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Abstract. A classical transport experiment was performed 1 Introduction

in a field plot of 2.5mM using the dye tracer brilliant blue.

The measured tracer distribution demonstrates the dominaritolute transport is important to plant uptake, chemical re-
role of the heterogeneous soil structure for solute transportactions and transformation processes, and is a key factor in
As with many other published experiments, this evidencescontrolling groundwater contamination.

the need of considering the macroscopic structure of soil to Despite its fundamental importance, solute transport in
predict flow and transport. soil is still far from being quantitatively understood. This

) ) means we are typically not in the position to predict solute
We combine three different approaches to represent theqansnort with respect to the first arrival time in a given depth

relevant structure of the specific situation of our experiment:q, aven with respect to the mean velocity.

i) direct measurement, ii) statistical description of hetero- tpe major hurdle is the macroscopic heterogeneity of soils
geneities and iii) a conceptual model of structure formation. 3¢ various spatial scales. The consequence is that at a given
The structure of soil layers was directly obtained from serial|ength scale or a given region of interest we typically find
sections in the field. The sub-scale heterogeneity within the;gme sort of heterogeneity which has a similar characteris-
soil horizons was modelled through correlated random fields;. length scale. In this case, no meaningful averaging, and
with estimated correlation lengths and anisotropy. Earth-ih;s no meaningful effective model parameters and no rep-
worm burrows played a dominant role at the transition be-resentative elementary volume (REV) can be found. In the
tween the upper soil horizon and the subsoil. A model base%llowing, we want to use the term “structure” for that type
on percolation theory is introduced that mimics the geometryot heterogeneity which is of similar size as the scale of inter-

of earthworm burrow systems. est (i.e. size of sample) and hence, can not be represented by

The hydraulic material properties of the different structural effective properties. _ _
units were obtained by direct measurements where available A Well known phenomenon, which can be considered as a
and by a best estimate otherwise. From the hydraulic strucconseéguence of heterogeneous material properties, is “pref-
ture, the 3-dimensional velocity field of water was calculatederential flow”, in which some fraction of a solute moves
by solving Richards’ Equation and solute transport was simumuch faster than expected, through a small fraction of the
lated. The simulated tracer distribution compares reasonablyn€dium. In this case, wrong expectations typically origi-
well with the experimental data. We conclude that a roughnate from the measurement of “effective” material proper-
representation of the structure and a rough representation dfeS assuming homogeneity in the sense of a REV while the
the hydraulic properties might be sufficient to predict flow preferential flow paths are not captured by the measurement.

and transport, but both elements are definitely required. This phenomenon of preferential flow was first attributed to
continuous macropores (egouma 1981, Beven and Ger-

mann 1982 and has been evidenced for years in both labo-
ratory and field experiments. The use of dye tracerslhyy

Correspondence ta4.-J. Vogel et al. (19949 allowed a detailed study of the phenomenology
(hjvogel@ufz.de) of solute transport thereby revealing that preferential flow as
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a consequence of various soil structural features was the rule The second approach is a “statistical” approach. Itis based
rather than the exception. It is not only produced by macrop-on limited information on relevant structural properties such
ores but also, more generally, by the heterogeneous structuigs the variance and the correlation scale of material proper-
of hydraulic properties. ties. Given this information, a continuous representation of
The common approach for modelling preferential flow is the structure can be represented by equivalent random fields.
to separate different zones with different mobility but fixed This approach is typically used in the field of stochastic con-
volume fraction yan Genuchten and Wierend®®76 Gerke  tinuum theory Dagan 1986 Gelhar 1986.
and van Genuchtei993 Jarvis 1994. This approach adds The third approach is termed the “genetic” approach. It
considerable flexibility to the classical convection-dispersionuses the available knowledge on the processes of structure
model, so that experimental findings can be described quitdormation to generate the structure itself. This approach is
accurately Katterer et a].200%; Larsbo et al.2005. How- especially attractive for structural units which are highly rel-
ever these models are only effective descriptions of the natuevant but sparse and/or highly anisotropic, so that the first
ral complexity, and the additional parameters (i.e. the volumeapproach is not adequate and the second is insufficient in
fraction of zones with different mobility and the rate param- terms of spatial resolution. Examples are fissures or earth-
eter controlling the exchange between these zones) cannetorm burrows.
be measured independently. Therefore, only a retrospective We apply these different strategies to predict the 3-D spa-
description of a specific experiment is feasible through thetial distribution of a dye tracer, which was measured in a
fitting of the model parameters to measured breakthroughiield experiment at steady state flow conditions. The struc-
curves or spatial distributions of concentration data. More-ture of the soil horizons is directly measured by photography
over, the obtained parameters may change with the initial angexplicit approach), the sub-scale heterogeneity is modelled
boundary conditions due to the changing geometry of thethrough estimated correlation lengths within the soil hori-
flow field (Clothier et al, 1995 and with the transport dis-  zons (statistical approach), and the macroporous structure of
tance due to the heterogeneity of the mateNah@derborght  earthworm burrows connecting the topsoil and the subsoil
et al, 200]). Hence, the usage of these models may be unis modelled based on a few typical properties of the burrow
certain for conditions other than those used for calibration. system of anecic earthworms (genetic approach). Ideally, the
In the context of flow and transport, relevant structureshydraulic properties for each structural unit are measured di-
are ubiquitous at a wide range of spatial scales, which hasectly. Where this was not possible we applied a best es-
been formalised for soils using the concept of fractal geom-timate. Then, based on the continuous 3-dimensional rep-
etry (Baveye and Boastl99§ or the approach of discrete resentation of the structure of the experimental domain and
or continuous hierarchyQushman1990. Vogel and Roth  the hydraulic properties of the individual structural units, we
(2003 proposed the “scaleway” as a discrete hierarchical apsimulated steady state water flow using Richards’ equation.
proach for modelling flow and transport, which is based onSubsequently, the resulting velocity field was used to simu-
the explicit consideration of the macro structure while mi- late solute transport assuming convection-dispersion type of
croscopic heterogeneities are averaged and replaced by efransport at the small scale. Finally, the simulated dye-tracer
fective descriptions. The major drawback of this approachdistribution is directly compared to experimental data. The
is the fact that a full three-dimensional representation of thesimulation is considered to be a prediction of solute transport,
relevant structure is required. Given the heterogeneity of natin the sense that no result of the transport experiment is used
ural soil, there seems to be no loophole out of this dilemmafor model calibration. It is based on a rather rough descrip-
if we would like to come up with a reliable prediction. tion of the spatial heterogeneity and a rather rough approx-
In this paper we intend to present three different ap-imation of the hydraulic properties. One aim of this study
proaches to incorporating the relevant 3-D-structure of awas to evaluate how far we can get in face of such rough ap-
given soil for modelling flow and transport, and we discuss proximations — a typical situation in field experiments — by
meanings of the term “relevant” in this context. combining structural information with material properties.
The first approach, which will be referred to as the “ex-
plicit” approach, is based on the direct measurement of the
structure using appropriate instruments. This can be done u$2  Experiment
ing destructive methods as e.g. serial sectioning. Today, how-
ever, there are powerful instruments available for the non-The experiment was conducted in the Beauce region, in
invasive measurement of structure using the concept of toFrance on a 80 cm deep loamy-clay soil classified as a haplic
mography. At the small scale x-ray tomography is used toCalcisol (FAO-UNESCO, 1975). It is organised in 3 hori-
identify the structure of macropores and zones of contrastzons Quld Mohammed and Bruan#i994): from 0 to 35cm,
ing bulk densitiesklopmans et al1994 Wildenschild et al. a formerly ploughed horizor4, with a plough-pan at 35cm
2002. On larger scales geophysical tools might be applied,depth; from 35 to 60 cm, a structurétl horizon, with less
such as geoelectric (e.§uvance and Andricevi2000 or organic matter; and from 60 to 80cm, a cryoturbated cal-
georadar (e.gkowalsky et al, 2004 techniques. careousC horizon including calcareous stones. At the date
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of the experiment, in April 2000, the soil was covered with multistep-outflow experiment$ippmans et al2002 to de-
rape. During the 5 years prior to our experiment the soil wastermine the hydraulic properties of the different horizons.
treated with minimum tillage restricted to the upper 10 cm The sample taken from the compactég horizon had to be
using a grubber. Before, the soil was annually ploughedrejected because of a significant disturbance of the structure.
to a depth of 35cm. Due to the change in tillage practice,
the upperA horizon was partitioned into two parts: a loose,
crumbly structured surface layet;, down to 10cm, and a
lower part,A», from 10 to 35 cm where the soil was markedly . .

