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Abstract 

Leaching of contaminants through fractured aquitards such as clayey tills may occur due to 

typically slow matrix advection and diffusion, or it can be dramatically enhanced in the 

presence of preferential flow through fractures and macropores. Sorption also plays a crucial 

role since it can significantly impact contaminant leaching and residence times. These 

different mass-transfer mechanisms imply a distinct transport behavior and very different 

time scales for contaminant leaching towards underlying aquifer systems. However, the 

prevalent controls on contaminant transport and their effects are difficult to assess. This paper 

shows a detailed characterization of flow and transport processes under water-saturated 

conditions in two large undisturbed columns (LUCs) collected from two visually similar 

fractured/macroporous clayey tills typical for the northern hemisphere. Flow-through tracer 

and pesticide experiments revealed a contrasting transport behavior. In one column, transport 

through fractures/macropores was dominant, whereas matrix advection and diffusion had a 

distinct influence on solute transport in the other column. Detailed 3D discrete-fracture-

matrix models were developed to illuminate prevalent controls on contaminant transport and 

to quantitatively interpret the flow-through experiments with a minimal number of fitting 

parameters. Nonequilibrium sorption kinetics were included to reproduce the transport 

behavior of the considered pesticide. The parameters determined from the two LUC 

experiments were integrated in a vertical cross-section model to investigate the influence of 

varying fracture properties on vertical solute transport through surficial clayey till aquitards. 

The analysis showed that small fracture apertures in deeper parts of the aquitard could 

substantially prolong solute migration times and control solute fluxes. 

1 Introduction 

Glacial deposits such as clayey tills are often found in the upper geological layers in 

many countries of the northern hemisphere (Høyer et al., 2019; Jørgensen et al., 2002; Kim et 

al., 2017; McKay, Gillham, et al., 1993; Parker et al., 1994; Young et al., 2021). Usually, 

clayey tills have a low hydraulic conductivity and can slow down solute migration or even act 

as a barrier for contaminant leaching towards groundwater bodies (Chapman et al., 2018). 

However, pesticides have frequently been found in aquifers underlying supposedly protective 

geological layers, such as clayey tills (Bradbury et al., 2006; Cherry et al., 2006; Helmke et 

al., 2005b; Jørgensen et al., 2016; Jørgensen & Fredericia, 1992; Malaguerra et al., 2012). 

Once they reach the aquifer, pesticides and their degradation products can threaten 

groundwater quality and may even necessitate shutting down water supply wells. For 

instance, pesticides and their metabolites were found in about 41% of 2556 monitored 

drinking water wells in 2018 in Denmark, with more than 11 % exceeding the EU limit 

values of 0.1 µg/l for pesticides in drinking water (Council of the European Union, 1998; 

Thorling et al., 2019), causing the shutdown of many water supply wells. 

Flow patterns in glacial clayey tills are often very heterogeneous and complex 

(Jørgensen et al., 2002; Rosenbom et al., 2008). In addition to matrix heterogeneities like 

sand layers and sand lenses (Kessler et al., 2012), fractures and macropores can act as 

preferential transport pathways for contaminants and considerably shorten travel times and 

increase solute fluxes (Batany et al., 2019; Fjordbøge et al., 2017; Harrison et al., 1992; 

Looms et al., 2018). Due to the low hydraulic conductivity of the clayey-till matrix, there is 

often a strong contrast between fracture and matrix conductivity. Hence, advective transport 

in open macropores and major fractures happens relatively fast compared to transport in the 

clayey till matrix where diffusion is the dominant transport process (Jin et al., 2014; Koestel 

& Larsbo, 2014; Muniruzzaman & Rolle, 2019; Parker et al., 2008; Rolle et al., 2013) 

However, the appearance of large-aperture fractures (few tens to a few hundred µm) and 
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macropores (e.g., earthworm burrows, root channels) is often limited to the uppermost few 

meters of the soils. Below that the fracture density often decreases (Harrar et al., 2007; 

Jørgensen, McKay, et al., 2004; Mckay & Fredericia, 1995) and smaller apertures can be 

observed (Helmke et al., 2005a; Young et al., 2019), with few to no macropores present. For 

long residence times, matrix diffusion can considerably slow down contaminant transport 

through fractures due to a continuous transfer of the solute from the fractures to the matrix 

(e.g., Carrera et al., 1998; Grisak & Pickens, 1980; Lipson et al., 2005; Mosthaf et al., 2018), 

with the solute flux into the matrix that may be enhanced by sorption to solid phase organic 

carbon (e.g., Parker et al., 1994). Once diffused into the matrix, the contaminant can be stored 

and released over a long time period due to the reversal of concentration gradients causing 

back-diffusion from the matrix to the preferential flow paths (Chapman & Parker, 2005; Sale 

et al., 2013). Furthermore, when the hydraulic conductivity contrast between fractures and 

matrix is small, matrix advection may also have an important influence on contaminant 

migration. The interplay between matrix advection/diffusion and advection in 

fractures/macropores can be decisive in the risk assessment of contaminant leaching to 

groundwater bodies. In addition to advective and diffusive processes, sorption to the fracture 

wall and the matrix is important since it can strongly delay the migration in the fractures and 

through the matrix and enhance the mass transfer between fractures and matrix. Moreover, it 

can reduce concentrations and mass fluxes of dissolved contaminants to an underlying 

aquifer. 

The determination of properties controlling vertical flow and transport in fractured 

clayey tills is a challenging task, because flow in clayey till often shows a heterogeneous flow 

pattern caused by natural small-scale heterogeneities and interconnected preferential flow 

paths. For laboratory experiments, a challenge is to preserve the geological heterogeneity and 

the integrity of fractures and macropores. Field experiments such as pumping tests, 

infiltration experiments or geophysical methods (Bradbury et al., 2006) usually yield average 

parameters, which make it difficult to investigate the role of the individual transport paths in 

the geological formation (e.g., fractures, macropores, textural heterogeneities). The large 

undisturbed column (LUC) method is a useful setup for a detailed analysis of flow and 

transport processes in large samples excavated from clayey tills (Jørgensen et al., 2019). The 

LUC method aims at a minimal disturbance of natural fractures and at mimicking field 

conditions (confining stress and temperature) in the laboratory. The method allows for the 

determination of parameters required for assessing the risk for leaching of contaminants, such 

as pesticides, chlorinated organic compounds or nitrate (Jørgensen, Broholm, et al., 1998; 

Jørgensen, McKay, et al., 2004; Jørgensen, Urup, et al., 2004; O’Hara et al., 2000). Typical 

features such as macropores, fractures and clayey-till matrix properties and their influence on 

solute transport can be investigated, since such features are well represented and well defined 

in the large column samples (diameter of 0.5 m and height of 0.5 m).  

