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Abstract. Transport of a tracer and a degradable solute in1 Introduction
a heterogeneous soil was measured in the field, and simu-

lated with several transient and steady state infiltration rates. o ) ) )
Leaching surfaces were used to investigate the solute leacifzroundwater contamination by nutrients or chemicals will

ing in space and time simultaneously. In the simulations, &€ enhanced by preferential flow in the unsaturated zone.
random field for the scaling factor in the retention curve wasPreferential flow can be caused by macropore fldar(is
used for the heterogeneous soil, which was based on the spg907, by small scale differences in hydraulic properties
tial distribution of drainage in an experiment with a multi- (Roth 1999, or by water repellencyMan Dam et a|.1990),
compartment sampler. As a criterion to compare the result@mongst others. To account for preferential flow in mod-
from simulations and observations, the sorted and cumulaglling heterogeneous soils, several approaches exist, which
tive total drainage in a cell was used. The effect of the ra-Were reviewed byFeyen et al (1998 and Simunek et al.
tio of the infiltration rate over the degradation rate on leach-(2003. Roth (1993 included soil heterogeneity in a numer-
ing of degradable solutes was investigated. Furthermore, thi¢al model, by the use of a random scaling factor for the re-
spatial distribution of the leaching of degradable and non-tention curve and the saturated hydraulic conductivity, where
degradable solutes was compared. heterogeneous water flow was studi&bth and Hammel
The infiltration rate determines the amount of leaching of (1996 extended the study by including solute transpath
the degradable solute. This can be partly explained by a de1999 showed that the infiltration rate determines which
creasing travel time with an increasing infiltration rate. The Parts of the soil will transport most water and solutes. An-
spatial distribution of the leaching also depends on the in-Other modelling approach is the use of independent stream
filtration rate. When the infiltration rate is high compared to tubes, which each have a different velocity and dispersion co-
the degradation rate, the leaching of the degradable solutgfficient (vanderborght et al2006 Russo and Fiori2009.
is similar as for the tracer. The fraction of the pore SpaCeSqute transport can evolve from a stochastic-convective (in-
of the soil that contributes to solute leaching increases withdependent stream tubes) to a convective-dispersive regime
an increasing infiltration rate. This fraction is similar for a With increasing depthJeuntjens et g12001).
tracer and a degradable solute. With increasing depth, the TO include soil heterogeneity, a random distribution is
leaching becomes more homogeneous, as a result of dispeieeded for the spatial variability of the hydraulic properties
sion. The spatial distribution of the solute leaching is differ- like the saturated hydraulic conductivity. This distribution
ent under different transient infiltration rates, therefore, alsot@n be based on many samples of a soil profile, on which the
the amount of leaching is different. With independent streamhydraulic properties are determinei@ackhold et al. 1996

tube approaches, this effect would be ignored. Hammel et al. 1999. Both used a scaling factor for simi-
lar media to define the random distribution of the hydraulic