. . . 3.1 Extraction of structural units
more compact with a polyhedric structure and vertical earth-

worm burrows. First the serial images were corrected for distortion using the

The infilration experiment was performed on a plot of gnaiial coordinates of the edges which are clearly identified
1.6x1.6 m. Water and dye tracer were supplied using an aUpy the fixed frame. Then, the main horizons( A,, B)

tomated sprinkler device with 5 nozzles spaced 33 cm apart,, g be identified based on different colours. After combin-
(Kastgel etal.2002. Thg distance between the sprmkl_er anq ing the serial sections we got the 3-dimensional structure of
the soil surface was adjusted to 36 cm to ensure a uniform iryhe soil horizons at a resolution of 1 M@0 mm x1 mm in
rigation of the soil surface. The experiment was performedia y, and z direction, respectively (Fit). Earthworm
inside a tent to avoid any disturbance by wind and naturaly,rrows were clearly detected as an additional structural unit
rainfall. The kinetic energy of the small water drpplets Pro- especially in the compacted horizan. Evidently, the res-
duced by the nozzles was small enough to avoid modificay|yion of the serial sections was far too low to measure the

tions of the soil surface. The applied steady state infiltra-3_qimensional geometry of such burrows explicitly.
tion rate was adjusted to 13 mmhto avoid the formation

of puddles at the soil surface. To stain the flow paths, we3.2 Distribution of dye tracer

used the food dye brilliant blue FCF which is frequently

used because of the supposedly low interaction of the anThe 3-dimensional distribution of the dye tracer was obtained
ionic molecule with the soil matrix lury and Flihler, 1995. at the same resolution as the soil horizons. The images were
However, it was found that the retardation of brilliant blue recorded in RGB format with brightness values in the range
might be significant depending on the ionic strength and thed—255, and we used the red) @nd the greeng) channel

soil type Ketelsen and Meyer-Windgl 999 German-Heins  to discriminate blue stained areas without distinguishing dif-
and Flury 200Q Kasteel et a].2009. Consequently we in- ferent concentrations. A voxel was considered to be stained
terpret the stained part of the soil as minimum travel distanceif

The experiment consisted of 3 consecutive periods while ther

flow rate was kept constant: '’ 145 and r+g <|[r+60, (1)

3 Image analysis

1. The soil profile was irrigated for 16 h by 210 mm of wherer is the mean red value of the image. This rule was
tracer-free water. After this period we assumed steadyapplied to each image individually. Because tlig ratio is
state flow in the upper part of the soil profile. insensitive to brightness, and the threshold value is adjusted

for mean image brightness, differences in illumination be-

2. During the second period, 19 mm of the dye tracer (6 9/ltween images during the excavation and photography period
brilliant blue) was applied as an extended pulse. are accounted for. No further image correction was consid-

