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ABSTRACT 

 

Recent research indicates immediate breakthrough of surface-applied 

contaminants in subsurface drainage by transport through directly surface connected 

macropores.  This “direct connectivity” phenomenon was verified and investigated by 

conducting infiltration experiments in a laboratory soil column with a vertical artificial 

macropore placed directly above or shifted away from a lateral subsurface drain.  The 

experimental setup allowed the surface connected and buried macropore lengths to be 

varied from the surface to the subsurface drain depth without unpacking or disturbing the 

soil column between experiments.  Breakthrough with surface connected macropores was 

significantly faster compared to buried macropores.  A numerical model (HYDRUS) that 

solves three-dimensional Richards’ equation for matrix and macropore regimes has been 

used to analyze the laboratory experiments.  Both matrix and macropore domains were 

parameterized according to continuous water retention functions.  The modeling results 

demonstrated the commonly observed features of macropore flow observed both in the 

laboratory and field conditions.  Surface connected macropores proved to be a highly 

efficient preferential flow path by reducing breakthrough times to the subsurface drainage 

outlet, with percent reduction in breakthrough time directly related to depth of macropore 

penetration.  A case investigated in this research was control drainage, where high water 

pressures originated in the matrix domain.  Under these conditions, buried macropores 

can contribute as much as 40% of the total outflow, which confirms laboratory 

observations in the subsurface drained soil column.  This research proposes an updated 

express fraction for RZWQM, which distributes water across all saturated layers between 
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the drain and water table.  Implicitly assumed is a uniform spatial distribution of 

macropores.  This updated express fraction is evaluated using data from two 

isoxaflutole/metabolite field experiments in Allen County and Owen County, IN where 

concentrations of parent and metabolite were measured in the drain flow.  The results 

showed a slight improvement in the prediction of chemical concentrations on the 

recession limbs of drainage hydrographs. 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 vi 

TABLE OF CONTENTS 

 

CHAPTER                                                                                                                   PAGE 

1. INTRODUCTION ...........................................................................................................1 

1.1 Scope of the Study ...................................................................................................3 

1.2 Dissertation Layout..................................................................................................4 

2. PHYSICAL DESCRIPTION OF MACROPORE FLOWS ............................................7 

 2.1 Physical Characteristics of Macropores...................................................................7 

  2.1.1 Types of Macropores ......................................................................................7 

2.2 Macropores as Preferential Flow Paths..................................................................11 

2.2.1 Field Investigations on Macropore Flows.....................................................11 

2.2.2 Laboratory Column Studies ..........................................................................17 

2.3 Modeling of Macropore Flow................................................................................24 

3. EXPERIMENTAL INVESTIGATION OF DIRECT CONNECTIVITY BETWEEN 
 MACROPORES AND SUBSURFACE DRAINS DURING INFILTRATION...........30 

 3.1 Abstract ..................................................................................................................30 

 3.2 Introduction............................................................................................................31 

 3.3 Materials and Methods...........................................................................................35 

 3.4 Results and Discussion ..........................................................................................41 

 3.5 Summary and Conclusions ....................................................................................50 

4. NUMERICAL INVESTIGATION OF FLOW DYNAMICS DURING 
    MACROPORE/ SUBSURFACE DRAIN INTERACTION .........................................52 

 4.1 Abstract ..................................................................................................................52 

 4.2 Introduction............................................................................................................53 



 vii  

 4.3 Materials and Methods...........................................................................................57 

  4.3.1 Laboratory Column Studies ..........................................................................57 

  4.3.2 Numerical Model Simulations ......................................................................59 

  4.3.3 Surface-Connected Macropores....................................................................62 

  4.3.4 Buried Macropores........................................................................................63 

 4.4 Results and Discussion ..........................................................................................65 

  4.4.1 Calibration to Matrix Flow ...........................................................................65 

  4.4.2 Surface-Connected Macropores....................................................................69 

  4.4.3 Buried Macropores........................................................................................75 

 4.5 Summary and Conclusions ....................................................................................79 

5. AN IMPROVED EXPRESS FRACTION FOR MODELING MACROPORE/ 
    SUBSURFACE DRAIN INTERCONNECTIVITY......................................................81 