properties Kliller and Miller, 1956 Warrick et al, 1977).
Besides numerous measurements of the soil hydraulic
properties, multi-compartment samplers (MCS) can be used
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to investigate the effect of heterogeneous flow on solute2 Materials and methods
leaching of undisturbed soils in the fielddlder et al, 199%;
Quisenberry et 811994 Bloem et al, 2009 2010. The in- 2.1 Experiment
strument has a porous plate to which suction is applied, and
it consists of several cells in which drainage is collected. TheA multi-compartment sampler (MCSBloem et al, 2010
volume of the drainage, and the concentration of a tracer owas installed at the field station Moreppen, near Oslo Air-
reactive solute are measured in each cell, to quantify the spgsort, Norway French et al.1994). The field station is lo-
tial variability in solute leaching. The step from this type of cated in a flat area with coarse glaciofluvial sediments (sand
experiments to models that quantify solute leaching undeand gravel) French and Van der Ze#£999. The soil consists
different conditions, has not been made yet. of 15 % fine sand, 75 % medium and coarse sand, and 10 %
We use results from experiments with an MCS for trans-gravel rench et al.1994). The saturated hydraulic conduc-
port modelling in a heterogeneous soil, by basing the extentivity is 6.65x 10-*ms~! (French et a].2001). The soil sur-
of soil heterogeneity in the model on these experiments. Tdace was covered with short grass. The size of the MCS is
quantify the spatial variability in solute leaching, and to in- 31.5x31.5cn?, and consists of 100 separate drainage collec-
vestigate the effect of infiltration rates on this spatial vari- tors. The surface of the MCS consists of porous metal plates,
ability, we performed two field experiments with an MCS in to which pressure can be applied. Technical details about the
exactly the same locatiors¢hotanus et gl2012. The first ~ MCS can be found iBloem et al.(2010.
experiment was done during snowmelt, with high infiltration  From a trench a horizontal tunnel was dug, leaving the
rates. The second experiment was done with irrigation, withsoil above this tunnel undisturbed. The MCS was installed at
lower infiltration rates. In the snowmelt experiment the spa-68 cm from the trench wall, and at 51 cm below the soil sur-
tial differences in the solute concentrations were larger tharface (Fig.1). A 2 mm thick layer of wetted soil from the tun-
in the irrigation experiment. This is possibly due to lower nel was applied to the surface of the MCS, to ensure a good
lateral exchange with a shorter residence time, which resultgontact between the MCS and the soil above it. After instal-
in less dilution, and larger differences in the concentrationslation, the tunnel was backfilled, to avoid boundary effects.
In the irrigation experiment, more isolated peaks in the con-Four tensiometers were installed near the trench wall, at the
centration were found (spatial autocorrelation of 0.26 versussame depth as the MCS. The average pressure head, which
0.61 during snowmelt), from which can be concluded thatwas measured by these tensiometers was applied to the MCS,
heterogeneous flow in the soil was caused by small differ-plus 15 cm extra pressure head to compensate for a pressure
ences in the soil hydraulic properties. We use these experihead drop in the porous metal plat&dem et al, 2009.
ments to generate a random field for the scaling factors. Thi§he pressure in the MCS varied in time.
field is then used in a model to further investigate the effect Two experiments were done, while the MCS remained
of the flow rate on the leaching of a tracer and a degradablén the same location: one during snowmelt (26 March—
contaminant. Furthermore, the effect of snowmelt on solute23 May 2010) and one with irrigation (23 May—4 July 2010).
leaching is studied. For the snowmelt experiment 1092 gfpropylene glycol
A tool to study solute leaching simultaneously in space(PG) and 10gm? bromide was diluted in 2Lm?, and
and time is the leaching surfac®¢ Rooij and Stagnitti  sprayed homogeneously on top of an undisturbed snow cover
2002. With a leaching surface, the scaled solute flux den-(26 March 2010). De-icing fluidKilfrost, 2012 containing
sity is plotted for each cell of a sampler or model, and thePG was diluted to reach this applied mass. The application
cells are sorted descendingly by total leached mBAksem area was sufficiently large, such that boundary effects can be
et al.(2008 applied the leaching surface to flow in a hetero- ignored. No ice layer was observed under the snowcover, on
geneous aquifer. The leaching surface has not yet been usédp of the soil surface. Thus, no ponding could occur on top
for degradable solutes. By comparing leaching surfaces of ®f the soil surface.
tracer and of a degradable solute, the effect of a transient flow For the irrigation experiment 1103 grAPG and 10 gm?
rate on the heterogeneous leaching of a degradable solute cémomide was diluted in 5 L ¢, and sprayed homogeneously
be investigated. on the soil surface at 23 May 2010. In between the irrigations,
As experiments with multi-compartment samplers arethe soil surface was covered with plastic, to prevent evapo-
rarely modelled, and as the leaching surface was not applietranspiration and the infiltration of rainwater. By means of
yet to degradable solutes, our objectives are to: (1) develom nozzle, the soil surface was irrigated with tapwater, aside
and test a new approach, using multi-compartment samplefrom 12 June. This was a rainy day and 7.8 mm of rainwater
data, on which the random field for the scaling factor is infiltrated, while the plastic was removed from the soil sur-
based; (2) investigate the effect of the influence of the in-face. On 13 June, 7.5 mm water was irrigated. The irrigation
filtration rate on the leaching of degradable solutes; (3) applyrate was around 6.6 mnth. This was low enough, such that
the leaching surface to degradable solutes. neither surface runoff, nor ponding was observed. Between
31 May and 2 June, evaporation was measured in a pan under
the plastic. The measured evaporation was 1 mi@hese
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Fig. 1. Experimental setup. Installation of the multi-compartment sampler (MCS), shown from the {@ndie location of the MCS
shown from abovéb). The marked square indicates the location of the MCS, 51 cm below soil surface. The roof of the trench is visible in
the background. The width of the MCS is 31.5cm.

were warm days, the average evapotranspiration rate duringorizontal plane. Instead, we were looking for a distribution
the entire irrigation experiment probably was lower. of the soil hydraulic properties in a vertical plane, which
Drainage was stored in the MCS, the sampling schemaewill give the same spatial variability of drainage, through-
depended on the amount of drainage. For the snowmelt exeut the entire experiment. The simulated drainage was sorted
periment, samples were taken every day from 1 April until and cumulated, and then compared to the measured sorted
15 April. Thereafter, samples were taken at 17 and 21 April,and cumulated drainage. The degree of correspondence was
and 9 and 23 May. During the irrigation experiment, sam-determined with the mean absolute error. We used a model
ples were taken every second day, on the same day abecause the breakthrough curves (BTCs) of the experiment
and prior to, the irrigations. After collecting, the volumes were truncated, because the time for the experiment was lim-
of the samples were measured by weighing. If a sampldted. From the modelling we can use the complete BTCs, and
was smaller than 4mL, it was too small to measure thethus study the leaching of a degradable solute and a tracer in
bromide concentration, and it was stored cool. In the nextmore detail.
sampling round, the new sample was added to this stored For the saturated hydraulic conductivity and the pressure
small sample. In samples larger than 4 mL, the bromide conhead, the standard deviation, and the correlation lengths in
centration was measured with an Orion 9635BNWP Bro-depth and width direction were determined with Hydrus-2D,
mide lon Selective Electrode. Moreover, in the irrigation using the spatial distribution of the drainage. The parameter
experiment, the PG concentration was measured with gasset resulting in the smallest deviation between observed and
chromatography (Trace GC Ultra, Thermo Scientific). We calculated drainage was selected. As a criterion for the se-
assumed that degradation of PG during the snowmelt expetlection of the most appropriate random distribution for this
iment was low, as the soil temperature was low, and the PGsoil, the total drainage per cell was used, sorted in a decreas-
concentration in the applied solution was higadésche etal.  ing order, and then cumulated. Random fields with Miller-
2009. Therefore, the PG concentration was not measured irsimilarity were generated in Hydrus-2D. For details on the

the snowmelt samples. generation of these fields, we refer to the Hydrus manual
More details about the experiments can be found in(Simunek and Sejna999. A vertical plane of 2m width

