene,
showingKoc andKow values lower than trimethylbenzenes
and naphthalene, were readily removed at both moni-
tored injection points. Removal of trimethylbenzenes and
naphthalene was expected to be more retarded. The cor-
relation was confirmed by calculations, based on the
push–pull test data, of sorption distribution coeffi-
cients—Kd and retardation factors—R. Calculations
based on the content of organic carbon in the sediments
(Karickhoff 1981) showed similar correlation for Kd and
R values. Similar values of sorption distribution coeffi-
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Table 5 Groundwater flow velocities

Monitoring point Va (m Æ day)1) Vb (m Æ day)1)

MLS 10/3 0.327 –
MLS 12/3 0.970 –
MLS 11/3 0.792 0.399
MLS 11/2 0.516 0.253

– No data available
aAverage: calculated based on porosity, hydraulic conductivity and
hydraulic gradient
bEffective: calculated based on tracer test
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cients and retardation factors, of the same order of mag-
nitude, were found for the sediment samples from the
same site (Zheng et al. 2002) and for other locations at the
Gardermoen aquifer (Alfnes et al. 2003a, b; Soevik et al.
2002).

The electron acceptors and metabolic by-products
concentrations showed a response to injection of the
organic solutes. Concentration patterns are similar for
both monitored injection points and the differences can
be explained by faster removal of the tracer solutes from
MLS 12/3. Observed patterns of concentrations of the
inorganic and organic species in time were, to some ex-
tent, a result of mixing the injected solutes with the
groundwater. Nevertheless, the decreased concentra-
tions of sulphate and increased bicarbonate can be
interpreted as an effect of biodegradation. To be able to
evaluate contribution of this mixing effect a detailed
geochemical modelling is required.

Tracer test

Transport of the tracer solutes was monitored beneath
the injection points and downgradient. The influence of
the tracer was detected for the monitoring points MLS
10/2, 12/2 and 13/2, located 0.5 m below the injection
points. Naphthalene was the major organic compound
detected. The tracer solutes were not observed at the
monitoring points MLS 10/1, MLS 12/1 and MLS 13/1
located 1 m below the injection points. The break-
through of the tracer solutes was detected at the MLS

11/3—2.1 m downgradient from the injection point
MLS 10/3, however the detected concentrations were
low. No retardation of the organics compared to bro-
mide was observed. This fact can be explained, to some
extent, by the preferential groundwater flow. No peaks
of toluene and o-xylene were detected which was
attributed to biodegradation. Naphthalene was the most
recalcitrant and yielded the highest concentrations.
Recalcitrance of naphthalene under anaerobic condi-
tions was observed for the sediment samples originating
from the studied area in laboratory batch experiment
(Zheng et al. 2001) and for other locations under similar
conditions (Bjerg et al. 1999). Concentrations of Fe(II)
and Mn(II) showed a clear increase coinciding with ar-
rival of the tracer pulse indicating the biological char-
acter of the organics removal. Bicarbonate
concentration at the MLS 11/3, upon arrival of the
tracer, was observed to decrease and then increase rap-
idly. This might be an effect of waters mixing, though it
could have had some microbiological reasons as well.

Biodegradation potential

The budget of the available electron acceptors and
electron donors for degradation of the injected organic
solutes between the MLS 10/3 and MLS 11/3 revealed
that Fe(III) and sulphate reductions were the major
processes contributing to biodegradation of the dis-
solved organics. No data on methane concentration
were collected; however the earlier observations of the

Table 6 Budget of electron acceptors and donors for the MLS 10 and MLS 11

Monitored
species

Electron acceptors half-cell reactions MLS 10
concentrations
at TDH m.r.
(mmol Æ L)1)

MLS 11
concentrations
at p.a.
(mmol Æ L)1)

Consumed–produced
(mmol Æ L)1)

Potential
electrons demand
(mmol Æ L)1)

