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Abstract. To examine the persistence of preferential flow 1 Introduction

paths in a field soil, and to compare the leaching of a degrad-

able contaminant with the leaching of a tracer, two field ex-

periments were performed using a multi-compartment samPreferential flow can lead to rapid transport of nutrients and
pler (MCS). The first experiment was carried out during the chemicals through the unsaturated zone, which can result in
snowmelt period in early spring, characterized by high in- groundwater contamination. Preferential flow processes are
filtration fluxes from snowmelt. The second experiment wasgenerally studied at either the core, profile or landscape scale
carried out in early summer with irrigation to mimic homo- (Allaire et al, 2009. Soil heterogeneity hinders the predic-
geneous rainfall. During the second experiment, the soil wadion of the movement of mass in field situations, because it
warmer and degradation of the degradable contaminant wagften results in faster movement of water and solutes than
observed. For both experiments, the highest tracer concerould be expected from the soil matrix properties. When
trations were found in the same area of the sampler, but th&ffective parameters are used for soil and climatic proper-
leached tracer masses of the individual locations were noti€S, contaminant leaching may be underestimated by a hy-
highly correlated. Thus, the preferential flow paths were sta-drologic model Qllaire et al, 2009. To account for prefer-

ble between the two experiments. With a lower infiltration €ntial flow in the models, additional parameters are needed
rate, in the second experiment, more isolated peaks in th& quantify the importance of preferential flow in a field soil
drainage and the leached masses were found than in the firffeyen et al.1998 Simunek et a|.2003. It is important to
experiment. Therefore, it is concluded that the soil hetero-identify the main process that causes preferential flow, when
geneity is mainly caused by local differences in the soil hy- solute transport is modelled. As the soil is a complex system,
draulic properties, and not by macropores. With higher in-field experiments can give better insight into which processes
filtration rates, the high and low leaching cells were more&'e important for the occurrence of preferential flow. Based
clustered. The leached masses of the degradable contanf! this knowledge, a better prediction can be made of the po-
nant were lower than the leached masses of the tracer, bdential risk of groundwater contamination for a particular soil
the masses were highly correlated. The first-order degrade@nd contaminant.

tion rate and the dispersivity were fitted with CXTFIT; the  Preferential flow can be caused by macropore fldav\is
first-order degradation rate was 0.02¢and the dispersiv- 2007 or spatial variability of the hydraulic propertieRdth

ity varied between 1.9 and 7.1cm. The persistence of thet999. When the flow rate is high compared to the saturated
flow paths during the experiments suggests soil heterogeneitDydraU"C conductivity of the soil, most of the soil is close to
as the driver for heterogeneous flow and solute transport jsaturation. Under these conditions, coarse textured regions
this soil. At the MCS scale, heterogeneous snowmelt did nof'e better conductors than fine textured regiétatif 1995.

seem to have much influence on the flow and solute paths. Therefore, coarser textured regions are likely to develop flow
channels with a vertical orientation under a high infiltration

rate. With a water flux that is much lower than the satu-
rated hydraulic conductivity, flow channels will also develop,

Published by Copernicus Publications on behalf of the European Geosciences Union.