Schotanus et a(2012). and 1.5m deep was used. The groundwater level was fixed

at 1.5m depth. The actual groundwater table is situated at

2.2 Models 4 m depth. As the soil has a coarse texture, the groundwa-

ter did not influence the leaching at 0.5 and 1 m deep, which
To simulate the results of the experiment, we used Hydruswere the depths of interest in this study. Density driven flow
2D, which is a model that can simulate water and solutewas ignored. The degradation of propylene glycol depends
transport in variably saturated porous medsinfunek and  on temperatureJaesche et al2006), but this was ignored.
Sejna 1999. We did not intend to simulate the results of Degradation was modelled as a first-order process, with a
the experiment such that the simulated and the experimenhalf-life time r of 10d. In the field, the half-life time of PG
tal leaching were similar in exactly the same location in thecan be up to 17 dirench et a].2001), however, the half-life
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I T m), D is the depth of the snowcover (m). Fresh snévs
“ added to the snowcovdd. When the temperature is higher
ko o who M A | f than 0°C, P and M are added to the fluid water dept.
0 50 100 150 200 250 300 350 WhenW exceedsB, this is called infiltration. The resulting
infiltration rate was used as precipitation in Hydrus-2D. The
parameter® andc¢ were fitted with data from other years,
and were 8 m snow/m water, and 0.002@1 1, respectively.
oL e W m mh wh ‘ ‘ For the year 1997 without snowmelt, the high infiltration rate
0 50 100 150 200 250 300 350 from the snowmelt, and the low infiltration rate during win-
ter time were removed, and only the precipitation was used.
For the year 1997 with snowmelt, solute application started
0'05(M 1¢  atthe beginning of the snowmelt. Just before snowmelt, the
L ul ‘ ‘ ‘ ‘ ‘ soil is dry, as there is no infiltration during winter, because
0 50 100 150 200 250 300 350 all precipitation is stored in the snowcover. For the year 1997
day without snowmelt, there is infiltration throughout the year,
Fig. 2. Precipitation or infiltration ratda). 1997 with snowmelt, &S Precipitation is not stored in the snowcover. Therefore, for
solute application with a pulse of 6 days, snowmelt from day 1 to the year 1997 without snowmelt, the soil moisture content is
6, length of weather series is 367 ddl$. 1997 without snowmelt, higher at the moment of solute application than for the year
solute application with a pulse of 1 day, length of weather series is1997 with snowmelt. In Fig2b the same infiltration rate is
244 days. The lines indicate equal parts of the precipitations seriesised as in Fig2a, but the day of solute application differs
in (a) and (b). (c). snowmelt experiment 2010, solute application and, thus, the infiltration rate is shifted in the Figure. By us-

with a pulse of 1 day, length of weather series is 62 days. The dayng time periods with different colours, the shifting in time is
is the number of days since the first solute application. made clear.
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. o . . 2.3 Data analysis
time can vary in time, for instance as soil temperature or

wetness vary. Adsorption was not considered to occur in theyioment's analysis is used to characterise the average trans-
model Erench et al.2007). port of the solute plumeBurr et al, 1994. The first temporal

Output of concentrations and water flow velocities were moment of the concentration is the mean breakthrough time
given four times a day. In the comparison between the leach¢Govindaraju and Dag007):

ing surfaces of the snowmelt experiment and the simulation, 7

the simulated values are aggregates to once a day, becaui/? _ [iZo C(z,t)ede

the measurements were done daily. 1) =07 C(z,1)dt
The upper boundary was an atmospheric flux. To inves- 1=0 ’

tigate the effect of the atmospheric flux on solute leaching,WwhereMi(z) is the mean breakthrough time (d)js depth

three different atmospheric input fluxes were used, measuretl), which is 0 at soil surface, is the time (d), and” is the

at the weather station at the airport where the field station igolute flux concentration (M r¥).

situated: the snowmelt of the year 2010, and the year 1997, The leached mass is calculated as the sum of the convec-

with and without snowmelt (Fig). The year 1997 is a gen- tive and the dispersive fluxgeft and Zuber1978:

erally dry year, but had a thicker snowcover than the year aC(z,1)

2010. For the year 2010, the infiltration rate was calculated-M (z.7) =v(z,))C(z,1) = D

from the snowmelt and precipitation, which was measured . .

at the field site $chotanus et gl2012. For the year 1997, where LM is the leached mass (M, is the water flux

—1 ; ; i o~ —1
we made an approximation for snow formation and melt in a(mFd ), z;ndID 'Shthde dlspersgon Cloefflftl:len(; (%ni_ )Z lculated
pre-processing routine: rom the leached mass, the solute flux density is calculate

(ML~2T-1), which is the leached mass per area at a certain

(4)

®)

St =bP)if T(t) <0 (2) depth per time interval. To visualise the data from the ex-
M(t) = c(T(t) — Trmen) if T(t) > Trelt ) periments and the simulations, we use leaching surfades (
B(t) = (1— 1/b) D(1) 3) Rooij and Stagnitti2002. In a leaching surface the leach-

ing in space and time is shown simultaneously. The cells are
where S is the snowdepth (m), is a fitting parameter (m sorted descendingly by the cumulated leaching per cell. This
snow/m water),P is the precipitation (m)T is the tem-  means that in the leaching surface the high leaching cells can
perature {C), M is the snowmelt¢ is a fitting parameter be found at a low cumulative area, whereas the low leaching
(m°C™Y), Treitis the critical temperature for snowmelit), cells can be found at a high cumulative area. The solute flux
B is the total storage available for water in the snowcoverdensity is scaled with the total leaching of all cells (M.
(i.e., porosity of the snowcovex depth of the snowcover, for the experiment, and Mt for the simulations). We use

Hydrol. Earth Syst. Sci., 17, 1547456Q 2013 www.hydrol-earth-syst-sci.net/17/1547/2013/