O2 O2 + 4H+ + 4e) = 2H2O 0.06 0.05 )0.02 0.06
NO3

) 2NO3
) + 12H+ + 10e) = N2 + 6H2O 0.03 0.00 )0.03 0.17

Mn2+ MnO2 + 4H+ + 2e) = Mn2+ + 2H2O 0.00 0.06 0.06 0.13
Fe2+ Fe(OH)3 + 3H+ + e) = Fe2+ + 3H2O 0.03 3.44 3.40 3.4
SO4

2) SO4
2) + 10H+ + 8e) = H2S + 4H2O 0.37 0.00 )0.37 2.96

Total 6.73

Monitored
organics

Electron donors half-cell reactions MLS 10
concentrations
at TDH m.r.
(mmol Æ L)1)

MLS 11
concentrations
at p.a.
(mmol Æ L)1)

Loss
(mmol Æ L)1)

Potential electrons
availability
(mmol Æ L)1)

Toluene C7H8 + 21H2O = 7HCO3
) + 43H+ + 36e) 0.03 0.00 )0.03 )1.17

o-xylene C8H10 + 24H2O = 8HCO3
) + 50H+ + 42e) 0.08 0.00 )0.08 )3.46

1,3,5-TMB C9H12 + 27H2O = 9HCO3
) + 57H+ + 48e) 0.04 0.00 )0.03 )1.65

1,2,4-TMB C9H12 + 27H2O = 9HCO3
) + 57H+ + 48e) 0.04 0.00 )0.03 )1.54

Naphthalene C10H8 + 30H2O = 10HCO3
) + 58H+ + 48e) 0.02 0.01 )0.02 )0.80

Total )8.62

m.r. Mean removal
p.a. Peak arrival
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studied plume showed that methane production can be
one of the major processes controlling biodegradation of
the jet fuel hydrocarbons (Klonowski et al. 2005). Cal-
culations showed that the total number of the available
electron acceptors is high enough to achieve degradation
of majority of the hydrocarbons. This was confirmed by
the observed complete degradation of toluene and o-
xylene and substantial decrease in concentrations of the
remaining organic compounds.

Summary and conclusions

This paper deals with the field experiment combining the
push–pull and tracer tests. The mixture of the conserva-
tive tracer—Br), and the reactive organic solutes: toluene,
o-xylene, 1,3,5-TMB, 1,2,4-TMB and naphthalene, were
injected into the existing plume of the jet fuel derived
hydrocarbons. The plume was developed in a strongly
heterogeneous aquifer of the Gardermoen fan delta.

The results of the push–pull test showed very quick
removal of the tracer solutes from the monitored injec-
tion points. Due to higher permeability of the aquifer
matrix removal was faster for the injection point MLS
12/3 than for the point MLS 10/3. For both injection
points a strong retardation in removal of the dissolved
aromatics, in respect to non-reactive bromide, was ob-
served as well as the differences in retardation between
the individual organic compounds. Calculated sorption
distribution coefficients Kd and retardation factors R
showed correlation between the removal rates and the
physiochemical properties of the organics.

The tracer solutes were observed 0.5 m beneath the
injection points and up to 2.1 m downgradient. At that

distance from the injection points only Br), naphthalene
and trimethylbenzenes resulting from the injected pulse
of the tracer solutes were detected. No retardation of the
organics, compared to the conservative tracer, was ob-
served which might be an effect of migration along some
preferential flow path in the heterogeneous aquifer.

Concentrations of the electron acceptors and meta-
bolic by-products responded to the injected organic
solutes. Strong fluctuation of O2 concentrations are
difficult to interpret, however changes in concentration
of Mn2+, Fe2+, SO4

2) and HCO3
) can be explained by

biodegradation processes. Calculations of biodegrada-
tion potential revealed that the available amount of the
electron acceptors is high enough to explain observed
removal of toluene and o-xylene.

Nevertheless, it should be stressed that the calculated
degradation potential is only an approximation of the
processes. Other effects, like sorption, dilution, mixing
of waters, volatilisation, etc., have to be taken into ac-
count. Geochemical modelling should be one of the
most accurate methods to determine the role of the
above controlling factors in the observed overall natural
attenuation process.
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