2872 D. Schotanus et al.: Quantifying heterogeneous transport in the field

but then in the fine textured regions instead of the coarsehese de-icing chemicals can contaminate the snow surround-
textured. ing the runway. During snowmelt, the infiltration rates are
Preferential flow paths may change in time due to bioac-high, and the de-icing chemicals can be transported rapidly
tivity, or due to complete saturation or drying of the soil through the coarse textured soil on which the airport is lo-
(Ohrstbm et al, 2004. Williams et al.(2003, Lennartzetal.  cated Erench and Van der Ze2999. Groundwater contam-
(2008 andBuchter et al(1995 found that preferential flow ination with the de-icing chemical should be avoided, as the
paths are stable. Most studies investigated the leaching ddirport is located on a large unconfined aquiferefch et al.
tracers, while the effect of preferential flow on the degrada-2001).
tion of degradable contaminants is highly relevant for the po- Snowmelt may add extra heterogeneity to the water flow,
tential contamination risk for natural systenkgury, 1996. as a snow cover acts as a porous medium, in which meltwater
The rapid transport in macropores, compared to the matrixcan flow in preferential patha\aldner et al.2004 Marsh
leads to a higher leaching of a degradable contaminant that991). Furthermore, the rate of snowmelt can differ locally
when only matrix flow occursHot et al, 20095. which introduces more heterogeneous flow at the plot scale,
When degradation of contaminants is studied, the experwith horizontal differences in infiltratiorHrench and Van der
imental conditions should resemble the natural field condi-Zeg 1999.
tions as closely as possible, because the degradation rate de-It has not been investigated often which particular pro-
pends on temperature and soil moisture content, amongstess is responsible for the preferential leaching of a tracer in
others Gtotzky, 1997. Furthermore, in a structured soil, a field soil. Furthermore, experiments on preferential leach-
degradation may be lower than in a mixed sample, becausing usually focus on non-degradable tracers, while the prefer-
micro-organisms or the substrate cannot enter all aggregatemntial leaching of a degradable contaminant might be differ-
(Chenu and Stotzky2002. Also when soil heterogeneity is  ent. Two field experiments were performed, using the MCS,
quantified, the soil structure should be intact. Most studiesto quantify the spatial variability in solute leaching, to quan-
have been done in the laboratory, under different conditiongify possible seasonal effects, and to compare the leaching
than in the field Quisenberry et al.1994 Buchter et al. of a tracer with degradable PG. The first experiment was
1995 Pot et al, 2005, and hence may under- or overesti- done during the snowmelt period in early spring. This ex-
mate the soil heterogeneity. Estimations of the effect of soilperiment was characterized by high infiltration fluxes from
heterogeneity on contaminant leaching may be more realisthe meltwater and a frozen soil. Furthermore, the heteroge-
tic in the field, using wick samplergiplder et al, 1991 Boll neous flow in the snow cover might result in infiltration at
et al, 1997 or suction platesiasteel et a].2007. A disad-  the soil surface that is not uniformly distributed. The second
vantage of wick samplers is that the pressure that is applieéxperiment was done in late spring/early summer with irriga-
to the soil is constant. Using suction plates, the ambient soition to mimic homogeneous rainfall with known infiltration
pressure may be applied/ihermiller et al, 2007). Forboth ~ amounts. In the second experiment, the soil was warmer and
wick samplers and suction plates, the patial resolution maydegradation of the degradable contaminant was observed.
be too coarse (around 100 énto capture all small scale flow With the two experiments we answer the following re-
processesHoletika and Jury1994 Buchter et al.1995. To search questions: (1) How persistent is preferential flow in
overcome these disadvantages, a multi-compartment sampléne field for two cases with different boundary conditions?
(MCS) as introduced bBloem et al.(2009 2010 was used  (2) How different is the spatial variability in leaching for
in our study, in which the pressure is adjusted according toa tracer and a degradable solute? (3) What determines the
the pressure in the surrounding soil. Additionally, the spatialheterogeneous flow in this soil: soil heterogeneity, the infil-
resolution of the MCS is high, and therefore, fluxes throughtration rate, or snowmelt heterogeneity?
individual 315 x 3.15 cn? can be measured.
The spatial pattern in leaching of a degrading contami-
nant might be different than a tracer as a result of differ-2 Materials and methods
ences in travel times. Examples of degradable contaminants
for which a travel time distribution in the unsaturated zone2.1 Experiment
may help to estimate the leaching to the groundwater are
easily degradable contaminants like pesticidgsrf, 1996. To measure spatial and temporal variability in solute leaching
Another easily degradable contaminant is propylene glycoland drainage a multi-compartment sampler (MCBpém
(PG), which is used in de-icing chemicals at airpodtsgsche et al, 2010 was installed at the field station Moreppen, near
et al, 2006 French et al.200]). Propylene glycol is degrad- Oslo Airport, Norway. Details about the field station can be
able by micro-organisms, and non-adsorbing to soil particlefound in French et al(1994. The field station is located
(French et al.2001). At Oslo airport in Norway de-icing in a flat area with coarse glaciofluvial sediments (sand and
chemicals are used to remove snow and ice from airplanegravel) French and Van der Ze&999. The soil is an Entic
before departure during winter time. Although this is done Haplorthods French et al.2001). The texture distribution
on a platform to collect the de-icing chemicals, a fraction of is 15 % fine sand, 75 % medium and coarse sand, and 10 %
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gravel French et a.1994. The saturated hydraulic conduc- a -~ ) b
tivity is 6.65x 10-4ms~1 (French et a].2007). The soil sur- A ' ’
face was covered with short grass. The MCS has a size of
31.5x31.5 cn?, and consists of 100 separate drainage collec-
tors. The surface of the MCS consists of porous metal plates,
to which pressure can be applied. Details about the MCS can
be found inBloem et al.(2010).

From a trench a horizontal tunnel was dug, leaving the soil
above this tunnel undisturbed. The tunnel was secured with |
a wooden frame, to prevent the surrounding soil from col-
lapsing. At 68 cm distance from the trench wall, the MCS Fig. 1. Experimental setup. Installation of the multi-compartment
was installed at 51 cm below soil surface (Fiy. A 2mm sampler (MCS), shown from the treng¢h). The location of the
thick layer of wetted soil from the tunnel was applied to the MCS shown from abovéb). The marked square indicates the lo-
surface of the MCS, to ensure a good contact between theation of the MCS, 51 cm below soil surface. The roof of the trench
MCS and the soil above it. The wooden frame was removedis visible in the background. The width of the MCS is 31.5cm.
and the tunnel was backfilled, to avoid boundary effects. Four
tensiometers were installed near the trench wall, at 51 cnthe snowmelt experiment, such that the irrigation experiment
depth. The average pressure head measured by the four teoeuld be finished in the limited time that was available for
siometers was applied to the MCS, plus 15 cm extra pressurié. However, during the irrigation experiment, the transport
head to compensate for a pressure head drop in the porows bromide was found to be too slow. Therefore, the irriga-
metal platesBloem et al, 2009. The pressure in the MCS tion rate was increased from 2 June onward. In between the
was variable in time. irrigations, the soil surface was covered with plastic, to min-