D. Schotanus et al.: Spatial distribution of leaching 1551

1r 0.01 with an increasing cumulative area. For the snowmelt exper-
iment, the instant that the leaching in a cell starts, is gener-
ally later with a decreasing amount of leaching. Generally,
0.8 0.008 the leaching per day decreased with a decreasing leached
T amount per cell. The experiment was stopped after 111 mm
§ 0.6 0.006 of drainage, which explains the lack of bromide leaching
g : thereafter. About 85% of the cells contribute to the leach-
2 ing. The CV in the drainage of the cells was 0.9, the CV of
L 0.4 0004  the leached bromide was 1.1.
S egp——— Figure 4a shows the leaching surface of bromide dur-
© E ing the irrigation experiment. Here, the leaching of the
0.2 — 0.002 high and mean leaching cells starts at the same time, after
50 mm drainage. The leaching starts after a larger amount of
0 0 drainage than in the snowmelt experiment (20 mm), because

0 50 . 1oo 150 the soil was wetter at the beginning of the irrigation exper-
cumulative drainage (mm) iment than of the snowmelt experiment (pressure head was
Fig. 3. Scaled solute flux density {d) for bromide for the __27 and-35 cm, respectively). The highest $O|Ute flux den-
snowmelt experiment. sity observed in any of the cells is lower than in the snowmelt
experiment (0.005 against 0.01%), probably caused by the
lower water flux in the irrigation experiment (6 mmYdur-

the total tracer leaching to scale the solute flux density ofing irrigation, and 16 mmd" during snowmelt on average).
the degradable solute. In the snowmelt experiment, the broE€wer cells than in the snowmelt experiment contribute to
mide recovery was 43%. In the irrigation experiment, the the leaching, about 70%. This is supported by the CV in
bromide recovery was 42 %, and the PG recovery was 32 o4he drainage of the cells, which was 1.1, higher than in the
(Schotanus et al2012). De Rooij and Stagnit{2002 use a snowmelt experiment. The CV of the leached bromide was
3-D plot for the leaching surfaces. We use 2-D plots with a1-3, also higher than in the snowmelt experiment.

colour scale, because 2-D plots are easier to interpret, and to Figure 4b shows the leaching surface of propylene gly-
compare with each other. col (PG) during the irrigation experiment. In most cells, the

axis and one in the spatial axis. The marginal in the time axisdrainage, the solute flux density of PG is higher than of bro-
is the breakthrough curve of the total area, and the marginalnide, which is possibly caused by density driven flow. The
in the spatial axis is the spatial solute distribution. The spa-density of pure de-icing fluid is 1.043 times the density of
tial distributions of the solute leaching under different con- Pure water Kilfrost, 2012. After dilution the density of the
ditions can be compared by comparing the marginal in theapplied solution was approximately 1.005 times the density
x-axis of the leaching surfaces. The leaching surfaces will bef water. The tailing is less, probably due to degradation of
compared with the following characteristics: the instant thatPG- Slightly fewer cells contribute to the leaching of PG than
the leaching starts (i.e., the amount of cumulative drainage?f bromide, 70 %, which also can be caused by degradation.
until the first detectable concentration), the magnitude of the The solute leaching becomes more homogeneous with an
solute flux density, the tailing, and the fraction of the soil that increasing infiltration rate (comparing Fig8.and 4a). If
contributes to solute leaching. In a cell or node that does nothe heterogeneous leaching would be caused by macropores,
contribute to leaching, no drainage occurs, or the concentrathe leaching would become more heterogeneous with an in-
tion is 0, both throughout the experiment. creasing infiltration rateJarvis 2007). Therefore, it is con-

cluded that the heterogeneous leaching is caused by small

scale differences in the soil hydraulic properties. The soll
3 Results and discussion heterogeneity can thus be described with Miller-similarity.

3.1 Leaching surfaces from experiments 3.2 Model parameterisation

Figure 3 shows the 2-D leaching surface of bromide dur- The observations from the irrigation experiment will be used
ing the snowmelt experiment. To facilitate the comparisonto fit the parameters of the model, because in this exper-
between the different experiments, the cumulative drainagément the atmospheric boundary condition is well known.
since solute application is used as a time axis, instead of th&Jsing the inverse mode in Hydrus-2D, the parameters
number of days, in accordance wilierenga(1977. Ina  andn from the van Genuchten equationsa§ Genuchten
leaching surface, the highest leaching cells can be found at980 were fitted to the measured average pressure heads
a low cumulative area. The amount of leaching decreaseat 0.51 m depth, where the MCS was located. Fighre
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Fig. 4. Scaled solute flux density (c’r) for the irrigation experimen{a) Bromide,(b) Propylene glycol.

‘ ] lated. Random fields with Miller-similarity were generated in

-0.16 = observed . . . . .
ol Lo fitted Hydrus-2D. First, the spatial discretisation needed to capture
’ all small scale processes was chosen. A random field with
= ~0.2r standard deviationr = 0.5, correlation length in x-direction
5 -0.22¢ Ax = 0.05m, and correlation length in z-directian= 0.6 m
§ -0.24f was used to simulate the irrigation experiment, with spatial
¢ _o.26} discretisations of 0.0125 and 0.025m. The valuesfox,,
@ | anda, were chosen such that they are extreme values, with a
$ -0.28 L Y .
s high standard deviation, and correlation lengths that lead to
03 narrow and long flow channels. These values are only used
-0.32r to test the discretisation, for other simulations other param-
-0.34r ‘ ‘ ‘ ‘ ] eter values will be used. The sorted cumulated drainage was
0 1 4 5 similar for the discretisations of 0.0125 and 0.025 m. There-