The objective of this study is to investigate transport of a conservative tracer and a 

sorbing pesticide through macroporous/fractured clayey till settings revealing contrasting 

transport conditions, which are both typical for this environment. Therefore, we performed 

LUC experiments with two visually similar clayey tills from two field sites and different 

depths below ground surface. We excavated one column from approximately 2 m below 

ground surface (bgs), the other one from approximately 5.5 m bgs. The detailed 

characterization highlighted different fracture properties, distinct interaction between flow 

and transport processes in fractures and matrix, and different sorption/desorption behavior of 

the solutes in the two columns. We developed a 3D discrete-fracture-matrix (DFM) model to 

quantitatively interpret the flow-through experiments and to illuminate key processes 

controlling tracer and pesticide transport. Finally, we applied the LUC experimentally-
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derived parameters using process-based DFM modeling in a 2D cross-section. The 2D DFM 

model allowed us to investigate possible vertical transport scenarios representative of field 

conditions with focus on potential bottlenecks controlling vertical transport in clayey-till 

aquitards and, thus, the risk of contamination to underlying aquifer systems. 

2 Materials and Methods 

2.1 Field sites and column samples 

 

Figure 1. (a) Map of Denmark with the location of the considered field sites. (b) Photograph 

of the excavation site at Holbæk with LUC1 (1.95-2.38 m bgs) on the left. (c) Photographs of 

the excavation at Havdrup (LUC2, 5.4-5.9 m bgs) with grey reduced clayey till overlying 

brownish clay till. 

Two field sites in Zealand, eastern Denmark, with Quaternary clayey till were 

considered: Havdrup and Holbæk (Figure 1). They are located approximately 35 km apart 

and have near-surface layers of glacial clayey till with fractures and macropores. The field 

sites have characteristics of clayey-till aquitards that can be typically found in Zealand, 

Denmark and, more generally, in the northern hemisphere. Large undisturbed columns (LUC) 

with a diameter of 0.5 m and height of 0.5 m were excavated at each field site for testing in 

the laboratory. The column LUC1 from Holbæk was excavated from a shallow depth (1.95-

2.45 m bgs), while LUC2 from Havdrup was extracted from 5.4 to 5.9 m bgs. The LUC 

method was developed and applied in several studies (Jørgensen, McKay, et al., 1998; 

Jørgensen, Urup, et al., 2004; O’Hara et al., 2000). A detailed and comprehensive description 

of the LUC approach is provided by Jørgensen et al. (2019). 

Top views on clayey-till slices from both LUCs are shown in Figure 2, illustrating the 

main features of each large undisturbed column. LUC1 (1.95 to 2.38 m bgs) from Holbæk 

had a relatively uniform yellowish-brown clayey-till matrix with a complex connected 

fracture network dominated by two main, conductive fractures that were continuous 

throughout the column (Figure 2a). The major fractures contained root channels that 
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followed the fracture paths. Moreover, some solitary macropores were observed. LUC2 (5.4 

to 5.9 m bgs) from the Havdrup site contained one major vertical fracture through the column 

(Figure 2b) with embedded macropores partially filled with Fe/Mn-oxide, and a few minor 

fractures. The oxidized brownish clayey-till matrix in the lower half of LUC2 (Figure 1c) 

was more heterogeneous than in LUC1 with two visible clayey till types: A brownish sandy 

clayey till was found next to a less permeable brownish grey clayey till, overlain by low-

conductivity reduced grey clayey till (see also Figure 1c). Thin horizontal sand layers 

provided a connection between the main fracture and the more conductive sandy clayey till. 

 

Figure 2. (a) Top view of a clayey-till slice from LUC1 with several fractures stained by the 

dye tracer brilliant blue and indicated by the white dotted lines. (b) Top view on two slices 

from LUC2 with one main vertical fracture and different clay types. The red-brown areas at 

the rim of the column, particularly visible at 5.9 m bgs is solidified polyurethane used to 

prevent or minimize rim flow. 

2.2 Laboratory experiments 

The two LUCs from clayey tills were excavated and installed in the laboratory for 

further testing following the procedure described by Jørgensen et al. (2019). The experiments 

conducted with the two LUCs included the following steps: 

 Hydraulic tests at fixed flow rates to determine the bulk hydraulic conductivity based on 

the observed hydraulic gradient (piezometers at inlet and outlet of the LUC); 

 Long-term flow-through experiments with pulse injections of solutions containing a 

conservative ionic tracer (bromide) and a sorbing pesticide (tebuconazole), followed by a 

flushing period with tap water (similar chemical composition as the groundwater at the 

site);  

 Injection of a dye tracer solution until visible breakthrough in the effluent water to 

determine active flow paths. These experiments were followed by dismantling and 

segmentation of the LUC, visual inspection of the column interior, and mapping of major 

hydrogeological features (fractures, macropores, clayey till types); 

 Determination of matrix hydraulic conductivity, bulk density and porosity on subsamples 

from intact matrix portions of the LUC. These properties were determined with triaxial 

cell permeability tests (see Table 1).  

We conducted long-term flow-through transport experiments to investigate the solute 

transport behavior in the two large clayey-till columns. The three solutes that we employed in 

the LUC experiments were bromide (from KBr), the fungicide tebuconazole (CAS number 

107534-96-3) and the dye tracer Brilliant Blue FCF (Erioglaucin disodium salt, CAS number 
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3844-45-9). Bromide was chosen as the conservative solute whereas tebuconazole was 

selected as the sorbing solute. Tebuconazole is a fungicide that is widely used in Europe, 

Australia, USA and other countries in large field crops. The two compounds also have 

distinct compound-specific diffusion properties, which exert an important control on mass 

transfer in porous media (Rolle et al., 2018; Rolle & Kitanidis, 2014): bromide has a high 

aqueous diffusion coefficient (Daq = 2∙10-9 m2/s) whereas tebuconazole has a considerably 

lower aqueous diffusivity (Daq  = 3.7∙10-10 m2/s, based on Worch (1993)). Tebuconazole does 

not undergo significant degradation but shows a strong sorption to organic material and 

clayey till. A brilliant blue solution with a concentration of 2 mg/L was used for the 

visualization of major flow paths after completing the flow-through tests with bromide and 

tebuconazole. Brilliant blue sorbs to the clayey-till matrix and dyes the flow paths blue (Flury 

& Flühler, 1995). 

Table 1. Bulk and matrix hydraulic conductivities, dry bulk densities and porosities 

determined on subcores with constant head flow tests in a triaxial cell.  