. . ered necessary.
3. Finally, 55mm of tracer-free water were applied to 4

translocate the dye pulse.

e . ) o 4 Modelling soil structure
After the infiltration experiment, a vertical soil pit (140cm

width, 90 cm depth) was excavated within the irrigated area4.1  Soil horizons — explicit description
This vertical section was photographed together with a grey
frame containing a metric colour scale (Fiy. Then, to pro- A description of the soil horizons was obtained from the se-
duce serial sections, a slice of 4 cm was removed from the pitial sections described above, meaning the boundaries be-
using a knife and another image was taken. This proceduréween the different horizons which were found to be not
was repeated 23 times to produce a set of 24 digital seriaéxactly horizontal, are directly measured by the serial sec-
sections with a separation of 4cm. The individual imagestions. Together with the experimental determination of the
cover an area of about 100 cm width and 70 cm height at ehydraulic properties, a complete 3-dimensional description
resolution of 966 745 pixel with a pixel size of 1 mf of the hydraulic conditions should be possible. Such an ap-
At a close distance from the experiment, undisturbed soilproach would have to rely on the assumption of macroscopic
cores (16.2 cm diameter, 10 cm height) were taken from thehomogeneity of the different horizons, specifically, that the
A1 and B horizon. These samples were used for classicalsoil cores used to measure the hydraulic properties include a
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wio 0/

100 cm

Fig. 1. Setup of the experiment: After the application of the dye tracer, the experimental domairl (x®.7 ) was explored by 24
serial sections. Notice the irregular distribution of the dye.

representative elementary volume (REV). In our experiment4.2 Mesoscopic heterogeneity — statistical approach

this requirement was definitely violated by the macropores

within the A, horizon formed by earthworms. Moreover, In the A1 and the B horizons a mesoscale heterogeneity
the A1 and theB horizon exhibited some mesoscopic het- was introduced by varying the measured hydraulic proper-
erogeneities which were smaller but close to the size of thdies h*(¢) and K*(9) where# is the soil water potential}
cores. In theA; horizon there were aggregates and clods re-the volumetric water content, ankl the hydraulic conduc-
sulting from tillage; theB horizon had regions of variable tivity. We used a scaling facteraccording to Roth 1995,

bulk density due to variable biological activity (roots, earth- h*(8)

worms). Because the characteristic size of these structurdl = o) 2

features was not much smaller than the thickness of the soil - . .
X so that the actual water characteristic at a given location,

critical also in theAd; and B horizon. For a quantitative un- 2(9)’ is related to 'the measqrgd reference properties through
c¢. For the hydraulic conductivity we use

derstanding of flow and transport, all these mesoscopic het-
erogeneities might be significant. On the other hand, no di-.2 _ K®) 3)

rect measurement of the mesoscopic structure is available, K*(0)

which could be used in a numerical model to predict flow This approach implies similarity of the region with different
and transport. In the following we use a classical statisticalhydraulic properties according tdiller and Miller (1956.
approach to represent mesoscopic heterogeneities inthe The scaling factor reflects a characteristic length at the pore
and theB horizon, and a new genetic approach to represenkcale such as grain size or pore radius, which is typically as-
the macroporous structure within tie horizon. sumed to be log-normally distributed. We considereddpg
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to be normally distributed with expectation 0 and varianceever, the exact diameter is less important with respect to the
a§=0.25. We use the same scaling factor to describe bothpverall pattern of solute transport because, in any case, the
h(0) and K (0), while h(0) is linearly related to the charac- saturated hydraulic conductivity of the macropores is very
teristic length according to Eq2Yand K (0) is proportional  much higher than that of the surrounding soil matrix. For
to ¢2 according to Eq.3). The spatial correlation afis de-  our application we only used some general information on
scribed by a Gaussian random field with predefined covarithe basic geometry of earthworm channels available from
ance function and related correlation lengis, . for the the literature. Field measurements of borrow systems cre-
three spatial directions. The random fields were generateated by the large anecic speclasmbricus terrestris, Apor-
according taRobin et al(1993. rectodea spec.and Allolobophora spec.indicated a verti-

In the A; horizon we chose the mesoscopic heterogene<cal main channel with an increased tendency for branching
ity to be slightly anisotropic with a preferred horizontal ori- towards the top soil which leads to a funnel like structure
entation, i.e.A, ;=45 mm andi,=30mm. This choice (Lighthart et al, 1993 Jegou et aJ.1999. As direct infor-
was based on field observation for the orientation of soilmation from our field experiment, we estimated the number
clods formed by tillage. In thé& horizon, a preferred ver- density of continuous earthworm burrows in the horizontal
tical orientation was assumed with a correlation length ofplane to be 9 m? within the compactedi, horizon. This
Ay,y=60mm in the horizontal and, =120 mm in the ver- was done through visual inspection during the excavation of
tical direction, which was also based on field observations. the soil.

To model a single macropore we used the concepts of per-
4.3 Macroporous structure — genetic approach colation theory $tauffer 1985. We started from an uncorre-

lated field of random numbers equally distributeddn255]