2 3
time (day) fore, we use a spatial discretisation of 0.025m, as it cap-

Fig. 5. Observed and fitted pressure heads at 0.5m depth for thdures the smal_l spale processes, and sa\{es cpmpu_tatlgn time.
irrigation experiment. Furthermore, it is concluded that a spatial discretisation of
0.025 m is small enough, when a correlation length of 0.05m
is used. This result is in contrast wikbabou et al(1989,
who found that the spatial discretisation should be at least
shows the observed and simulated pressure heads at 0.5f@ur times smaller than the correlation length. As the val-
for the irrigation experiment. The optimal value ferwas  ues foro, ., andi, were extreme values, the conclusion
14.85n71 (95% confidence interval: 14.38-15.30) and for that a discretisation of 0.025 m is sufficient, should also hold
n 3.165 (-) (95 % confidence interval: 3.09-3.24). The linearfor smallero, larger,, and smallei.. The cell size of the
regression coefficient between the observed and fitted valmulti-compartment sampler is@B15x 0.0315n?, similar as
ues R?) was 0.83. The values of the other soil hydraulic pa- the discretisation.
rameters were the residual water contét 0.045 n¥ m=3 In a preliminary investigation of the most suitable parame-
(from the category “sand"Carsel and Parrisil988), the ters for these random fields,was 0.1, 0.25, 0.5 or log(0.15),
saturated water contefity=0.33n% m—3 (measured), and 3, was 0.05, 0.1, 0.15, 0.2, 0.3 or 0.4m, andwas 0.1,
the saturated hydraulic conductivi§sa=6.65- 1074 ms! 0.15, 0.2, 0.3, 0.4 or 0.6 m. With these parameter values,
(French et a].2001). random fields for the scaling factor were generated, which
After fitting the soil physical parameters, the standard de-were used to simulate the irrigation experiment. Fighiie
viation and the correlation lengths in width and depth  |ustrates the criterion for the observed sorted drainage and
z direction were varied manually foKsa and the pres-  the results from two simulations. In this figure the mean ab-
sure head:. The parameter set resulting in the smallest de-solute error between the observed and simulated cumulated
viation between observed and calculated drainage was sexnd sorted drainage is 0.022 and 0.19 (-).
lected. As a criterion for the selection of the most appropri-  After the preliminary investigation, five parameter sets
ate random distribution for this soil, the total drainage perwere selecteds(= 0.5, A, =0.05m, A, = 0.6 m; o = 0.25,
cell was used, sorted in a decreasing order, and then cumu-
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Fig. 6. Sorted observed drainage, and simulated with two standard-ig. 7. Scaled solute flux density () for tracer, at 0.5m depth,
deviations and correlation lengths for generated random fields wittfor the simulated year 2010.
Miller-similarity.

density of the simulation should be corrected with 59/100,
Ay =0.05m, %, =0.6m; o =05, 1, =0.3m, », =0.6m; s the simulation consists of 59 cells, and the experiment of
0 =05, A, = 0.05m A, =0.15m; ¢ =05 M —0.1m 100 cells. The maximum solute flux density is slightly larger
% = 0.15m). These were used to generate five random fieldd0r the simulation (0.010 and 0.0123. In the experiment

for each parameter set, to investigate the effect of a par90% of the soil contributes to solute leaching, against 98 %
ticular field, within a parameter set, on the selection crite-IN the simulation. The mean absolute error between the ob-

rion. The resulting twenty-five random fields were used toserved and simulated cumulated and sorted solute leaching

simulate the irrigation experiment. The mean absolute errolvas 0.018 (-), which is smaller than the mean absolute error
between the observed and simulated cumulated and sortd@" the drainage for this random field (0.022).

drainage was calculated (Tabl. The mean absolute er- ~ Comparing Figs3and?7, we conclude that the model cap-
ror depends on both the particular random field, and onfures the magnitude and moment of leaching of the experi-
the parameters of the random field. From Tables con- ~ Ment sufficiently well. Comparing the marginal of the spa-
cluded thats = 0.5, and, = 0.05m give results that cor- tial axis, which is the spatial distribution of the solute leach-
respond best with the observed data. Thedoes not in- ing, the model corresponds well with the experiment. There-
fluence the mean absolute error much. The fields with thdore, We conclude that the parameters- 0.5, 4, = 0.05m,
two best parameter sets & 0.5, A, = 0.05m, A, = 0.6 m; by = 0.15m can pe us.ed to quantify the heterogeneity of this
o =0.5, A, =0.05m, A, = 0.15m) were used to simulate soil. The realisation with these parameters that haq the small—
the snowmelt experiment. Again, the mean absolute errofSt mean absolute error was selected for further simulations,
between the observed and simulated cumulated and sortd@ Study the effect of different infiltration rates on the hetero-

drainage was calculated. Talleshows that = 0.5, A, = geneous solute leaching in more detail. Fig8rehows the
0.05m, &, = 0.15m gives the smallest mean absolute errorfandom field for the scaling factor of the saturated hydraulic
for the snowmelt experiment. conductivity withe = 0.5, A, = 0.05m, A, = 0.15m which