Clay & depth bgs Hydraulic 

conductivity* (m/s) 

Matrix 

porosity (-) 

Dry bulk 

density 

(kg/m3) 

LUC1 – bulk 4.1∙10-6   

Yellowish brown clay – 2 m 1.5∙10-9 0.30 1870 

Gravel infill 5∙10-3 0.42  

LUC2 – bulk 9.4∙10-9   

Grey clay – 5.5 m 1.7∙10-9 0.23 2070 

Brownish sandy clay – 5.8 m 2.3∙10-8 0.31 1850 

Brownish grey clay – 5.8 m 4.9∙10-9 0.21 2130 
*Average value for three measurements for each sample. 

The long-term flow-through experiments on both LUCs had an injection period 

followed by flushing with clean tap water. Hence, matrix diffusion and sorption, as well as 

back diffusion and desorption took place and influenced the solute breakthrough curves. In 

LUC1, a solution with dissolved KBr (80 mg/L bromide) and tebuconazole (16.6 µg/L) was 

injected for 221.6 hours with a high average flowrate of 81 mm/day (663 ml/h) for the first 

29.6 hours, mimicking strong infiltration caused by a heavy rainfall event. Then the average 

flowrate was lowered to 9.8 mm/day (80 ml/h) for the rest of the experiment. After 221.6 

hours, the column was flushed with tap water with a continuous flowrate of 9.8 mm/day 

(80 ml/h). The observed average hydraulic head gradient was approximately 0.23 m/m for the 

high flowrate, which is in the range of observed vertical gradients in clayey till aquifers 

(Harrar et al., 2007). Following the flushing period, the dye tracer brilliant blue was injected 

for 8 hours with an average flow rate of 47 mm/day. 

In the LUC2 experiment, a constant flowrate of 2.44 mm/day (20 ml/h) was applied. 

The hydraulic gradient was approximately 3 m/m. First, a tebuconazole solution (20 µg/L) 

was injected for 359.2 hours (14.97 days), followed by 342.5 hours (14.27 days) of flushing 

with clean water at the same flow rate. Afterwards, the same procedure was repeated with a 

bromide solution (105 mg/L). Finally, brilliant blue was injected over a period of 181 hours 

at the flow rate of 20 ml/h.  

The bromide concentrations in the effluent water were measured with ion 

chromatography (IC Metrohm, Detector 819) and a bromide-selective electrode (Br 800, 
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WTW). The tebuconazole concentrations were determined with LC-MS/MS analysis in a 

certified external laboratory. Brilliant blue was visually inspected after completing the flow-

through experiments, opening and segmenting the columns. The average trace length of the 

active preferential flow paths was determined based on fractures observed during the 

segmentation of the column and, if applicable, by brilliant blue dyed traces along the 

fractures. 

3 Flow and transport modeling 

The flow and transport experiments on the LUC columns were evaluated with 

multidimensional discrete-fracture modeling performed with the finite-element code 

COMSOL Multiphysics®. Discrete-fracture-matrix (DFM) simulations were setup to solve 

flow and transport in fractures and the low-conductivity clayey-till matrices. In the models, 

fractures were resolved as discrete and lower-dimensional objects with planar geometry and 

mean hydraulic fracture aperture df, embedded in a matrix continuum. Blessent et al. (2014) 

found that DFM models give a good and robust representation of transport in fractured clayey 

tills and are applicable over a large parameter range without need for recalibration for 

different flow conditions. The fracture geometries in the present study were based on the 

observed fracture patterns with idealized and linearized fracture setups (i.e., the observed 

fracture trace length in the experiment) instead of an undulating fracture pattern in order to 

limit the meshing and the computational cost. Simulations with more tortuous fracture 

patterns and the same fracture trace length showed only small impacts on the simulated 

breakthrough curves, as also observed by Allaire et al. (2002). 

A coupled set of equations was solved for each continuum (fractures and matrix). In 

the matrix continuum, a flow equation based on Darcy’s law and a transport equation 

(advection-dispersion equation) were solved. A sequence of steady-state flow fields was 

employed to describe flow, since the transition time between the flow changes was short 

compared to the duration of the experiment. The steady-state groundwater flow equation in 

the matrix was formulated as: 

∇ ⋅ (−𝐊∇ℎ) = 0 (1) 

where K is the hydraulic conductivity tensor (assumed isotropic in the matrix) and h is the 

hydraulic head. 

We used the cubic law (Snow, 1969; Witherspoon et al., 1980) to describe fracture 

flow. This law gives a cubic relation between hydraulic fracture aperture df  (often denoted as 

2b, twice the half-aperture b) and water discharge (Chambon et al., 2010). Such relation can 

be inserted in the steady-state continuity equation, yielding: 

∇ ⋅ 𝑑f𝒗f = ∇ ⋅ (−𝑑f𝐾f∇Tℎ) = ∇ ⋅ (−𝑑f
3 𝜌w𝑔

12𝜇w
∇Tℎ) = 0 

(2) 

where 𝒗f is the flow velocity in an open fracture (fracture porosity of 1), ∇T is the gradient in 

the tangential directions and 𝐾f = 𝑑f
2𝜌w𝑔/(12𝜇w) is the fracture hydraulic conductivity, 

where 𝜌w and 𝜇w are the density and viscosity of water. 

Solute transport in the matrix is described by the advection-dispersion-sorption 

equation:  

𝜙
𝜕𝑐

𝜕𝑡
+ 𝜌b

𝜕𝑐s

𝜕𝑡
+ ∇ ⋅ (𝜙𝑐𝒗) − ∇ ⋅ (𝜙𝐃eff∇𝑐) = 0 

(3) 

with the porosity ϕ, the solute concentration c, the bulk density 𝜌b, the fluid velocity v, the 

effective hydrodynamic dispersion tensor Deff, the sorbed concentration 𝑐𝑠 = 𝑐𝐾d assuming 
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linear equilibrium sorption, where Kd is the distribution coefficient. For the pesticide 

compound used in this study, a kinetic sorption model (Brusseau et al., 1989; Zheng & 

Bennett, 2002) was required. An additional equation describes the kinetic exchange of mass 

between the fluid (dissolved compound) and the bulk material (sorbed compound):  

𝜌𝑏

𝜕𝑐𝑠

𝜕𝑡
= 𝛽(𝑐 − 𝑐s/𝐾d) 

(4) 

We defined different sorption kinetic parameters β1 and β2 for sorption and desorption 

from and to the matrix: 

Sorption: (𝑐 − 𝑐s/𝐾d) ≥ 0: 𝛽 = 𝛽1 

Desorption:  (𝑐 − 𝑐s/𝐾d) < 0: 𝛽 = 𝛽2 

An advection-dispersion equation also describes solute transport in the fracture. We 

defined the transport equation for a solute through an open fracture as: 

𝑑f𝑅f

𝜕𝑐

𝜕𝑡
+ ∇ ⋅ (𝑑f𝒗f𝑐) − ∇ ⋅ (𝑑f𝐷f∇T𝑐) = 0 

(5) 

where Rf is the retardation factor to account for equilibrium sorption on the fracture walls and 

Df is the longitudinal hydrodynamic dispersion coefficient along the fracture, which can be 

approximated as 𝐷f = 𝐷aq + (𝒗f𝑑f)
2(210𝐷aq)−1(Wang et al., 2012). The continuity of water 

and solute fluxes and the continuity of the primary variables, the hydraulic heads and solute 

concentrations, at the fracture-matrix interface provide the coupling between fractures and 

matrix. 