Two experiments were done: one during snowmeltimize evapotranspiration and to avoid the infiltration of rain-
(26 March—-23 May 2010) and one with irrigation (23 May— water. Using a nozzle, the soil surface was irrigated with tap
4 July 2010). For the snowmelt experiment 1092¢m water, except on 12 June. This was a rainy day and 7.8 mm
propylene glycol (PG) and 10gm bromide was diluted of rainwater infiltrated, while the plastic was removed. On
in 2Im~2, and sprayed uniformly on top of an undisturbed 13 June, 7.5 mm water was irrigated. The irrigation rate was
snow cover (26 March 2010). De-icing fluiHi{frost, 2012 approximately 6.6 mmht. Neither surface runoff, nor pond-
containing PG was diluted to reach this applied mass. Theng was observed. Between 31 May and 2 June, evaporation
application area was large enough to ensure that boundamwas measured in a pan under the plastic. The measured evap-
effects can be neglected. In the snowmelt experiment the ineration was 1 mmd!. These were warm days, the average
filtration originated from snowmelt or rainfall. Snowmelt was evapotranspiration rate during the entire irrigation experi-
measured daily by measuring the depth and equivalent watement probably was lower.
depth of the snow cover at three locations at the field station. Drainage was stored in the MCS, samples were taken with
At these locations, no de-icing chemical was applied. Thea frequency that depended on the amount of drainage. For the
snow in the application area melted faster than at these losnowmelt experiment, samples were taken daily from 1 April
cations, due to the de-icing chemical. On 12 April, the snowuntil 15 April. Then, samples were taken at 17 and 21 April,
was patchy above the MCS, and at 13 April all snow aboveand 9 and 23 May. During the irrigation experiment, sam-
the MCS was melted. The difference of the equivalent watemples were taken every second day, on the same day as, and
depth of the snow cover per day, plus the rainfall, was theprior to, the irrigations. After collecting, the samples were
infiltration per day (Fig2). The infiltration originating from  weighted to determine the volume of drainage. If a sample
the snowmelt occurred 1 or 2 days earlier in the area wheravas smaller than 4 ml, it was stored cool. In the next sam-
PG was applied, than in the area were the snowmelt was megling round, the sample was added to this stored small sam-
sured. We will ignore this difference, as it is not important for ple. In samples larger than 4 ml, the bromide concentration
the current data analysis. No ice layer was found below thevas measured with an Orion 9635BNWP Bromide lon Se-
snow cover, at the soil surface. This means that the possibleective Electrode. Besides, in the irrigation experiment, the
heterogeneous infiltration of meltwater was not attributablePG concentration was measured with a GC analyser. We as-
toice. sumed that degradation of PG during the snowmelt exper-

For the irrigation experiment 1103 grAPG and 10 gm? iment was low, due to the low temperature and high PG
bromide was diluted in 5Im?, and sprayed uniformly on concentration in the applied solutiodagsche et al2008.
the soil surface at 23 May 2010. Also in the irrigation ex- Therefore, the PG concentration was not measured in the
periment, the application area was large enough to ensurenowmelt samples. At the end of the experiment, all samples
that boundary effects can be neglected. The irrigation schem#hat still were smaller than 4 ml after the final sampling round
and the daily mean air temperature are given in Bigni- were mixed, and Br and PG were measured in this mixed
tially, the irrigation rate was based on the measurements fronsample.
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Fig. 3. Weather series for the irrigation experiment (in 2010), mean
Ty is the daily mean temperaturéQ), I is the infiltration from
irrigation (mm d-1).
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Fig. 2. Weather series for the snowmelt experiment (in 2010), mean3
Tajr is the daily mean temperaturéQ), P is the daily precipita-

tion (mm o1, dotted blue line)/ is the infiltration (mm d1, red

line). The daily infiltration is calculated from the sum of the change 3.1  Stability of the spatial patterns of drainage and
in the equivalent water depth of the snow cover in a day, and the concentration in time

precipitation.

Results and discussion

We will start with describing the spatial patterns of drainage
and solute concentrations to determine the stability of these

The experiment lead to a data set with volumes of drainagepattems during and between the snowmelt and the irrigation

and leaching concentrations for each sampling round an&xpgrlment. h h il distributi ¢ th |
each cell. With drainage, we refer to water volumes that were fli;gqre 4s OV:;S ; eh spbat|a id Istribution or t ed Vo um(ra]
collected, while we use leaching to refer to solute masses?! drainage, and of the bromide concentration during the

To quantify how the drainage, or the leaching in a particularsnowme“ experiment at five se!ected gumulative draingge
cellis related to the drainage, or leaching in a neighbouringd€Pths (the amount of total drainage since solute applica-

cell, we calculate the spatial autocorrelation using Moran'’s _t|0n). The cumulat|v_e drainage depth 'S_l_Jsed asa tlme_ axis
(Strock et al, 2001): instead of the dayWierenga 1977, to facilitate a compatri-

son with the irrigation experiment, which had a different in-
n 2 Wi (Xi = X) (X — X) P W ) filtration rate. The bromide concentration is scaled with the
So (X, _)—()2 » 90= Z; i applied mass of bromide per4nto facilitate a comparison
' with propylene glycol (PG) during the irrigation experiment