To further examine whether the parameterisation of thelS Uséd in the simulations. o
model is a good representation of the field site, first we When the total leached amount of the cells in Figs
compare the leaching surfaces of the measurements of th€elated to the scaling factor in the particular cells at 0.5_m
snowmelt experiment (Fig3), and the simulation of the depth (Fig.8), the leached amount generally decreases with
snowmelt experiment (weather series of Fig). Figure?7 an increasing scaling factor. The saturated hydraulic conduc-
shows the leaching surface from the simulation of theliVity (French et al.Z?OJ) is high compared to the water flux
snowmelt experiment with the realisation with the parame-(respectively 57 md" versus 0.016 mdf). As a result, the
terse = 0.5, 1, = 0.05m, A, = 0.15m that had the smallest parts of the soil where the scaling factor is lowest, transport
mean absolute error. Leaching starts after 15 mm of drainagdn0St water and solutes, as was showiRoyh(1999. Where
After 40 mm of drainage the highest solute flux density oc- the scaling factor is small, the saturated hydraulic conductiv-
curs in both the experiment and the simulation. To compard® iS still high, because of the high mean saturated hydraulic
the magnitudes of the solute flux densities, the solute fluxconductivity, therefore, transport is fast in this soil.
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Table 1. Mean and standard deviation of the mean absolute error between observed and simulated sorted and cumulated drainage of five
realisations, for the irrigation experiment and the snowmelt experiment.

Correlation  Correlation Mean Standard deviation
Experiment  Standard length in lengthin  mean absolute mean absolute
deviation width (m) depth (m) error error
0.5 0.05 0.6 0.043 0.014
0.25 0.05 0.6 0.14 0.036
Irrigation 0.5 0.3 0.6 0.13 0.050
0.5 0.05 0.15 0.054 0.020
0.5 0.1 0.15 0.094 0.025
Snowmelt 0.5 0.05 0.6 0.051 0.027
0.5 0.05 0.15 0.039 0.032

the low drainage, the solute flux density is very small. Then,
after a precipitation event, the water and solute fluxes in-
crease again. In the first precipitation events since snowmelt
2 (after 220 mm of drainage), the leaching occurs in 80 % of

the cells. The percentage of the soil that contributes to solute
15 leaching decreases with increasing time since snowmelt.

In Fig. 9a the solute flux density is relatively high in the
entire area, which larger than in Figg.and7. This can be
caused by the higher infiltration rate in the year 1997, as the
snowcover was thicker in 1997 than in 2010, this results in a
0.5 higher water content of the soil. As a result, a larger fraction

of the sail is highly conductive than in 2010.
Figure 9b shows the simulated leaching surface for a
degradable solute with half-life time= 10d. Until 2120 mm
. . . o _ (during snowmelt), the leaching of the degradable solute is
Fig. 8. Scaling factor of the saturated hydraulic conductivity (-) in similar as of the tracer, both in space and time. Also the
depthz and widthx, with a standard deviation of 0.5m and corre- magnitude of the solute flux density is similar. This means
lation lengthst; =0.15m andi.x =0.05m. that the infiltration rate is high compared to the degradation
rate of the solute. After 210 mm, the leaching of the degrad-
i able solute differs from the leaching of the tracer. After a
3.3 Leaching surfaces from model precipitation event, at 220 mm drainage, the tracer leaches in
approximately 80 % of the cells, while the degradable solute
leaches in only 1% of the cells. The reason for this is that the
) , , degradable solute is mostly degraded in the period between
To investigate the effect of snowmelt on the !eachmg of 8the snowmelt and the precipitation event, which is 32 days
tracer and a degradable solute, a simulation with the Weath%ng_ As a result, then the solute flux density of the degrad-
series of the year 1997 with snowmelt (FRp) was done. able solute is smaller than for the tracer.
Figure9a shows the simulated leaching surface for a tracer From Figs.3, 7, and9 can be concluded that the leach-
at 0.5m depth with the random field of Fi§. The depth . o\ rface is highly influenced by the snowmelt. This is
of the snowcover was 240 mm. In the highest leaching cells ., ;5o by the high water flux, which results in a high solute
the leaching starts immediately with the drainage. The Magfyx. To study the effect of the snowmelt on the leaching sur-
nitude of the solute flux density is higher as for the experi-face’ we also performed a simulation without snowmelt, but

ment and Fig.7. The highest solute flux density occurs af- i oniy the precipitation from the year 1997. The weather
ter 40mm of drainage, similar as in the experiment and iNgg e is given in Fig2b. The high infiltration rate during

Fig. 7. The highest solgte ﬂ_ux density continues longer, b(,a'snowmelt, and the low infiltration rate during winter were
cause the snowcover is _thlcker,.and the solute was app,l'epemoved from the weather series. The day of the solute ap-
during the snowmelt period, which was 6 days. The en'“replication is different in Fig.2a and b, therefore, the infil-

soil contributes to solute leaching during the snowmelt. Af- tration rate is shifted in time. FigureGa shows the leach-

ter 210mm, when all snow had infiltrated, there is somej, . g\ itace of a tracer with a pulse and with the weather
drainage with little solute. The solute still leaches, but due to

25

3.3.1 Transient simulations
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Fig. 10. Scaled solute flux density {d) from simulations, at 0.5m depth, for the year 1997 without snowrta@ltTracer,(b) degradable
solute (half-life timer = 10d).

series 1997 without snowmelt. Leaching starts after 10 mmimum solute flux density of the degradable solute is similar
of drainage, in the highest leaching cells. This is later than inas of the tracer. The lower solute flux density is caused by
Fig. 9a, because the soil moisture content is higher withoutthe longer residence time in Fid0 than in Fig.9, which
the low infiltration rates during winter time with snowmelt. leads to more degradation. In contrast to Fgin Fig. 10,
With decreasing leached solute mass (i.e., increasing cumtuthe infiltration rate is low compared to the degradation rate
lative area), the cumulative drainage at which solute leachingf the solute. Tailing is less for the degradable solute than
starts in a cell increases, as was also the case inFaysi4. for the tracer. The tracer still leaches after a precipitation
Without snowmelt, the highest solute flux density in a cell event around 100 mm of drainage, while the degradable so-
is higher than with snowmelt. The solute flux density highly lute hardly leaches anymore at that time. The fraction of
depends on the precipitation rate, leaching only occurs aftethe soil that contributes to solute leaching is similar for the
a precipitation event. In between precipitation events, watedegradable solute and the tracer, which is about 95 %.
may drain, but the solute flux density is much lower than af-
ter a precipitation event, as the amount of drainage per day i§-3.2  Steady state simulations
much lower. . o