The mathematical model is based on the following assumptions: (i) water flow can be 

described by a set of steady-state flow fields, (ii) the system is fully water-saturated, (iii) no 

degradation is happening, (iv) fracture flow and transport are approximated with the cubic 

law for the mean hydraulic fracture conductivity, (v) the fracture representation can be 

linearized and idealized based on the experimentally determined fracture trace length. 

3.1 Model setup for the LUC experiments 

The 3D model geometry of a LUC consists of a cylinder with a diameter and height of 

0.5 m, with four inlet ports at the bottom (specified flux boundary conditions for flow and 

transport), and four outlet ports at the top of the system (fixed hydraulic head and outflow 

boundary condition for transport). Note that the clayey-till column was installed upside-down 

in the physical experiment (Figure 3a) and that the flow in the LUC setup was upward 

directed, therefore it represents downwards infiltration of water in the field. This is to 

facilitate the removal of entrapped air in the column. The numerical model was setup 

accordingly with flow from the bottom to the top (Figure 3b). The observed conductive 

fractures were represented as planes parallel to each other and assumed equal in aperture, 

with a constant hydraulic aperture derived by calibrating the hydraulic flow model to the flow 

rate and head gradient through the clayey till (Table 2). 
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Figure 3. (a) Setup of a Large Undisturbed Column (LUC) experiment in the lab, modified 

after Jørgensen et al. (Jørgensen et al., 2019), reprinted from Groundwater with permission of 

the National Ground Water Association. Copyright 2019. (b) Model setup of the LUC system 

with four inlet and four outlet ports, distribution layers and the matrix sample with fracture 

planes. This example illustrates the setup for LUC1 including two vertical fractures and a 

gravel infill on top. 

Table 2. Overview of parameters used in the two 3D DFM models for LUC1 and LUC2. 

Complementary parameters can be found in Table S1 in the Supporting Information. 

Property LUC1 LUC2 Unit Source 

Flow rate 81 / 9.8 2.44 mm/day Experiment 

Vertical hydraulic gradient 0.23 3 m/m Experiment 

Bulk hydraulic conductivity 4.1∙10-6 9.4∙10-9 m/s Experiment 

Fracture trace length 0.95 0.43 m 

Experiment + 

fitted 

Average hydraulic fracture aperture 110.6 18.5 / 10 µm 

Experiment + 

fitteda 

Effective stress 42.5 83.8 kPa Experiment 

Inlet concentration bromide 1 1 mg/L Experiment 

Inlet concentration tebuconazole 0.02 0.02 mg/L Experiment 

Aq. diffusion coefficient bromide 2∙10-9 2∙10-9 m2/s Cussler (2009) 

Aq. diffusion coefficient tebuconazole 3.7∙10-10 3.7∙10-10 m2/s Worch (1993) 

Dispersivities (αL, αT, αV) in matrix 1, 1, 0.2 1, 1, 0.2 mm Estimate 

Distribution coeff. tebuconazole (Kd) 11 11 L/kg Fittedb 

Nonequilibrium sorption coeff. (β1) 5∙10-4  5∙10-4  1/s Fitted 

Nonequilirbium desorption coeff. (β2) 1∙10-5  1∙10-5  1/s Fitted 
a Average hydraulic aperture as determined with the 3D DFM model. In LUC2, the fracture aperture 

was determined as 18.5 µm in the lower 0.4 m and 10 µm above. 
b Determined within the range of a similar clayey till in Albers et al. (2018). 
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On the top and the bottom of the clay column, distribution layers with a thickness of 

5 mm were included in the 3D model to facilitate the distribution of flow across the ends of 

the LUC according to the hydraulic conductivity of fractures and matrix. Such permeable 

distribution layers (hydraulic conductivity: 0.1 m/s) mimic the effect of the steel meshes that 

were placed on each side of the clay column and the volume of the influent lines in the 

experimental setup. 

The conceptualization and the model setup for each column are based on the 

segmentation and slicing of the columns, and are shown in Figure 4 as cross sections through 

the center of the two columns. The complex fracture network observed in LUC1 was 

simplified to two parallel vertical fractures with a hydraulic trace length of 0.95 m according 

to the experiment. The model for LUC1 includes a 7 cm thick medium-fine gravel layer on 

top of the setup. This filling was added in the physical experiment since, despite careful 

preparation and handling of the column, the lowest 7 cm of the clayey-till column (top in the 

LUC setup) had detached during the excavation at the field site. High conductivity (5∙10-3 

m/s) and no sorption were assigned to the gravel infill in the model.  

The experimental investigation of LUC2 highlighted three different clayey tills 

(Figure 4b). However, the differences in the hydraulic properties between the reduced grey 

clayey till and the yellow grey clayey till in LUC2 were small and, therefore, not considered 

in the numerical model. Hence, two clayey tills were distinguished: the more conductive 

yellow sandy clayey till and the grey clayey till, which contained the main vertical fracture 

with a trace length of 0.43 m and equivalent hydraulic aperture of 18.5 µm. Two horizontal 

sand layers were included, a thin one (modeled as 2D fracture planes with df=8 µm, 

corresponding to a hydraulic conductivity K=3.85∙10-5 m/s and unity porosity) at 5.70 m bgs 

and a thicker one (df=18.5 µm, K=2.06∙10-4 m/s and unity porosity) at 5.80 m bgs, see Table 

SI1. The sand layers connect the main fracture with the yellow sandy clayey till. 

 

Figure 4. Schematic setup (central vertical cross section) of the model for (a) LUC1 and (b) 

LUC2. 