The phenomenology of flow and transport through the com-on a cubic voxel grid. The horizontal dimensions (256 voxel)
pacted soil layer; is dominated by the macroporous struc- of this field corresponds to the area attributed to one macro-
ture due to earthworm activity and roots. Direct measure-pore (1/9 of the total area) and the vertical dimension cor-
ments of the detailed geometry of this structural unit was notresponds to the depth of the compacted horizen Then,
possible since the resolution of the field images is much toahe random grey field was binarized just above the percola-
low, because the distance between the serial sections is tagon threshold so that a percolation cluster with at least one
large. However, the macroporous structure cannot be ignoredontinuous path in the vertical direction is produced and we
for a quantitative and even qualitative understanding of flowdeleted all voxels that did not belong to this continuous path
and transport in our experiment. The huge difference beto isolate the backbone of the percolation cluster. Then the
tween the characteristic size of a structural element this ~ most efficient path was determined through numerical sim-
case the diameter of the macropores, and the functional cotlation of transport through the backbone using a particle
relation length of the structural unit, here the continuous tracking algorithm: After reducing the backbone to its skele-
lengths of the macropores, is a general difficulty. This is trueton (i.e. a path of 1 voxel thickness) a number of particles
for the measurement as well as for the spatial discretisation ofvere introduced at a randomly chosen top end of the back-
structural components for modelling purposes. In both casegone. Then, for each particle a random walk through the
the resolution, i.e. the pixel size, needs to be smaller tharbackbone was calculated to obtain the shortest path and “crit-
A while the region of measurement should be larger than jcal neck” of the backbone. The latter is defined as the loca-
The technical difficulties to achieve this requirement increasetion within the backbone where most of the particles have
with increasing anisotropy of the structure. passed. Below this point only the shortest path was con-

An alternative to the direct measurement of the geome-=sidered while above that point all paths inside the backbone
try of earthworm burrow systems, is to model this geometrywere conserved. Hence, a funnel like macropore was gen-
using the available knowledge on the way these burrow syserated reflecting some geometric properties of natural earth-
tems are created. Such an approach was recently propos&gbrm burrows. Finally the skeleton of the simulated macro-
by Bastardie et al(2002 who simulated the burrowing ac- pore was dilated by a spherical structuring element to adjust
tivity of different earthworm species based on the statisticsthe radius of the channels to a constant value of 7.5 mm.
of characteristic types of earthworm movements defined by This approach for modelling the macroporous structure
Capowiez(2000. They used this “animal-based” model to of the compacted soil layer also reflects the tendency of
investigate the effect of various structural aspects, such agoots to pass through such layers along earthworm chan-
volume, topology and orientation, on the hydraulic proper-nels Gveistrup et a).1997) acting as preferential flow paths
ties of earthworm channel systems. (Jarvis et al.1987. Once a root has “found” an earthworm

Naturally, this approach cannot reproduce any details rechannel it follows that channel to reach the more favourable
lated to the multitude of different species having specificlayers below the compacted zone. Fig@rshows different
habits, which additionally might be modified by the type realizations of generated macropores.
of substrate they are living in. Also the diameter of earth- Figure3 shows the entire 3-D representation of the mod-
worm burrows varies considerably. For our experiment, how-elled domain including iso-surfaces of the scaling factors
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Fig. 2. Three realizations of earthworm burrows using a genetic model.

describing the mesoscopic heterogeneity in theand B model introduces an explicit air entry pressuge<0 to the

horizon and the earthworm burrows in the horizon. classical model ofan Genuchte(1980 and is given by
1 —m
= [1+ [—ah]" : h<h
sf{sc[ﬂa]] N ©®)
5 Numerical simulation of flow and transport 1 Do h=he

with the effective water saturation
0 —6
S, = 7 9’ ) (6)
Based on the complete three-dimensional representation of s
the structure within the experimental domain (F8&, we 6, andd, are the saturated and the residual water content re-
calculated the heterogeneous velocity field during the infil-spectivelyys anda are the empirical van Genuchten parame-

5.1 Water flow

tration experiment using Richards’ equation: ters, andn=1-1/n. S.=[14+[—ah.]"]™™ denotes the satu-
ration at the air entry point using the classical van Genuchten

d model.

5,0~V KO [Vh = pugll =0 (4) This formulation was introduced to avoid an unrealisti-

cally steep decline of the hydraulic conductivity close to wa-
wherep,, is the density of water ang acceleration due to  te saturation when using the Mualem-model to derive the
gravity. To solve this equation the hydraulic properi€8)  nydraulic conductivity functionNualem 1976. It can be
and K (9) are required for each location. This can be ob- shown, that such an unrealistic shape of the conductivity
tained, given the measured structure of the different hori-nction has to be expected fox2 and that it hampers the
zons and assuming macroscopic homogeneity for each horinymerical solution of Richards’ equation considerably. For a

zon with or without mesoscopic heterogeneity. However, itis getailed discussion we refer lppisch et al(2005 2006).
not obvious how to handle the macroporous structure of the Tne relative hydraulic conductivity is then given by

Az horizon. Clearly, Richards’ equation does not apply to

the flow of free water in macropores. Actually, the problem 4 [w]z .S, <S8,
of coupling flow in macropores with flow in the soil matrix =" — 1A= S > @)
within a single model framework is still not solved. As an ¢e=re
approximation, we considered the macropores to be a verand the hydraulic conductivity function as
coarse porous medium having a low air entry value and a

P ° Y K (Se) = KoK (Se) ®

high conductivity as was done Ifyerke and van Genuchten
(1993. whereK; is the saturated hydraulic conductivity ands an

The hydraulic properties for each structural unit — soil empirical parameter for tortuosity.
horizons and macropores — are described using a modified For the A; and the B horizons, the hydraulic parame-
van Genuchten model according\ogel et al.(2001). This ters were determined through inverse modeling based on
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Fig. 3. Structure of the entire experimental domain (Fig. Iso-surfaces of the mean log-scaling factors in Aheand B horizon, together
with the modelled structure of macropores in thghorizon.