Figure10b shows the leaching surface of a degradable so#S Solute leaching is shown to depend on the distribution
lute with a pulse, and with the weather series of Flg. of_ the infiltration rate, al_so a steady state simulation is done
The magnitude of the maximum solute flux density is aboutWith the same random field for the saturated hydraulic con-
80 times lower as for the tracer (Fig0a). This ratio is  ductivity (Fig. 8). Figure 11a shows the leaching surface
lower than in the simulations with snowmelt. where the max-or @ steady state simulation for a tracer. The infiltration

’ rate was 2.5 mmd!, which is the average infiltration rate
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in the snowmelt simulations (averaged over 365 days). In the To study the influence of the flow rate on the leaching sur-
steady state simulation, the moment of leaching generally inface, also a steady state simulation with an infiltration rate
creases with decreasing total leaching in a cell, like in theof 25 mm d* was done (Figl12a). The solute flux den-
transient simulations. The highest solute flux density is lowersity is higher with an infiltration rate of 25 mnTd than of
than for the transient simulations (0.007fd~1). Approx- ~ 2.5mm d!, because the water flux is higher. The fraction
imately 90 % of the cells contribute to the solute leaching, of the soil that contributes to solute leaching increases with
which is less than in the transient simulation during snowmeltan increasing infiltration rate (96 %). Figut&b shows the
(100%). This is probably caused by the higher soil moistureleaching surface of a degradable solute with an infiltration
content during snowmelt in the transient simulations, duerate of 25 mm d!. With a high infiltration rate, the tailing
to the high infiltration rate. As a result, a larger fraction of of the degradable solute is more similar to the tailing of the
the soil is highly conductive. Thus, the leaching is different tracer than with a low infiltration rate. When the marginals of
in a transient simulation than in a steady state simulationthe leaching surfaces of the tracer and the degradable solutes
Meyer-Windel et al(1999 experimentally found that solute in the x-axis are compared, the leaching of the degradable
breakthrough was similar for transient and steady state condisolute is similar as of the tracer, with an infiltration rate of
tions in a sandy soiKuntz and Grathwoh{2009 found that 25 mm d-1, while they differed when the infiltration rate was
steady state flow can be used instead of transient flow, excef®.5 mm d1. With an infiltration rate of 25 mmd, the in-
when extreme infiltration events occur. Then, solute leachindiltration rate is high compared to the degradation rate, there-
was higher in transient simulations than in steady state. Orfore, there is little time for degradation and thus the spatial
the contrary, in a numerical studBusso et al(1998 found distribution of the degradable solute and the tracer are more
that transient flow enhances lateral dispersion, mostly at shalsimilar.
low depths. We found that a larger area contributes to solute In an artificial medium consisting of three different types
leaching in the transient simulation, but this is attributed to of sand,Rossi et al(2008 found that solute mixing between
the higher soil moisture content, not to lateral dispersion. the different types of sand increased with an increasing flow
Figure 11b shows the leaching surface for a steady staterate. Our results confirm this conclusion. Opposed to a spa-
simulation for a degradable solute, with an infiltration rate of tially correlated approach, when independent stream tubes
2.5mmd. For the degradable solute, the solute flux den-are used, the effect of the infiltration rate on the spatial dis-
sity is lower, and the tailing is shorter, due to degradation.tribution of the solute leaching is ignored, as solutes cannot
The fraction of the soil that contributes to solute leaching ismove laterally.
similar for the tracer (88 %) and the degradable solute (86 %)
in the steady state simulation. When the marginals of the3.3.3 Effect of depth
leaching surfaces in the x-axis are compared, the leaching
of the degradable solute is more heterogeneous than of thil the experiments, the MCS was located at 0.51 m depth. At
tracer. This suggests that the heterogeneous soil influencebe field site, the groundwater table is located at 4 m depth.
the leaching of the degradable solute more, due to the difThe random field for the scaling factor (FR).is based on the
ferences in the travel time, which result in different leachedmeasurements until 0.51 m. We want to investigate whether,
fractions. and how, the solute flux density would change with increas-
ing depth. Figurel3 shows the marginal distribution of the
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1 sult was found byPersson et al(2005: in a homogenised
soil column the homogeneity in flow increased with an in-
creasing water flux. They stated that a critical soil mois-

0.8/ ture content might exist. Below this critical content, indepen-
dent stream tubes might develop, and above it, solute mix-
06 ing might increase leaching to a more convective-dispersive

transport regime.

cumulative sorted leaching (<)

0.5m, deg., a The spatial distribution for the leaching of the tracer is
0.4f 1m, deg., aj similar as for the degradable solute, in all cases, except at

g'i’qm’ g:g" E 0.5m depth for the simulation without snowmelt. Thus, at

02 —0.5m, tracer, a| smaller dlepth, the soil heterogeneity is more important for
: —1m, tracer,a the leaching of degradable solutes. The solute flux density is
0.5 m, tracer, b lower at 1 m depth than at 0.5 m. For the tracer this is caused

o ‘ ‘ Lveedm, tracer, b by dilution and dispersion over a longer distance and time.
0 0.2 04 0.6 0.8 1 Besides these effects, degradation lowers the solute flux den-

lati - . X
cumulative area (*) sity for the degradable solute at a larger time.