wheren is the number of celldy;; is a measure of the neigh- later on. The initial bromide concentration was not used for
bouring of the cells§ and j, and X; is the measured total scaling, because the applied bromide was diluted with melt-
drainage, or solute leaching in céll Cells are neighbours water from the snow.
when they share one side. This means Wt is 2 for the At 13 mm after solute application, drainage started in the
cells in the corners, 3 for the cells at the borders, and 4 fodeft middle part of the sampler. At 66 mm, most cells drained
the other cells. In7 both the values of drainage and leach- water, but the highest water fluxes were still found in the left
ing, and the spatial information, with the weighiig;, are middle part. Throughout the snowmelt experiment, the high-
included.l varies between-1 and 1, where 1 means that the est drainage volumes were found in this area. The bromide
values of neighbouring cells are perfectly positively autocor-concentrations were low in the first drainage at 13 mm. The
related. When there is no autocorrelation, the expected valubighest bromide concentrations could be found in the lower
of I is —1/(n — 1), which is—0.010 with 100 cells. left part of the sampler at 44 mm of drainage. At 66 mm,

The velocity, dispersivity, and first order degradation con-the maximum bromide concentrations were lower than at
stant were estimated by fitting de convection-dispersion44 mm. At 66 mm, bromide leached through a larger part
equation to the breakthrough curves with the parameter fitof the sampler and the concentrations were more equally
ting program CXTFIT Toride et al, 1995. The dispersiv-  spread in space than at 44 mm. At 103 mm of drainage, the
ity that was estimated for bromide, was also used for PG.concentrations decreased further, and the highest concen-
The velocity and first-order degradation constant for PG werdrations were now found on the right side. At 121 mm of
fitted. drainage, the drainage did not contain bromide anymore.

2.2 Data analysis
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concentration during the snowmelt experiment over the multi- 5 H [
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compartment sampler consisting of1@0 cells of 315x 3.15 cnf
ea20h. The bromide concentration is scaled with the applied mass pgtjg 5 gpatial distributions of the drainage, the bromide concen-
m”. The titles refer to the cumulative drainage since solute applicayation, and the PG concentration during the irrigation experiment
tion. over the multi-compartment sampler consisting of<L00 cells of
3.15x 3.15cn? each. The concentrations of bromide and PG are

The drainage patterns showed more isolated peaks than trfézaled with the applied mass pef riThe titles refer to the cumula-