Table 1. Hydraulic parameters for the different structural units. ForAheand theB horizons they were directly measured, for thgand
the macropores we used a plausible guessn k@, the parametér, is significant for the air entry point instead of parameters indicated
by brackets.

o n Oy 0, K T he

[cm™]  [-] [em3cm®] [ecm3/cm®] [ecm/h] [-]  [cm]
Aqhorizon  (33.0) 1.24 0.34 0.1 180 0.5 —10.2
Ajhorizon  (0.15)  1.33 0.36 0.1 029 0.5 —447
macropores 0.2 8.0 0.5 0.0 3600 0.5-0(58)
Bhorizon  (0.15) 1.33 0.36 0.1 288 0.5 -10.3

multi-step outflow experiments and using the modified vanis smaller than the actual size of our modelled macropores.
Genuchten model as described above (TahléThe param-  This choice was motivated by the fact that macropores in soil
etersh, anda are both related to the air entry value and, are no perfect cylinders with smooth walls. As an additional
depending on the parameteronly one of them is actually positiv effect this choice increased the speed of the numerical
relevant. The other one is put in brackets in TableNo di- solver. It has to be noted, however, that the parametie-

rect measurements were available for the compaédubri- termines the critical water potential at which the macropores
zon. The texture of this horizon was comparable to the hori-start to conduct water. For our experiment this choice was not
zons above and below. To account for the increased compactelevant, because the potential within thghorizon was<0
ness of this layer we assumed a lower hydraulic conductivityat the given water flux. The saturated hydraulic conductivity
and a larger air entry value. For the macropores we chosef the macropores was calculated from Poiseuille’s law and
a value ofa=0.2cm . This corresponds to the air entry a pore diameter of 0.5 mm. The valuee£8 is high enough
value of cylindrical pores of some 0.5 mm in diameter which to make sure that the hydraulic conductivity of macropores
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drops quickly as soon as the water potential is below the aiulated tracer distribution and the experimental data should be
entry value to avoid artifacts in the dry range. The hydraulic possible.
parameters for all structural units are given in Tahle To evidence the effect of the mesoscopic heterogeneity,
The numerical simulations were conducted with athe sorption of the solute and the boundary conditions we
model using a cell-centred finite-volume scheme with full- simulated four different scenarios:
upwinding in space and an implicit Euler scheme in time.
The linear size of the discrete volume elements was equal to — SCreference a reference scenario including mesoscopic
the radius of the macropores, i.e. 7.5mm. Linearisation of  heterogeneity and sorption of the solute,
the nonlinear equations is done by an incomplete Newton-
Method with line search. The linear equations are solved ~ 5Cho-sorp
with an algebraic multi-grid solver. For the time solver the tion,
time step is adapted automatically. A constant flux was
imposed at the upper boundary of the domain and no-flux
boundary conditions where used at the side boundaries. As
there was no influence of a ground water table at this site, — SC,o_fow the same a§Creferencddut with a flow rate
gravity flow was assumed at the lower boundary. Afterreach-  of0.13 cm/h which is one order of magnitude lower than
ing a quasi-steady-state the flux field was interpolated using  the rate in our experiment.
RTO Raviart Thomas elementR4viart and Thomasl975
Brezzi and Fortin1991).
Once the steady state velocity field was calculated, wes Results and discussion
simulated the infiltration of the dye tracer assuming a local
convection-diffusion model. As the spatial heterogeneity of The measured 3-D distribution of dye after the experiment
the soil was already considered explicitly in the calculationin comparison to the simulatiors Creferencescenario) is il-
of the flux field, the effective diffusion coefficie®q was lustrated in Fig4. For the simulation an iso-surface with a
calculated aDo=[6"/3/$2]D,, using the second model of concentration of 0.1 g/l is plotted. This threshold was chosen
Millington and Quirk (1960 to account for the changes in according to the analysis &orrer et al (2000 who found a
water content, wher®,, is the molecular diffusion coeffi- clear visibility of brilliant blue above this value. This choice
cient. The potential nonlinear sorption of brilliant blue was is expected to depend on the type of soil; however, the mea-
represented by a Langmuir isotherﬁfﬁolﬁ—ga. As the co-  sured dye distribution patterns do not change significantly if
efficientsk andC®° are unknown for this soil we used sim- we threshold at a slightly different value. The resolution of
ilar values as obtained biasteel et al(2002 in classical the experimental data is limited in one horizontal direction
batch experiments which was 0.008/mand 1.2 g/l, respec- due to the separation of the serial sections of 4 cm.
tively. This is only thought as an orientation since the analy- The simulated distribution of brilliant blue is much
sis of Kasteel et al. were made for another soil. Moreover,smoother than the measurements. However, it qualitatively
we assume that the sorption characteristics in macroporekeflects one striking characteristics of the measured data,
and matrix are the same which might not be the case in reali.e. the reduced dye coverage within the compacted part of
ity. The solute transport was discretized using a second-ordethe soil profile which increases again in the low&rori-
Godonov methodleVeque 2002 with a minmod slope lim-  zon. This pattern is an obvious consequence of the hydraulic
iter for the convective part and a finite-volume scheme for thestructure of the soil (Tabl&) especially of the fact that the
diffusive term. saturated conductivity of the compactagd horizon is lower
The quasi-steady-state flux field was computed with a resthan the infiltration rate. Consequently, most of the water
olution of 128<128x128 on a Pentium-4 Linux worksta- is directed towards the macropores to bypass the compacted
tion, the solute transport was solved with a resolution oflayer. For this configuration the absolute value of the satu-
256x256x 256 in parallel on the Linux cluster Helix (with rated conductivity and the other hydraulic parameters of the
128 dual processor nodes). To speed up the calculation afi; horizons are of minor importance because the soil matrix
the flux field we first calculated the quasi-steady state fluxis close to saturation. So the uncertainty of these parameters
field with a resolution of 6464x64 starting with an initial ~as a consequence of the estimation procedure is less critical
condition of gravity flow and used the result as initial condi- for our experiment. On the other hand the ratio betwEgn
tion of the 128<128x 128 flux field. and the flow rate triggers the incidence of preferential flow
The simulated time was the same as the duration of the exalong the worm holes as dicussed further below.
periment until the infiltration was stopped and the excavation For a more quantitative comparison of the different sce-
started. We did not consider the subsequent period requiredarios and the experiment with respect to the vertical dis-
to prepare all 24 serial sections. There was no marked differtribution, the brilliant blue coverage was averaged over the
ence in depth distribution of the tracer between the first anchorizontal cross section of the experimental domain. The re-
the last serial section, so that a direct comparison of the simsulting depth distributions are shown in Figtogether with