Concentrations in the effluent water were computed as flux-averaged concentrations 

at the outlets, so they were comparable to the measured values. To minimize numerical 

dispersion and to avoid a mesh-dependent solution, the mesh was refined at locations, where 

steep gradients could be expected, i.e., at inlets and outlets, at the interface between materials 

with different hydraulic conductivity, and particularly around fractures. At the fractures, an 

octahedral boundary layer mesh was created with an initial element width perpendicular to 
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the fracture in the order of the fracture aperture (Weatherill et al., 2008). The initial element 

width was 200 µm for LUC1 and 50 µm for LUC2. From the fractures, the element size was 

exponentially enlarged from tens of micrometers to centimeters with a maximum element 

growth rate of 1.2 and with a transition from the octahedral to a tetrahedral mesh in the 

remaining domain. To reduce the computational costs, the vertical symmetry of the system 

was exploited and a half cylinder with in-/outlets and redistribution layers was simulated. 

This led to meshes with 4.3 million elements for LUC1 and 1.5 million elements for LUC2. 

To calibrate the 3D flow and transport models, measured data including matrix 

hydraulic conductivities and porosities (from the matrix subsamples), and observed fracture 

traces extruded to vertical 3D surfaces were used as fixed simulation inputs, aiming for a 

minimal number of fitting parameters. Then, the 3D steady-state flow model was calibrated 

to the observed head difference between inflow and outflow by varying the average hydraulic 

aperture of the main fracture(s) with an automated optimization. Once the steady-state flow 

field was fixed, the 3D transport model was manually calibrated to the measured 

breakthrough curves of bromide using the steady-state flow field as an input. Finally, the Kd 

value of tebuconazole and nonequilibrium sorption coefficients were calibrated to the 

measured breakthrough curves. We considered different fracture trace lengths (within the 

observed ranges) and different conceptualizations in LUC2 (sand layers, heterogeneous 

matrix) and selected the ones reproducing the experiments best. The goodness of fit was 

quantified with the normalized root mean square error (NRMSE) between measured and 

simulated concentrations of the conservative and sorbing compounds in the effluent water 

(breakthrough curves).  

3.2 Model setup of vertical cross sections representative of field conditions 

Leaching of solutes through clayey-till profiles usually implies heterogeneous 

hydraulic properties, and often a decrease of fracture density and hydraulic apertures with 

depth is observed. This can shift the main transport from fractures to matrix and constrain the 

vertical solute fluxes. To investigate the effects of a reduction of the hydraulic aperture in a 

larger vertical cross section, we combined the two investigated LUCs extracted from different 

depths in a vertical 2D cross section, while keeping other parameters and the vertical 

hydraulic gradient constant. The two LUCs represent typical conditions at different depths 

and their combination represents a typical sequence in a clayey-till geology in the region of 

the considered field sites (Zealand, Denmark) and, more generally, in the northern 

hemisphere. We assigned the fracture properties of the two LUCs to portions in the cross 

section with the larger aperture values from LUC1 in the top part, i.e., fractures become 

narrower with increasing depth. This could be due to, e.g., a higher confining stress and less 

influence of biopores at greater depth (Nilsson et al., 2001; Sidle et al., 1998). The matrix 

properties in the two LUCs were similar and a uniform hydraulic matrix conductivity and 

porosity (K=2∙10-9 m/s, 𝜙=0.25) were applied to isolate the effect of the fracture narrowing.  

Flow and transport simulations were run on 2D vertical cross sections with four 

equally spaced fractures on a domain width of 2 m, hence a spacing of 0.5 m according to the 

size of an LUC and as a spacing common in clayey tills (Jørgensen, McKay, et al., 2004). A 

periodic system was considered and symmetry was exploited by simulating one 0.5 m 

fracture-matrix interval and mirroring it horizontally for further evaluations of flow and 

transport in the considered domain. A depth interval of 4 m was simulated, covering the 

depth interval from  LUC1 (ca. 2 m bgs) down to the depth of LUC2 (ca. 6 m bgs), 

representative for the solute leaching through a 4 m fractured clayey-till lithology to an 

underlying aquifer. A bromide and a tebuconazole solution with a concentration of 1 mg/L 

and 20 µg/L were continuously infiltrated from the top of the model domain with a hydraulic 
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gradient of 0.25 m/m (fixed hydraulic heads at the top and bottom boundaries with htop = 5 m 

and hbottom = 4 m for all cases). The vertical hydraulic gradient was chosen in the lower range 

of vertical gradients observed at piezometers (0-1 m/m) installed at different depths at the 

Havdrup field site, in which water levels were recorded for several months. The same 

diffusion and sorption parameters as for the LUC experiments (Table 2) were used in the 

transport simulations. To distribute the flow according to the hydraulic conductivity of the 

fractures and the matrix, a thin high-conductivity distribution layer was added at the top and 

the bottom of the domain. A mesh with 360k elements was employed with local refinement at 

the distribution layers and a boundary layer mesh with exponentially growing element size 

next to the fractures.  

Five different setups were considered to analyze the effect of depth variations of the 

hydraulic fracture parameters on pesticide leaching informed by the LUCs and the 

observations at the field sites. The fracture parameters from the two LUC experiments, 

covering a typical range of the hydraulic fracture aperture, were assigned to portions of the 

vertical cross section: (i) a cross section with a large hydraulic fracture aperture 

(corresponding to LUC1) through the entire profile, (ii) a cross section with a small hydraulic 

aperture (corresponding to LUC2) through the entire profile, (iii) a fracture with an abrupt 

reduction of the aperture with depth after ¼, ½ and ¾ of the cross section, and (iv) a linear 

decrease of the aperture with depth. A schematic illustration of the different setups and cases 

for the simulated cross section is shown in Figure S1 (Supporting Information). Simulations 

were also run with tebuconazole with respective sorption and diffusion coefficients.  

 

4 Results and discussion 

4.1 Flow-through LUC experiments 

The hydraulic tests of the two clayey-till columns from different depths revealed 

distinctly different hydraulic properties and flow characteristics (Table 1 and Table 2), 

despite being from visually similar shallow clayey-till geologies. The bulk hydraulic 

conductivity of LUC1 from a shallower depth was 2-3 orders of magnitude higher than that 

of LUC2 (4.1∙10-6 m/s vs. 9.4∙10-9 m/s), whereas the matrix properties in both columns were 

in a relatively smaller range with the matrix hydraulic conductivity varying by an order of 

magnitude (1.5∙10-9 to 2.3∙10-8 m/s) and matrix porosity by less (21 to 31%, see Table 1). 