bromide concentration. The cells with the highest drainage've drainage since solute application.
did not necessarily leach the highest concentration of bro-
mide. The spatial pattern of the bromide concentration hadhe concentration can be attributed to degradation of PG by
a larger variation in time than the pattern of drainage. Frommicro-organismskrench et al(2001) found that the first or-
Fig. 4 it is clear that both water flow and solute transport in der degradation constant for PG in a field soil was between
this soil are heterogeneous. 0.015 and 0.04d". Fitted from the breakthrough curves of
Figure5 shows the spatial distributions of the volume of bromide and PG for the entire MCS, we found a first order
drainage, of the bromide concentration, and of the PG condegradation constant of 0.02Hfor PG during the irrigation
centration during the irrigation experiment at five selectedexperiment.
cumulative drainage depths. During the irrigation experi- Figure 6 shows the mean pressure head at 51 cm depth.
ment, water drained over the whole MCS, with a few iso- The pressure head was generally higher during the snowmelt
lated peaks that were stable throughout the irrigation experperiod than during the irrigation experiment. Peaks in the
iment. Bromide leaching started at 70 mm, the highest bropressure head during the snowmelt resulted from infiltrat-
mide concentrations were found in the lower left area of theing meltwater during warmer days. The maximum pres-
sampler. At 101 mm, the bromide concentrations peaked irsure heads from the snowmelt and the irrigation experiment
the lower left, the middle right area, and in the upper left cell. were similar, but during the snowmelt experiment, the soll
Around those peaks, cells also started leaching bromide, buirained less than during the irrigation experiment. The av-
generally with lower concentrations. At 124 mm, most cells erage pressure head waf7 cm during the snowmelt ex-
leached bromide and the differences between the concentrgeriment (26 March—-23 May};-16 cm during the snowmelt
tions of the cells were small. At 124 mm, the concentrationsperiod (26 March—12 April), and-25cm during the irri-
decreased relatively to the concentrations at 101 mm. In thgation experiment (23 May—4 July). During the snowmelt
irrigation experiment, bromide leaching started after a largerperiod, when high infiltration rates occur, the soil is wet-
amount of drainage than during the snowmelt experimentter, and therefore a larger part of the coarse textured soil
Thus, at the start of the irrigation experiment, more wateris even higher conductive than under drier conditions as in
was stored between the soil surface and the MCS than at thie irrigation experiment. In the irrigation experiment, the
start of the snowmelt experiment. drainage showed more isolated peaks than for the snowmelt
Like the bromide concentration, the PG concentrationexperiment.Williams et al. (2003 showed that the degree
first increased in the lower left part (at 41 and 70 mm). At of preferential flow resulting from macropore flow would in-
101 mm, the concentrations were lower than at 70 mm, thecrease with increasing flow rate. In the snowmelt experiment
highest concentrations were found on the right side of thewith higher infiltration rates, however, the number of isolated
sampler. At 124 mm, the drainage did not contain PG any-peaks in the drainage decreased (comparing the drainage in
more. The leaching of PG started earlier than the leachindg-igs.4 and5). The heterogeneous flow in the soil, therefore,
of bromide. This was also observed Byench et al(20017), is probably caused by small changes in the soil hydraulic
and may be caused by density driven flow. The density ofproperties, and not by macropores.
pure de-icing fluid is 1.043 times the density of pure wa- Figure7 shows the areas of the MCS in which the high-
ter (Kilfrost, 2012. After dilution the density of the ap- est concentrations, as plotted in Figsand5, were mea-
plied solution was approximately 1.005 times the densitysured. For both the snowmelt and the irrigation experiment,
of water. The PG concentrations decreased both earlier anthe areas with the highest concentrations are similar. In
faster than the bromide concentration. The faster decrease ithe snowmelt experiment, the differences in concentrations
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between all cells seem to be larger than during the irriga-3.2 Effect of the travel time distribution on BTCs
tion experiment. The high concentrations in a small area of
the sampler can be caused by snowmelt. With a high infiltra-Figures4 and5 reveal that the soil consisted of fast and slow
tion rate and a wet soil, a small part of the soil can transportresponding areaBuchter et al.(1995 made a division of
solutes rapidly, while little dilution occurs due to a low ex- the soil in fast and slow cells, based on the height of the peak
change with the surrounding soil, as lateral mixing is time concentration of the BTC, and the moment that this peak
dependent. This leads to a larger spatial variability in con-concentration was reached. For each cell, we determined the
centrations than for the lower infiltration rates during the ir- number of days from solute application until the peak con-
rigation experiment. The differences in the concentrationscentration was reached. The resulting histograms are shown
were not caused by heterogeneous infiltration of the meltin Fig. 8. It must be mentioned that the irrigation experi-
water from the snow. If this was the case, also the drainagenent was ended before the BTCs were complete for all cells.
should be heterogeneous, with the same spatial patterns &glls in which the concentration was still increasing at that
the concentration, which was not observed (Hjp.Based time, mostly have their highest concentration at day 40 or 41,
on this, it is concluded that the infiltration of the meltwater which then is called the peak concentration in FgThere
was homogeneous, compared to the soil heterogeneity. Ravere 11 cells that did not leach during the irrigation experi-
sults from a preliminary experiment, which was performed ment, these are not included in FR&y.For the snowmelt ex-
during the spring of 2009, confirm this conclusion. The areasperiment, the histogram has a bell-shaped distribution, and
with the highest leaching were similar for 2009 and 2010, shows that most cells reached the peak concentration at 15
which means that the effect the heterogeneous infiltration oflays after solute application. For the irrigation experiment,
meltwater is small compared to the effect of soil heterogenethe histogram is not bell-shaped.
ity. Based on the histograms, the cells are divided in three
Based on the snowmelt and irrigation experiment we con-groups: fast, average, and slow cells. Fast cells are the cells
clude that generally, the spatial patterns of the concentratiothat leach before the mode (before day 15 in the snowmelt
are similar with high or low infiltration rates, but the differ- experiment, and before day 30 in the irrigation experiment).
ences between the concentrations are larger with a high infilAverage cells have their peak concentration when most cells
tration rate. have (at day 15 and 16 in the snowmelt experiment, and at
During the irrigation experiment, the highest PG concen-day 30 in the irrigation experiment). Slow cells have their
trations, and the highest bromide concentrations can be foungdeak concentration later than the average cells (after day 16
in the same areas, but at different times. Thus, the spatiah the snowmelt experiment, and after day 30 in the irrigation
patterns in the concentrations of a tracer and a degradablexperiment). Cells can belong to different groups for the
solute are similar. snowmelt and the irrigation experiment. The average concen-
trations of bromide and PG were calculated for the groups of
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Fig. 7. The areas from the multi-compartment sampler where theTable 1. Solute transport parameters with pore water veloeity
highest leaching of bromide and PG occurred (based on Bigs. (cmd1), and dispersivityr (cm) for fast, average, and slow cells,
and5). as well as for the entire sampler, for bromide.

Experiment Group wv(cmdl) «(cm)

cells. The BTCs of the fast, average, and slow cells for bro-

mide during the snowmelt and the irrigation experiment are Snowmelt  Fast 18 6.6

given in Fig.9. g\I’eraQe 11'35 2741
During the snowmelt experiment, the bromide concentra- Toct):: 1:7 5:6

tion increased rapidly in the fast cells, as a result of the high

infiltration rate caused by snowmelt. At 66 mm of drainage, Irrigation Fast 15 4.1