the same as Cyeferencebut without sorp-

- SChomogeneous the same a§Creference but WIthOUt
mesoscopic heterogeneity,
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Fig. 4. Distribution of Brilliant Blue measured after the experiment (left) and simulated based on the heterogeneous structure of hydraulic
properties (right) for the same initial and boundary conditions. The images cover the entire experimental domain shodn in Fig.

depth [cm]

0.5

S C(homogeneous
dye coverage

Fig. 5. Averaged vertical distribution of Brilliant Blue coverage measured after the experiment (symbols), simulated based on the heteroge-
neous structure of hydraulic properties including sorpti®@gferencethick line), without mesoscopic heterogeneitiS€ fomogeneouthick

dashed line), without sorptior§ Cno—sorp dashed line) and with the low flow rate but same amount of infiltrated wa@&p—fiow grey).

Notice that dye coverage is not necessarily related to total mass of dye. Right: vertical sections through the centre of the simulated domain
are shown including the boundaries between the different materials (horizons and earthworm burrows). To compare with a measured sectior
see FigJ.
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two-dimensional vertical sections showing the coverage ofmodel calibrated to a break-through curve of th2 hori-
brilliant blue for the different scenarios. zon would have reproduced the same general behavior with
The predicted depth distribution overestimates the amounpreferential flow at high flux and homogeneous transport at
of solute in the loweB horizon and conversely, the dye con- low flux. Hence, in this typical case, where macropores are
centration in the compacted, horizon is underestimated. embedded in a compacted matrix, dual-porosity models are
Obviously, more dye moved from the worm holes into the much more efficient as long as conservative tracers are con-
surrounding matrix. This is clearly due to the over simplifi- sidered, because the structure of the material corresponds to
cation of the compacted horizon which is partitioned into athe conceptual idea of the model. However we think that our
dense matrix and open macropores. Although, this roughlyapproach is more general, since it is not focused on a special
reflects the most relevant hydraulic structure of the materialtype of structure and all required parameters can be measured
the partitioning is more fuzzy in reality. directly. It might thus also perform better in the case of re-
The overall pattern of transport is probably not sensitive toactive transport, when the spatial distribution of the solute is
the detailed morphology of the macropores which were mod-+elevant for the reaction rates.
elled to mimic the shape of earthworm burrows. A number
of straight channels would have produced a similar pattern
of solute transport in our experiment. But the more detailed” Conclusions
morphology of macropores may be relevant for other pro- ] ) o ] )
cesses where the interaction with the solid phase is strongédP this study we aimed at predicting the vertical translocation
and hence, the surface density of macropores is more impoi2f @ dye tracer in a heterogeneous field soil. The predic-

tant. We think that the genetic approach used to represent thiion was based on the representation of the complete three-
macropores is especially attractive in case the structure itseffimensional structure of the hydraulic properties and the re-
is difficult to measure directly. The example of earthworm Sulting velocity field which was calculated using Richards
burrows presented here is thought as a demonstration of thigduation. To represent the structure we used the direct mea-
concept. surement of soil horizons, a statistical approach to estimate

The effect of the mesoscopic heterogeneity is actually notthe_sub-s,cale fluctuations of hydra_ulic properties and a ge-
visible in the overall phenomenology of solute transport, netic approach to model the formation of macroporous orig-

since the difference betwee$ChomogeneousaNd SCreference 'Y from earthworm activity. _ o

is negligible. In contrast, as expected, the depth distribution 1he agreement between our experimental findings and the
is significantly affected by the non-linear sorption of brilliant Prediction of tracer distribution is far from beeing perfect.
blue. ForSCno_sorpthe vertical translocation of brilliant blue However, the overall pattern including the infiltration depth

is markedly increased while the overall pattern of solute dis-IS réasonably matched. Given the fact, that the prediction
tribution is not changed. is based on a only rough approximation of the structure and

The scenario with the low flow rate shows a completely the relgted material pr(_)perties we come to the following hy-
different behaviour. DuringCiow_fiow the saturated conduc- pothe_S|s which potentially could be corroborated by future
tivity of the compactedd, horizon is well above the simu- €Xperiments:
lated flow rate and consequently, the water potential remains
well below water saturation. Under such conditions the con-
ductivity of the macropores vanishes and the flow regime
turns into a homogeneous matrix flow. THE|qw—_flow SCe-
nario has the same cumulative infiltration as the other scenar-
ios; however, the mean vertical translocation of brilliant blue
is much smaller compared to the scenarios with higher flow
rate. This difference is mainly due to the absent macropore
flow but enhanced by the non-linear sorption characteristics _ Gijyen the relevant and continuous structure of the ma-
of the dye. Although a corresponding experimentis missing,  terial, the hydraulic properties of the single structural

— Based on the structure of hydraulic properties, the ap-
proximate pattern of solute transport including the phe-
nomenon of preferential flow can be predicted. The
macroscopic dispersion is an immediate consequence
of the macroscopic structure of the material. Given
this structure, no “effective” dispersion coefficient is re-
quired.