Values in these ranges were observed in previous work on glacial-derived clayey sediments 

including tills and diamicts (Fredericia, 1990; Jørgensen et al., 2016; Keller et al., 1988; 

McKay, Cherry, et al., 1993). The similar and much lower hydraulic conductivity values of 

the matrix in the two LUCs imply that the differences in the bulk hydraulic conductivity can 

be mainly attributed to different properties of the fractures, which control the extent of the 

preferential flow. 

The average fracture trace length in combination with the determined matrix 

conductivity allowed for the determination of hydraulic fracture aperture values (Table 2) 

based on an optimization of the aperture in the 3D flow model. In LUC1, no staining of the 

membrane was observed upon segmentation of the column after the brilliant blue pulse 

injection, which allows excluding any rim flow. Brilliant blue staining was observed in both 

the fractures and the macropores (root channels) contained in the main fractures, showing 

significant channeling. Hence, a smaller portion of the geometrically measured trace length 

was used in the simulations (hydraulic trace length of 0.95 m compared to the average trace 

length of 1.35 m measured on the slices). The flow simulations allowed us to determine an 

average hydraulic aperture of 110.6 µm for the fractures in LUC1. 
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In LUC2, some brilliant blue staining of the membrane due to rim flow was visible in 

an interval length of ca. 10 cm in the lower part of the column (grey clayey till in Figure 4b). 

In the following it is assumed that the overall influence of rim flow was negligible also in this 

experiment and any contribution of such possible rim flow in the lower 10 cm of the column 

is lumped in the effective hydraulic fracture aperture. The main fracture in this column was 

embedded in the less conductive brownish and grey clayey tills and contained paleo root 

channels and some Fe/Mn-oxide precipitate filling. In the lower 15 cm of the LUC2 sample 

(5.40-5.55 m bgs), brilliant blue staining was observed in three 2-3 cm wide segments, related 

to macropores (root channels) along the main fracture, while brilliant blue was not observed 

in the fracture. The representation of such preferential flow features was carried out with a 

single fracture with the observed fracture trace length of 0.43 m and with a constant effective 

mean hydraulic aperture. Based on this approach, the average hydraulic aperture of the main 

fracture of the LUC2 (5.40-5.80 m bgs) was determined as 18.5 µm, entailing much slower 

and less flow through the fracture than in LUC1. For the upper 10 cm of the fracture (5.80-

5.90 m bgs) no visible trace of brilliant blue was observed, indicating limited solute transport 

through this fracture interval, thus it was assumed that the average hydraulic aperture was 

smaller (10 µm). The brilliant blue injection and the subsequent segmentation revealed that 

thin horizontal sand layers at 5.70 m and 5.80 m bgs provided a hydraulic connection 

between the main fracture and the highly conductive brownish sandy clayey till which was 

identified as additional major transport pathway through the upper part of LUC2. 

Based on a constant hydraulic gradient on the columns, the proportion of the total 

volumetric flux through the fractures was analyzed in the 3D modeling of the two LUC 

columns. This quantified the relative contribution of fractures and matrix to water flow and 

advective transport. The modeling results show that the water flow in LUC1 took place 

almost exclusively in fractures (99.96% of the total water flow), while in LUC2 about 83% of 

the total water flow happened through the main fracture, indicating a greater importance of 

the clayey-till matrix. In the upper part of the LUC (outflow side) with a smaller hydraulic 

aperture of 10 µm, the fractures only contributed with 18% to the total flux. This 

demonstrates that the greatest part of the water flow in the main fracture was redirected 

through the conductive horizontal sand layer to the more conductive brownish sandy clayey 

till. 

The temporal evolution of the bromide and tebuconazole distribution within the LUCs 

is shown in Figure 5. In LUC1 (top row), bromide spreads quickly along the bottom 

distribution layer and migrates fast through the large-aperture fractures towards the top of the 

column, while only a small portion of the bromide diffuses into the matrix. The bromide 

passes the highly conductive gravel layer at the top and reaches the outlet ports within few 

hours (Figure 5a). When clean water is injected and the flushing phase of the experiment 

starts (Figure 5b-c), the bromide is rapidly flushed in the permeable flow paths, involving a 

rapid drop of the concentration in the fractures and some back-diffusion from the matrix. For 

tebuconazole (Figure 5d-f), a similar spreading behavior in the fractures can be observed. 

However, due to the strong sorption and less matrix diffusion (lower diffusivity of 

tebuconazole compared to bromide), the concentration values in the matrix are in general 

much lower than for bromide. Relative concentrations higher than 1% of the injected 

concentration can be mostly found next to the fractures and in the gravel layer. 

The major transport pathway for bromide in LUC2 is also identified to be the main 

fracture (Figure 5g), until the solute reaches the horizontal sand layers (Figure 5h-i), where 

the bromide spreads also laterally and migrates through both the higher-conductivity 

brownish sandy clayey till and the smaller-aperture fracture filled with some precipitate. In 

LUC2, the interplay between advective transport in the fractures, matrix diffusion and 
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sorption is different compared to LUC1. The strong sorption of tebuconazole leads to a 

slower propagation of the pesticide (Figure 5j-l), despite a lower diffusion coefficient, which 

results in less matrix diffusion. As in LUC1, the highest tebuconazole concentrations can be 

found close to the fractures, and the dissolved tebuconazole concentrations in the matrix are 

much lower as for bromide. After 480 hours (Figure 5l), the tebuconazole concentrations at 

the outlets is still below 1% of the injected concentration. 
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Figure 5. Simulated dissolved bromide and tebuconazole concentration distributions in 

LUC1 (a-f) and LUC2 (g-l) during the injection (a, d, g, j), at the beginning of the flushing 

period (b, e, h, k), and after a longer period of flushing (c, f, i, l). The flow is directed 

upwards. The color maps show relative concentrations higher than 1% of the injected values. 
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Figure 6 shows the measured and simulated breakthrough concentrations of bromide 

and tebuconazole in the effluent water of the two LUCs. In the simulated LUC1 experiment 

(Figure 6a) both solutes are very quickly transported through the fractures, and the 

concentrations at the outflow increase rapidly after the injection is started with 81 mm/day. 

The relative bromide concentration in the effluent water reached about 85% of the injected 

concentration before the flow rate was lowered to 9.8 mm/d. Then, the effluent concentration 

shows first a decrease, because there is a slight shift from fracture advection towards matrix 

diffusion at lower flow velocities. The lower flow rate and the increased residence time of the 

solutes lead to a stronger diffusion from the fractures into the matrix and hence to lower 

solute concentrations in the effluent water. The effluent concentrations became higher again 

when the matrix concentration next to the fractures increased, thus reducing the concentration 

gradient and the diffusive flux from the fracture into the matrix. Finally, the concentrations of 

both solutes decreased; this is reflected in a long tailing of the breakthrough curve after the 

pulse injections of bromide and pesticide were stopped and the system was flushed with clean 

water. 