only patchy snow was left above the MCS. The bromide con- Average 1.4 3.8

centration decreased rapidly in the fast cells when the snow -Sr(l)ct);\: 12 ig

had melted (79 mm drainage). In the snowmelt experiment,
the height of the concentration peak was higher than in the
irrigation experiment, probably as a result of the higher infil-
tration rate. The bromide concentration also increased earlieboth the flow rate and the flow conditions affect the dis-
in the snowmelt experiment than in the irrigation experiment. persivity values that are found. As the flow rate increases,
The value of the peak concentration decreased from fast tethey found that dispersivities tend to increase, for relatively
slow cells in both the snowmelt and the irrigation experi- small transport distances as in the present study. We find
ment. This is expected, as the spreading generally increasehat for the snowmelt experiment, the dispersivity of the fast
with time, which will lead to a lower peak concentration for cells is larger than the dispersivity of the average and slow
a non-degradable solute. cells. For the irrigation experiment, the dispersivity increases
For the BTCs in Fig9, the solute transport parameters from slow to average to fast cells. In that respect, our results
from the convection-dispersion equation were fitted usingcomply with those of the database. Our dispersivity values
CXTFIT (Toride et al, 1995. For the fitting, the cumula- are generally of equal value, or perhaps a bit smaller, than
tive drainage of the entire sampler was used as a time axis, tthose of the database. However, our flow rates on average are
obtain the required steady state conditionsgrengal1977). smaller than in the shorter travel distance situations (core,
This gives the velocity a unit of cmmnT?l, and the dis-  column) of the database. Moreover, not only the mean flow
persion coefficientD a unit of cnfmm~1. Using the aver- rate may affect the dispersivity, but also the flow regime. For
age drainage per day during either the snowmelt or the irri-conditions similar to our experiments, with natural climate
gation experiment, the parameters were back-transformed tand intermittent irrigation upper boundavanderborght and
units of cmd?, and cnfd—! (Table1). From the fitted pa-  Vereecken(2007) found that smaller dispersivity ranges re-
rameters the dispersivity was calculatedo(= D/v). Both sult in their database. The dispersivities were lower during
v and D decrease from fast to slow cells for the snowmelt the irrigation experiment than during the snowmelt experi-
and the irrigation experiment. As expected, for the fast andment, which may have periodically larger flow rates, partic-
average cells, the velocities are higher during the snowmelularly near the soil surface (Fig& and3). This is also in
than the irrigation experiment. This is caused by the higheragreement with the database results. Also compared with the
infiltration rate, resulting from the snowmelt. Based on thereview ofBeven et al(1993 our observations agree well.
results ofVanderborght and Vereeck¢p007) for a database We hypothesize that in fast cells, the values of the peak
with a large number of laboratory and field experiments,concentration (relative to the applied concentrations) of PG
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Fig. 9. Breakthrough curves of bromide for the snowmelt experi-

ment (thick blue line) and the irrigation experiment (thin red line), Fig. 10. Breakthrough curves of bromide (thin red line) and PG

for fast cells(a), average celign), and slow cell{c). (thick blue line) for the irrigation experiment, for fast cells, av-
erage cellgb), and slow cellgc).

and bromide would be similar, because PG degradation can
only occur during a short period. In slow cells, the travel time ) )
is longer, and therefore, more PG would be degraded than iRr€as. Therefore, in parts of the soil that transport water and
the fast cells. As a result, in slow cells, the PG concentra-50|UFeS rapidly,.the leaching of d_egradable contaminants will
tion would be lower than the bromide concentration, and thisP€ higher than in slow transporting areas.
difference would increase with increasing travel time.
Figure10shows the BTCs for PG and bromide in the irri- 3.3 Spatial patterns of total drainage and leaching
gation experiment, for the fast, average, and slow cells. For
the fast cells, the PG concentration increased earlier than th&he conclusion drawn from Fid.0 was that the degradation
bromide concentration. This was also observedFbgnch  of PG appears to increase from fast to slow cells. To further
et al.(2001), and can be caused by density-driven flow. The examine this conclusion, we will discuss the spatial pattern
values of the peak concentration and the recession thereafterf the total leached masses of bromide for both the snowmelt
were similar for bromide and PG. The average cells showand the irrigation experiment, and PG for the irrigation ex-
comparable features, but with lower concentrations than foperiment.
the fast cells. Also, the PG concentration decreased earlier Figurellshows the total leached mass of bromide for the
than the bromide concentration in the average cells, whicksnowmelt experiment, for the irrigation experiment, and the
possibly is attributable to degradation. total leached mass of PG during the irrigation experiment, to-
Initially, the PG concentrations in the fast and average cellsggether with the relative differences between the leached PG
might have been too high for the micro-organisms, and thereand bromide (Figl1d). The leached masses of PG and bro-
fore degradation might have been inhibited. PG degradatiommide should be compared with some caution, because the
can be inhibited if the PG concentration is high, and the in-bromide BTCs were not complete for all cells before the ex-
hibition limit depends on the type of micro-organisms, and periment was stopped. Therefore, the total bromide leaching
temperature, amongst otheBausmith and Neufe|dL999 was underestimated, especially for slow cells.
Jaesche et al2006. The first order degradation rate of PG~ From Fig.11a and b follow that the highest bromide leach-
increases with a decreasing PG concentratBauémith and  ing occurred in the same area for the snowmelt and the irriga-
Neufeld 1999. Once the concentration was below the inhi- tion experiment. In the snowmelt experiment, most leaching
bition level, as was probably the case in the average cellspccurred in the middle left part of the sampler, while in the ir-
the concentration decreased rapidly due to degradation. Inigation experiment, most leaching occurred in the areas that
the slow cells, PG was degraded before bromide reached thare marked in Fig7. In the low leaching areas, the leach-
peak concentration. Thus, in the slow cells the PG concening was higher during the snowmelt experiment than during
tration appears to decrease faster than in the fast cells, thiie irrigation experiment. Apparently, with high infiltration
decrease in the bromide concentration appears to be similaates, as in the snowmelt experiment, the leaching was more
in the fast, average, and slow cells. This means that the dehomogeneous. More homogeneous leaching was caused by
gree of degradation of PG would increase from fast to slowmore homogeneity in drainage, because the spatial variability
cells. The degradation constant was only fitted for the en-in the concentration was larger in the snowmelt experiment
tire samplerk = 0.02 d-1), and not for the fast, average, and than in the irrigation experiment (Fig). The more homoge-
slow cells separately, because the BTCs of bromide are nateous drainage can be caused by the higher infiltration rate,
complete. The incomplete BTCs hinder the estimation of thewhich results in a wetter soil. In a wetter soil, a larger part
degradation constants, mainly in the slow cells. of the matrix drains water than in a drier soil, because the
We conclude that the travel time distribution influences hydraulic conductivity is higher. Furthermore, Fitfla and
the concentrations of degradable solutes, and the differb show that in the irrigation experiment, with low infiltration
ences between the concentrations of degradable and nomates, there were more isolated peaks in the leached masses
degradable solutes increase from fast to slow transportinghan in the snowmelt experiment.
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Fig. 11. Spatial distributions of the total bromide leaching during
snowmelt, total bromide leaching during irrigation, and total PG
leaching during irrigation over the multi-compartment sampler con-
sisting of 10x 10 cells of 315x 3.15 cn? each. Bromide leaching
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Fig. 12. Normalised cumulative drainage and leaching of bromide
during the snowmelt and irrigation experiments, and PG during the