SCiow—fiow highlights the predictive potential of the approach units may either be measured directly (here: measure-
to model solute transport based on the structure of hydraulic  ments ofi(9) and K (9) for the different horizons), or
properties. Using this approach, predictions for arbitrary ini- they may be derived from proxy variables (here: es-

tial and boundary conditions are generally possible. This is timated correlation length of bulk density within the

an advantage compared to the common approach of fitting  horizons), or even derived from a plausible guess (here:
an effective transport model to measured tracer distributions. ) and k () for earthworm burrows).

The price we have to pay is the need of additional informa-

tion on the structural composition of the material including — To predict transport in heterogeneous soil, which can-
the hydraulic properties of the structural components. On not be considered to be macroscopically homoge-
the other hand, in case of our experiment, a dual-porosity neous, quantitative information on structure including
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the three-dimensional topology and on the related hy-Flury, M., Fluhler, H., Jury, W. A., and Leuenberger, J.: Suscepti-
draulic properties is indispensable. If both components bility of soils to preferential flow of water: A field study, Water
are available a rough approximation might be sufficient Resources Res., 30, 1945-1954, 1994.

(Vogel and Roth2003. If one component is missing, Forrer, I, Papritz, A.,.Kast'eel, R.’.,ithIer., H., and Luca, D.: Quan-
the estimation of transport parameters is futile. tifying dye tracers in soil profiles by image processing, Europ. J.
Soil Sci., 51, 313-322, 2000.

— To represent the structure of a model domain, differ- Gelhar, L. W.: Stochastic subsurface hydrology. From theory to ap-
ent approaches such as direct measurements, statistical plications, Water Resour. Res., 22, 135-145, 1986. _
modelling, and modelling of structure formation can be Gerke, H. H. and van Genuchten, M. T.: A dual-porosity model
combined. The latter is especially attractive for struc- for simulating the preferential movement of water and solutes in

tural components that are hardly accessible by any mea- structured porous media, Water Resour. Res., 29, 305-319, 1993.
. . e German-Heins, J. and Flury, M.: Sorption of Brilliant Blue FCF in
surement technique and it opens the possibility to make soils as affected by pH and ionic strength, Geoderma, 97, 87—

use of the knowledge available from other disciplines in

. 101, 2000.
soil science. Hopmans, J. W., Cislerova, M., and Vogel, T.: X-ray tomography
AcknowledgementsiVe are grateful to P. Beréh S. Lehmann, of soil properties, in: Tomography of Soil-Water-Root Processes,

C. Le Lay, L. Raison and G. Yart for technical assistance during edited by: Ande, S. H. and Hopmans, J. W., ASA, SSSA Madi-
the field experiment. We would like to thank B. Labaye and  son, Wisconsin, USA, 17-28, 1994.

A. Ternedde for data processing and image analysis and K. Rotfiopmans, J. W., Simunek, J., Romano, N., and Durner, W.: Meth-
for inspiring discussions. This work was partially funded by the  0ds of Soil analysis. Part 4, chap. Simultaneous determination

“Agence Pour I'’Accueil des Personnalites Etrares” (A.P.A.P.E) of water transmission and retention properties. Inverse methods,
and the “Deutscher Akademische Auslandsdienst” (DAAD) within ~ SSSA, Madison, WI, 2002.
a PROCOPE-project. Ippisch, O., Vogel, H.-J., and Bastian, P.: Validity limits for the
van genuchten-mualem model and implications for parameter es-
Edited by: W. Durner timation and numerical simulation, Adv. Water Res., in press,
2006.
Ippisch, O., Vogel, H.-J., and Bastian, P.: On the Necessity of an
References Entry Pressure in the Mualem Model, Tech. rep., University of

Heidelberg, 2005.

Bastardie, F., Cannavacciuolo, M., Capowiez, Y., De-Dreuzy, J.-R.,Jarvis, N. J.: The MACRO model (Version 3.1.). Technical descrip-
Bellido, A., and Cluzeau, D.: A new simulation for modelling tion and sample simulations, Tech. rep., Department of Soil Sci-
the topology of earthworm burrow systems and their effects on  ence, Swedish University of Agricultural Science, 1994.
macropore flow in experimental soils, Biol. Fert. Soils., 36, 161- Jarvis, N. J., Leeds-Harrison, P. B., and Dosser, J. M.: The use of
169, 2002. tension infiltrometers to assess routes and rates of infiltration in

Baveye, P. and Boast, C.. Fractal geometry, fragmentation pro- a clay soil, J. Soil Sci., 38, 633-640, 1987.
cesses and the physics of scale-invariance: An introduction, inJegou, D., Hallaire, V., Cluzeau, D., and Trehen, P.: Characteri-
Fractals in Soil Science, edited by: Baveye, P., Parlange, J., and zation of the burrow system of the earthworms Lumbricus ter-
Stewart, B., Advances in Soil Science, CRC Press, Boca Raton, restris and Aporrectodea giardi using X-ray computed tomogra-

1-54,1998. phy and image analysis, Biology and Fertility of Soils, 29, 314—
Beven, K. and Germann, P.: Macropores and water flow in soils, 318, 1999.

Water Resources Res., 18, 1311-1325, 1982. Katterer, T., Schmied, B., Abbaspour, K. C., and Schulin, R.:
Bouma, J.: Soil morphology and preferential flow along macrop-  Single- and dual-porosity modelling of multiple tracer transport

ores, Agricultural Water management, 3, 235-250, 1981. through soil columns: effects of initial moisture and mode of ap-
Brezzi, F. and Fortin, M.: Mixed and Hybrid Finite Element Meth- plication, Europ. J. Soil Sci., 52, 25-36, 2001.

ods, Springer-Verlag, New-York, 1991. Kasteel, R., Vogel, H., and Roth, K.: Effect of non-linear adsorption
Capowiez, Y.: Differences in burrowing behaviour and spatial in-  on the transport behaviour of Brilliant Blue in a field soil, Europ.

teraction between the two earthworm spediesrrectodea noc- J. Soil Sci., 53, 231-240, 2002.

turna andAllolobophora chlorotica Biol. Fert. Soils., 30, 310—  Ketelsen, H. and Meyer-Windel, S.: Adsorption of brilliant blue

316, 2000. FCF by soil, Geoderma, 90, 131-145, 1999.