 

Figure 6. Simulated and measured breakthrough concentrations of bromide and tebuconazole 

in the effluent water for (a) LUC1 and (b) LUC2. The shaded area in (a) indicates the period 

with a high flow rate (81 mm/day), followed by a lower flow rate of 9.8 mm/day. The flow 

rate for the LUC2 experiment was constant (2.44 mm/day). The dashed vertical line indicates 

the time when the solute injection was stopped. Note that the flow rates and the hydraulic 

gradients were different in the two LUC experiments. 

Despite a lower flow rate than in LUC1, a much higher head gradient established in 

LUC2. This is mainly attributable to less conductive fractures with smaller apertures. The 

bromide injected in LUC2 was detected at the outlet after about 10 hours (Figure 6b). Then, 

the breakthrough curve showed a slow and almost linear increase of the effluent 

concentration. When the tracer / pesticide injection was stopped after 359.2 hours, the 

concentrations at the outlet continued to slightly increase for another 40 hours until a peak 

concentration of approximately 40% of the injected concentration was reached and the 

effluent concentrations started to decrease. Tebuconazole concentrations stayed below the 

detection limit in the considered period of the LUC2 experiment due to a more important 

contribution of matrix diffusion resulting in increased fluxes from the fracture to the matrix 

and more effective pesticide retardation in this clayey till. 

The fracture-advection dominated transport of bromide through LUC1 could be 

reproduced with the simplified model setup consisting of two parallel fractures with the 

average trace length based on the experimental characterization of the main fractures in the 

LUC monolith and an average hydraulic fracture aperture (NRMSE=0.067). The 
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breakthrough curve of tebuconazole showed lower concentrations compared to bromide due 

to sorption onto the matrix. The initial breakthrough behavior could be captured by a linear 

sorption model (NRMSE=0.091). However, when the injection was finished and the column 

was flushed with clean water, the equilibrium sorption model with Kd=11 L/kg overpredicted 

desorption and the resulting tailing of the curve did not match the data (green line in Figure 

6a). The measured concentrations revealed only very little desorption and had a similar 

decreasing trend as bromide. This could be reproduced in the 3D model by using the 

nonequilibrium kinetic sorption model with Kd=11 L/kg, β1 = 5∙10-4 1/s and β2 = 1∙10-5 1/s 

(Table 2), which considerably improved the fit particularly in the tailing of the curve, after 

the tebuconazole injection was stopped (NRMSE=0.064). The distribution coefficient is 

within the range of 3-20 L/kg, as determined by Albers et al. (2018) at a similar clayey-till 

site. In LUC2, the water fluxes through fractures were of similar magnitude as the fluxes 

through the matrix. Thus, the hydraulic conductivity of the matrix, particularly in the more 

conductive sandy clayey till in the top of the column also played an important role on the 

observed solute transport. This is different from LUC1, where the accurate value of the 

matrix hydraulic conductivity had only a marginal influence on the solute breakthrough 

curves due to the strong conductivity contrast and the advection-dominated transport through 

the fractures. An idealized representation of the fractures with average hydraulic fracture 

apertures allowed in both cases the reproduction of the experimental observations.  

4.2 Vertical cross-section simulations with fracture variation 

The effect of vertical fracture variations on solute transport in a field scenario and the 

controls on vertical contaminant transport was investigated with simulations of extended 

vertical 2D cross sections with a combination of properties from both LUCs, with LUC1 

representing clayey till conditions at shallow depths with macropores and large-aperture 

fractures, and LUC2 representing deeper parts with small-aperture fractures and small root 

channels. Six scenarios were considered, with different proportions of LUC1 and LUC2. The 

cases are named according to the length ratio of LUC1:LUC2, as summarized in Figure S1.  

1) Continuous fractures with a constant aperture of 110.6 µm (purely LUC1, case 4:0) or 

18.5 µm (purely LUC2, case 0:4),  

2) Abrupt reduction of the aperture from 110.6 µm to 18.5 µm after 1 m, 2 m or 3 m 

from the top (cases 1:3, 2:2 and 3:1) as supported by fracture mapping in the 

excavations at the selected field sites,  

3) Linear decrease of the fracture aperture from 110.6 µm to 18.5 µm (case lin).  

First, the transport of bromide (no sorption, high diffusion coefficient) was simulated. 

Figure 7a-c show the evolution of the concentration in the cross sections. With a continuous 

hydraulic fracture aperture, the flow field shows a uniform pattern with depth. A large 

fracture aperture leads to a fast migration of the bromide in the fractures with a continuous 

transport into the matrix mainly driven by diffusion retarding its arrival but not preventing 

breakthrough (Figure 7a). With a smaller fracture aperture, the relative contribution of the 

diffusive transfer from the fractures into the matrix becomes stronger and the transport in the 

fractures happens at a considerably lower rate (Figure 7c). When the hydraulic fracture 

aperture abruptly decreases, a part of the water is redirected out of the fracture into the matrix 

(Figure 7b, black arrows) similarly to the behavior of streamlines showing diverging patterns 

in flow defocusing zones in a heterogeneous porous medium (e.g., Muniruzzaman et al., 

2014; Rolle et al., 2009). This effect was also observed along the entire fracture length for the 

case of a gradually narrowing fracture aperture (case “lin”). 
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Figure 7. Analysis of the vertical transport scenarios with downwards-directed flow. The 

figures on the top show the concentration distribution of bromide for (a) a constant large 

aperture (110.6 µm, case 4:0), (b) an abrupt aperture decrease in the middle of the domain (4 

m bgs, case 2:2) and (c) constant small aperture (18.5 µm, case 0:4), all after 2 years of 

continuous injection. The black arrows indicate velocity and flow directions in fractures and 

matrix; (d) shows the simulated effluent concentrations and (e) the respective effluent solute 

fluxes for bromide and (f) and (g) for tebuconazole, respectively. 

Figure 7d shows the simulated bromide breakthrough concentrations at the bottom of 

the profile for different combinations of small and large hydraulic fracture apertures in the 
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vertical cross section. The simulated transport of tebuconazole followed the breakthrough 

pattern of bromide with a delay due to sorption to the matrix (Figure 7f-g). 