. . . . irrigation experiment. The drainage and the leaching per cell were
The spatial patterns in the bromide and PG leaching dur'scaled with the total drainage or the total leached mass for the sam-

ing the irrigation experiment were similar (Figflb, c). Fig-  pier during either the snowmelt experiment or the irrigation experi-

ure11d shows that the PG leaching was generally lower thanment. The cells are sorted with decreasing amount of drainage, bro-
the bromide leaching (i.e. less than 100 %). In the upper righinide, or PG leaching.

area of the MCS, the leaching of PG was smallest compared
to bromide, but also since little bromide was leached that was
not well visible in Fig.11b and c. Thus, the spatial distribu-
tions of the leached masses are similar, because the leacproposed byQuisenberry et al(1994), Strock et al.(2001),
ing of the non-degradable solute in this area was low as wellandDe Rooij and Stagnit{i2002. The sorting of the cells re-
The highest PG concentrations, and the highest bromide cormoved all spatial information. The cumulative drainage and
centrations can be found in the same areas, but at differerlfeaching are plotted as a function of the cumulative sampler
times (Fig.5), and the cumulative leached masses were sim-area in Fig.12. The cumulative sampler area is defined as
ilar. This means that the spatial pattern of the drainage washe surface area of the number of cells that corresponds to
stable in time during the irrigation experiment. the number of the sorted drained volume or leached mass. In
During the snowmelt experiment, the bromide recoveryFig. 12, the cells are sorted separately for each experiment
was 43 %. During the irrigation experiment, the bromide re-and solute. Uniform leaching would give a straight line. Fig-
covery was 42 %, and the PG recovery was 32 %. The lowure12shows that 50 % of the drainage and leaching occurred
bromide recovery suggests flow bypassing the sampler. Howin 12—20 % of the sampler area.
ever, in a closed lysimeter experiment from the same area, the The curves for the drainage lie below the curves of the so-
bromide recovery was 42 %.i@3ner et al, 2011). Thus, the lutes for both experiments. This can be caused by the longer
extent of flow bypassing the sampler is probably much lowertime period of sampling for the drainage. The solutes were
than would be expected based on the bromide recovery. Oapplied as a pulse, and therefore, the sampling period was
average for all cells and for the entire irrigation experiment, generally slightly shorter than for the drainage. When the
the leaching of PG is 75 % from the bromide leaching, which peak concentration of bromide already passed, drainage wa-
suggests that 25 % of the PG was degraded during this expeter was still sampled. Precipitation events after the snow had
iment. As mentioned before, the BTCs of bromide were notmelted, or the differentirrigation rates may result in a varying
complete before the irrigation experiment was stopped, andvater storage in the soil. This water storage affects the spa-
thus the bromide leaching was underestimated. This impliesial distribution of the drainage. Therefore, it is more correct

that the PG degradation was also underestimated. to use the leaching instead of the drainage, as the leaching is
labelled using a pulse, and the drainage volume itself is not
3.4 Quantifying preferential flow labelled. However, we did include the drainage in Bigj.be-

cause the sampling period of drainage is not much larger than
Figures4, 5, andl1give a visual representation of the results. of bromide, and the drained volumes and leached masses are
In the following section we will quantify differences in the distributed differently in space (Fig4.and5).
spatial distribution of the leaching of bromide and PG, and The drainage during the snowmelt experiment lies below
the drainage. the drainage during the irrigation experiment, which implies
For this purpose, the cells are sorted with decreasinga larger homogeneity, and strengthens the conclusion based
drained volume or leached mass, and then cumulated asn Fig.11.
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Fig. 13.Comparison of total leaching per cell: drainage of the snowmelt and irrigation expeadmomide leaching of the snowmelt and
irrigation experimentb), and bromide leaching and PG leaching of the irrigation experif@@nThe drainage was scaled with the drainage

of the entire sampler of either the snowmelt or irrigation experiment. Solute leaching is given in % from what would have leached in each
cell with perfect uniform flow.