Fig. 13.Sorted and cumulated leached solute masses at 0.5 and 1 m In the simulations, the properties of the random field for

depth, for a tracer and degradable solute (half-life time 10d), the saturated hydraulic conductivity and the retention curve

in the legenda) is used for 1997 with snowmelt, arfld) is used for ~ were uniform. This field was based on the measurements,

1997 without snowmelt. which were done at 0.51m depth. Below this depth, the
soil heterogeneity might be different than above this depth,
attributable to root growth, bioactivity or geologfiérret

x-axis of the leaching surfaces at 0.5 and 1 m depth, bothyt 51, 2007 Oades1993 French et al.1994, amongst oth-

for a tracer and a degradable solute, for the year 1997 withyrs As we have observations until 0.51m depth, we wil

and without snowmelt. Leaching at 1 m depth is more ho-555me that the same random field can be used below this

mogeneous than at 0.5 m depth, for cases with and withou&epth.

snowmelt alike, and both for the degradable solute and the

tracer. This is in agreement witRersson and Berndtsson 3.3.4 Mean breakthrough and leached mass

(1999, who found that the effect of soil heterogeneity on

solute leaching is larger at shallow depth. For snowmelt, theFrom Figs.9-12 was concluded that the fraction of the soil

difference between the curves at 0.5 and 1 m depth is smallethat contributes to solute leaching increased with an increas-

than without snowmelt. Thus, with a high infiltration rate, ing infiltration rate. Here, we will investigate how this con-

and a high soil moisture content, the depth has little influenceclusion affects the mean breakthrough of a tracer, and the

on the spatial distribution. With snowmelt, the leaching is leached mass of a degradable solute.

more homogeneous than without snowmelt. With the higher Figure 14 shows the mean breakthrough time for the

infiltration rate, a larger part of the soil is highly conductive. model with snowmelt, and without snowmelt, calculated

As aresult, the leaching is more homogeneous. The same ravith Eq. @). The points do not follow a 11 line. The
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Fig. 14.Mean breakthrough time calculated with moment analysis, = .
with and without snowmelt, at 0.5 m depth.

for the year 1997 with and without snowmelt, at 0.5 m depth.

mean breakthrough time with snowmelt is lower than without ?a?;(s)del, with different transient and steady state infiltration

snowmelt, because the infiltration rate during the snowmelt The standard deviation and the correlation lengths of the

is higher. With snowmelt, the mean breakthrough time in- . .
. . .. .random field for the scaling factor can be based on the obser-
creases slower than without snowmelt. This means that with

. I : vations of the experiment. Comparing the spatial distribution
snowmelt a larger fraction of the soil is high conductive than . . .
. . ; . of leaching, the model corresponds well with the experiment.
without snowmelt. In the simulation with snowmelt, the so- : . .
) . . oo . The agreement between the observations and the simulations
lutes were applied with a pulse of six days, while in the sim- - )
. . depends both on the standard deviation and the correlation
ulation without snowmelt the pulse was only one day. When : , ; o
; . ; . _lengths, and on the particular random field. A discretisation
a pulse of one day would be used in the simulation with . -
S of half the correlation length was sufficient to capture all
snowmelt, the effect shown in Fi@4 is enlarged. ; . .
. LS small scale processes. The correlation length in depth did not
The mean breakthrough time, and its distribution influ- : o ;
. : influence the spatial distribution of the solute leaching much.
ence the leaching of a degradable solute. Fidilfeshows

the fraction of the leached mass of a degradable solute di- The spatial distribution of solute leaching, and which frac-

. tion of the soil contributes to solute leaching, is determined
vided by the leached mass of a tracer, for each cell. Thes

X . . . . y the flow rate. When a stream tube approach would be
fractions are compared for the simulation with and with-

out snowmelt. With snowmelt, the fractions are higher, be_used, this effect of the infiltration rate would be ignored, as

. tream tubes are independent.
cause of the lower mean breakthrough time, as expected. s . .
. . . The infiltration rate largely influences the leaching of the
With snowmelt, the fraction decreases slower than without

. i . ... degradable solute. One reason for this is obviously the resi-

snowmelt. This is caused by the difference in the distribution . S . e
. : : dence time, which is determined by the infiltration rate. The
of the mean breakthrough time, with and without snowmelt..” .. ~~ . : . i
. : infiltration rate also determines the fraction of the soil that
With a stream tube approach this effect would be neglected. : ) o
. . : contributes to solute leaching. Therefore, the infiltration rate
As stream tubes are independent and one dimensional, th . . A
PO o also influences the spatial distribution of the solute leach-

effect of the infiltration rate on the spatial distribution of the

. o . L ing. For a degradable solute this means that the leaching
drainage is ignored. This can lead to underestimation of the : . . o
. will be higher than would be estimated with independent
leaching of degradable solutes.
stream tubes.

The distribution of the infiltration in time determines the
residence time until a control plane at a particular depth. For
the case of snowmelt, a steady state simulation with an av-
Two experiments with a multi-compartment sampler (MCS) erage infiltration rate w_ould underestimate the leaching .of

a degradable solute. Without snowmelt, a steady state sim-

were done, to investigate the effect of different infiltration lat d i he leachi tad dabl
rates on the spatial distribution of solute leaching. From the! ation could overestimate the leaching of a degradable so-

experiment, a random field for a scaling factor for the re.lute. The rqtio of the degradation rate over the infiltration
tention curve was deduced. This random field was used ifat€ détermines the amount of leaching.

4 Conclusions
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