The analysis of aperture variations with depth showed that portions of fractures with a 

small aperture delay the breakthrough considerably compared to a continuous fracture with a 

uniform large aperture. For the applied hydraulic gradient of 0.25 m/m, the time until the 

breakthrough of 1% of the inflow concentration at the bottom of the 4 m-deep cross section is 

approximately four years for a uniform aperture of 18.5 µm and about one hour for an 

aperture of 110.6 µm (4-5 orders of magnitude difference). When the upper 2 m had an 

aperture of 110.6 µm followed by 18.5 µm below (case 2:2), the time frame for solute 

breakthrough at the bottom of the profile was about one year and more similar to the case 

with a low aperture of 18.5 µm (case 0:4). The continuous decrease of the fracture aperture 

with depth (case “lin”) lead to a relatively quick breakthrough, even faster than case 3:1. This 

is because of the nonlinear relation between fracture hydraulic conductivity and fracture 

hydraulic aperture (cubic law), the hydraulic fracture conductivities in case “lin” are larger 

than in case 3:1 in most of the domain. However, the breakthrough time in case “lin” is still 

two orders of magnitude longer and the breakthrough fluxes two orders of magnitude larger 

than for case 4:0 (aperture of 110.6 µm in the entire fracture). This analysis shows that small 

fracture apertures at greater depth can represent a bottleneck to vertical solute transport. 

The effluent solute fluxes at the bottom of the cross section are plotted in Figure 7e 

and Figure 7g for a constant injection concentration of 1 mg/L bromide and tebuconazole. 

The contaminant fluxes for a continuous large fracture are more than two orders of magnitude 

higher than for a continuous small fracture. This is because, for the same hydraulic gradient, 

larger fracture apertures leads to a stronger advective contaminant transport with the water 

flux through the fractures. Additionally, the fast flow in large-aperture fractures leads to a 

lower relative contribution of the diffusive exchange with the matrix due to a shorter 

residence time of the solutes in the fractures. Again, the fluxes for the scenarios with a lower 

hydraulic fracture aperture at the bottom of the profile behave more similarly to the 

breakthrough in case of small-aperture fractures throughout the entire cross section. These 

results indicate that the parameters in deeper parts of the fractured clayey till control the 

vertical migration of solutes and are very relevant when assessing the risk of contaminant 

leaching through a clayey-till aquitard. Using uniform hydraulic properties in a vertical cross 

section and extrapolating hydraulic properties obtained from the top of the cross section of an 

aquitard to deeper parts can lead to a wrong approximation of breakthrough times and of 

water and solute fluxes. 

5 Conclusions 

In this study, we conducted two flow-through pesticide and tracer experiments in 

large undisturbed columns (LUC) from clayey till. We presented the results and interpreted 

the experiments with 3D discrete-fracture modeling. This yielded an improved 

hydrogeological understanding of the complex interplay between fractures and matrix with 

the processes of advection, diffusion and sorption on contaminant migration through clayey 

tills. Despite being from visually similar clayey-till lithologies, the two columns revealed 

distinctively different properties and flow and transport behavior. In the first column with an 

average hydraulic fracture aperture of approximately 110 µm, flow and transport mostly 

happened through the fractures and macropores (influenced by matrix diffusion when 

considering long time spans). The second column, excavated from a deeper clayey till (5 m 

bgs) and with average hydraulic fracture apertures of 10-18.5 µm, was characterized by more 

complex flow and transport through both fractures and clayey till matrix, particularly through 

a rather conductive sandy clayey till that was hydraulically connected to the main fracture by 
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thin horizontal sand layers. The time scales for vertical solute transport by a conservative, 

non-sorbing tracer differed by orders of magnitude (hours to days), which is due to the 

nonlinear relation between hydraulic fracture aperture and water flux in the fractures and to a 

different relative contribution of advective transport in the fractures and diffusive exchange 

of the solute with the matrix related to different residence times of the solute in the fractures. 

The results of the LUC experiments for the pesticide tebuconazole also showed the 

contrasting behavior between the two investigated clayey-till settings. Such behavior was the 

outcome of the interplay between advection, diffusion and sorption. The model-based 

description of the latter required a nonequilibrium formulation. The findings of this study are 

important for the assessment of the leaching behavior of solutes like pesticides through 

fractured clayey tills and highlight the importance of a good knowledge of fracture and 

matrix properties at several depths and hence a need of advanced experimental investigations.  

Similarly to recent studies in physically heterogeneous porous media (Ye et al., 

2015b, 2015a) the outcomes of this investigation show the importance of coupling 

multidimensional flow-through experiments with flow and transport modeling. This coupled 

approach could be extended to other low-conductivity fractured media and to other 

contaminants including solvents (Yu et al., 2018), charged inorganic compounds and 

emerging organic chemicals. Furthermore, the consideration of degradation reactions within 

the sorbed and aqueous phase would be a possible advancement of the presented approach for 

pesticides and other organic compounds undergoing biological and/or chemical 

transformations. The 3D discrete-fracture-matrix models with geometry and average 

parameters derived from accurate experimental characterization could successfully reproduce 

the breakthrough behavior of conservative and sorbing species under constant and variable 

flow conditions. In the reactive transport case, the model-based interpretation allowed us to 

estimate nonequilibrium sorption coefficients for the commonly used fungicide tebuconazole. 

In both LUC1 and LUC2 channeling occurred along larger aperture channels in the fractures. 

However, using an idealized fracture representation with average hydraulic aperture values 

lead to consistent results for both flow and transport in these cases. For the 3D simulation of 

larger-scale and complex field settings, massive parallel computing and advanced meshing 

techniques are required, as well as elaborate upscaling approaches. The LUC setup could be a 

useful tool to further test and develop such methods. 

Transposing the experimental LUC findings to larger scale 2D model scenarios was 

instrumental to investigate the effect of vertical fracture variations on solute transport 

(pesticide leaching). This showed that a lower fracture aperture at depth strongly limits 

vertical transport and can considerably influence transport times and decrease contaminant 

fluxes. Moreover, a local narrowing of a fracture induces advective fluxes from the fractures 

into the matrix. The results of this experimental and model-based investigation are relevant 

for risk assessment and groundwater management since important aquifer systems can be 

present below clayey till aquitards, which are often thought and/or perceived to be 

impermeable and protective layers. Furthermore, this study with data from two apparently 

similar lithologies but quantitatively distinct properties shows that when assessing the risk of 

contaminant leaching through clayey-till lithologies, it is not enough to take measurements at 

one point and depth. The horizontal and vertical variability can be very strong and 

dramatically influence the leaching behavior. Single major fractures/macropores with large 

apertures may act as rapid transport pathways for the contaminants and dominate the 

contaminant transport over larger areas. This work highlights the benefit of extensive 

investigation based on multiple lines of evidence (Broholm et al., 2016; Parker et al., 2019) 

and on the combination of experimental observation with model-based interpretation, as well 

as the need of mapping connected hydrological features in clayey till geologies.  
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