For bromide mass, the curve of the irrigation experimentTable 2. Spatial autocorrelation according to Morar’'sA value
lies above the curve of the snowmelt experiment. This meansf 1 indicates perfect spatial autocorrelation, ar@l01 no spatial
that the bromide leaching was more heterogeneous duringutocorrelation.
the irrigation experiment than during the snowmelt experi-
ment. The distances between the curves of the bromide leach-

Experiment and drainage/solute/

ing and of the drainage are different for both experiments in Snowmelt drainage (mm) 0.46
Fig. 12. Therefore, we conclude that the heterogeneous so- Snowmelt bromide (mg) 0.61
lute leaching is both caused by differences in the drainage Irrigation drainage (mm) 0.14
and the spatial distribution of the solute concentrations. The Irrigation bromide (mg) 0.26

leaching of bromide and PG during the irrigation experiment Irrigation PG (mg) 0.30

was similarly heterogeneous. This was also concluded from

Fig. 11

We studied the stability of the preferential flow paths in the 5o tes with this degradation rate and under this infiltration

field by comparing the drainage and the bromide leaching ina¢e the travel time distribution does not influence the overall
each cell in both experiments (Fitf3a, b). The total drainage leaching much.

that occurred during the snowmelt experiment and the ir- |, Figs.12and13, the cells were approximated as individ-
rigation experiment had a low Iinear corr_elation coefficient 51 stream tubes, while ignoring the possibility of cell clus-
(R?=0.43). Also the total bromide leaching that occurred tering. The soil above neighbouring cells could exchange wa-
during the snowmelt experiment and the irrigation experi-ior ang solutes, which may have a distinct influence when
ment were not well correlated?_@ = 0.56). We found that ,qing 4 high resolution sampler. We calculated the spatial
the bromide leaching may be different in the exact locationsyiocorrelation coefficient of the total drainage and the to-
(Fig. 13), even though the area of the MCS with the highest ) jeached masses, to determine how the drainage, or the
bromide leaching is similar for both experiments (FI4).  |gaching in a particular cell is related to the drainage, or
Thus, the area W|tk_1 the hlghest.leachlng is per5|s.tent in t'meieaching in neighbouring cells. Tab shows the values
but the exact locations of the highest leaching might changgy, the spatial autocorrelation coefficient calculated with
abitin tlmg. . ) . Eqg. (1). With a high spatial autocorrelation coefficient, the
Comparing the total bromide leaching with the total PG ¢qsg_sectional area of the preferential flow paths is large,
leaching in each cell in the irrigation experiment (FIgC) — \yhjle with a low spatial autocorrelation the preferential flow
sh(z)ws the leached masses per cell were strongly correlateghins mainly consist of isolated peaks. The spatial autocorre-
(R® = 0.95). Thus, with the same infiltration rate, the spatial |5jon was higher for bromide than for the drainage, for both
patterns of the leached masses are similar for a degradab[ﬁe snowmelt and the irrigation experiment. As with Fig,
solute and a tracer. In Fig0, the BTCs for bromide appeared nis may be a result of the slightly shorter sampling time
to be different than the BTCs for PG, depending on the divi-for |eaching than for drainage. During the snowmelt exper-
sion in the fast, average, and slow cells. However, this did N0§meny, the spatial autocorrelation was higher than during the
resultin a different total PG leaching, relative to the bromide jigation experiment. Thus, with high infiltration rates there
leaching, for the fast, average, and slow cells. Apparently, fofig more clustering of high leaching cells. This is consistent
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with Figs. 11 and 12, which show that with a higher water a degradable solute were similar in space, but not in time, as
flux the differences in leaching between the cells are smallerthe leaching of PG started earlier than the leaching of bro-
The reason for this might be that with a higher water flux, mide. The leached masses were highly correlated. The leach-
a larger part of this coarse textured soil is highly conductive.ing of PG was lower than the leaching of bromide, due to
As expected from Figl3c, the spatial autocorrelation of PG degradation.
leaching was similar as that of bromide leaching. Soil heterogeneity is the main reason for the heteroge-
The spatial patterns of the leached masses of bromide andeous water flow and solute transport in this soil. Heteroge-
the spatial distribution of the highest bromide concentrationsneous melting of snow did not influence the heterogeneous
were rather similar for the snowmelt and the irrigation ex- flow in the soil much at the scale of the MCS. The applied
periment. Therefore, we conclude that soil heterogeneity idnfiltration rate, and the corresponding soil moisture content,
the main reason for the heterogeneous water flow and solutmfluenced the differences between the concentrations of the
transport in this soil. At this scale, the heterogeneous meltcells. As a result the areas with the highest leaching were
ing of snow does not influence the heterogeneous flow in thesimilar for both experiments, but the leached masses in the
soil much. The applied infiltration rate, and the correspond-cells were not highly correlated.
ing soil moisture content, influence the differences between
the concentrations of the cells. As a result, the areas with the

highest leaching were similar for both experiments, but the/\cknowledgementsVe - gratefully acknowledge the financial
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