Clothier, B. E., Heng, L., Magesan, G. N., and Vogeler, I.: The mea-Kowalsky, M. B., Finsterle, S., and Rubin, Y.: Estimating flow pa-
sured mobile-water content of an unsaturated soil as a function rameter distributions using ground-penetrating radar and hydro-
of hydraulic regime, Aust. J. Soil Res., 33, 397-414, 1995. logical measurements during transient flow in the vadose zone,

Cushman, J. H.: An introduction to hierarchical porous media, in:  Adv. Water Res., 27, 583-599, 2004.

Dynamics of Fluids in Hierarchical Porous Media, edited by: Larsbo, M., Roulier, S., Stenemo, F., Kasteel, R., and Jarvis, N.:
Cushman, J. H., Academic Press, London, 1-6, 1990. An improved dual-permeability model of water flow and solute
Dagan, G.: Statistical theory of groundwater flow and transport:  transport in the vadose zone, Vadose Zone Journal, 4, 398-406,

Pore to laboratory, laboratory to formation and formation to re-  2005.
gional scale, Water Resour. Res., 22, 120-134, 1986. LeVeque, R. J.: Finite Volume Methods for Hyperbolic Problems,

Flury, M. and Fuhler, H.: Tracer characteristics of Brilliant Blue, Cambridge Texts in Applied Mathematics, Cambridge Univer-

Soil Sci. Soc. Am. J., 59, 22-27, 1995.

www.hydrol-earth-syst-sci.net/10/495/2006/ Hydrol. Earth Syst. Sci., 1050852006



506 H.-J. Vogel et al.: Structure and transport

sity Press, Cambridge, 2002. Stauffer, D.: Introduction to percolation theory, Taylor and Francis,

Lighthart, T. N., Peek, G. J., and Taber, E. J.: A method for the London, 124 pp., 1985.
three-dimensional mapping of earthworm burrow systems, Geo-Sveistrup, T. E., Haraldsen, T. K., and Engelstad, F.: Earthworm

derma, 57, 129-141, 1993. channels in cultivated clayey and loamy Norwegian soils, Soll
Miller, E. E. and Miller, R. D.: Physical theory for capillary flow Till. Res., 43, 251-262, 1997.
phenomena, J. Appl. Phys., 27, 324-332, 1956. van Genuchten, M. T.: A closed-form equation for predicting the

Millington, R. J. and Quirk, J. P.: Transport in porous media, 7th In-  hydraulic conductivity of unsaturated soils, Soil Sci. Soc. Am.
tern. Congress of Soil Sci., Madison, Wisc., USA, 97-106, 1960. J., 44, 892-898, 1980.

Mualem, Y.: A new model for predicting the hydraulic conductivity van Genuchten, M. T. and Wierenga, P. J.: Mass transfer studies in
of unsaturated porous media, Water Resour. Res., 12, 513-522, sorbing porous media. I. Analytical solutions, Soil Sci. Soc. Am.
1976. J., 40, 473-480, 1976.

Ould Mohammed, S. and Bruand, A.: Morphology, location in Vanderborght, J., Vanclooster, M., Timmerman, A., Seuntjens, P.,
voids and origin of secondary calcite in soils from Beauce Mallants, D., Kim, D.-J., Jacques, D., Hubrechts, L., Gonza-
(France), in: Soil Morphology: Studies in Managementand Gen- lez, C., Feyen, J., Diels, J., and Deckers, J.: Overview of inert
esis, edited by: Ringrose-Voase, A. J. and Humphreys, G., Else- tracer experiments in key Belgian soil types: Relation between
vier, Amsterdam, 27—-36, 1994. transport and soil morphological and hydraulic properties, Water

Puvance, D. T. and Andricevic, R.: Geoelectric characterization of Resour. Res., 37, 2873-2888, 2001.
the hydraulic conductivity field and its spatial structure at vari- Vogel, H. J. and Roth, K.: Moving through scales of flow and trans-
able scales, Water Resour. Res., 36, 2915-2924, 2000. port in soil, J. Hydrol., 272, 95-106, 2003.

Raviart, P. A. and Thomas, J. M.: A Mixed Finite Element Method Vogel, T., van Genuchten, M. T., and Cislerova, M.: Effect of the
for 2-nd Order Elliptic Problems, in: Mathematical Aspects of  shape of the soil hydraulic functions near saturation on variably-
Finite Element Methods, edited by: Dold, A. and Eckmann, B., saturated flow predictions, Adv. Water Res., 24, 133-144, 2001.
Springer, lecture Notes of Mathematics, Volume 606, 1975. Wildenschild, D., Hopmans, J. W., Vaz, C. M. P., Rivers, M. L.,

Robin, M. J. L., Gutjahr, A. L., Sudicky, E. A., and Wilson, J. L.: Rikard, D., and Christensen, B. S. B.: Using X-ray computed
Cross-correlated random field generation with the direct Fourier tomography in hydrology: Systems, resolutions, and limitations,
transform method, Water Resour. Res., 29, 2385-2397, 1993. J. Hydrol., 267, 285-297, 2002.

Roth, K.: Steady state flow in an unsaturated, two-dimensional,
macroscopically homogeneous, Miller-similar medium, Water
Resour. Res., 31, 2127-2140, 1995.

Hydrol. Earth Syst. Sci., 10, 49586, 2006 www.hydrol-earth-syst-sci.net/10/495/2006/