 5.1 Abstract ..................................................................................................................81 

 5.2 Introduction............................................................................................................82 

 5.3 Materials and Methods...........................................................................................85 

  5.3.1 Root Zone Water Quality Model (RZWQM) ...............................................85 

  5.3.2 Updated Express Fraction Routine ...............................................................87 

  5.3.3 Evaluation of Updated EF Routine ...............................................................92 

 5.4 Results and Discussion ..........................................................................................95 

 5.5 Summary and Conclusions ..................................................................................100 

6. CONCLUSIONS AND FUTURE WORK ..................................................................102 

 
LIST OF REFERENCES.................................................................................................105 
 
VITA ..............................................................................................................................118 
 



 viii  

LIST OF TABLES 

 

TABLE                                                                                                                        PAGE 

2.1 Number of earthworm channels per m2 in tilled and untilled soil..............................10 

3.1 Field measured soil properties of sandy loam soil used in the macropore/subsurface 
drain column experiments..................................................................................................36 

4.1 Soil core sample and model hydraulic parameters for matrix and macropore domains 
based on van Genuchten’s (1980) model. The range of 95% confidence limits is given for 
parameters used in inverse estimation (HYDRUS) and curve fit (RETC) ........................65 

4.2 Percentages of the buried macropore outflow to the total outflow (matrix + 
macropore flow) (n values from van Genuchten (1980) model represents the macropore 
domain) ..............................................................................................................................77 

4.3 Total outflow components of matrix and 55 cm buried macropore domain at the early 
(t = 10 s.) and final stage (t = 24 hrs.) of the drainage (n values from van Genuchten 
(1980) model represents the macropore domain) ..............................................................79 

5.1 Normalized objective function (NOF) values between RZWQM predicted and 
average measured subsurface drain flow concentrations of bromide and metabolite for 
model simulations with no express fraction (EF) and simulations with the original and 
updated EF modifications ................................................................................................100 

 

 

 

 

 

 

 

 

 

 

 



 ix

LIST OF FIGURES 

 

FIGURE                                                                                                                       PAGE 

1.1 Agricultural land benefiting from improved drainage..................................................2 

2.1  Burrow characteristics for various earthworm species.................................................9 

2.2  Distribution of methylene blue dye added to cracks at the soil surface. Lateral 
movement at the plow layer-subsoil interface and deep movement in earthworm 
burrows ..............................................................................................................................11 

2.3 Earthworm flow sampler, schematic of installation before backfilling of soil pit .....12 

2.4  Design and use of earthworm burrow infiltrometer ...................................................13 

2.5  Lack of significant relationship of average infiltration rate with burrow length........14 

2.6  Average infiltration rate in individual earthworm burrows as a function of distance 
from the subsurface drain...................................................................................................15 

2.7 (a) Turbine blower used to force smoke into the subsurface drain (b) smoke 
emerging from middens in an approximately 1 m wide band above the subsurface 
drain ...................................................................................................................................15 

2.8 Exponential increase in saturated hydraulic conductivity with vertically projected 
burrow depth in soil columns with sandy silts. r = 0.85, y = 0.6318 e0.0453x n= 12 ...........19 

2.9 The rainfall simulator with an undisturbed soil block and the percolate-collection 
apparatus ............................................................................................................................20 

2.10 Miscible displacement experiments in a column containing silica sand (matrix) and 
an artificial macropore at the center...................................................................................22 

2.11 a) Positions of macropores in soil columns for various macropore tortuosity levels. 
b) Water distribution patterns in soil columns of various macropore tortuosity levels after 
0.1 and 0.5 PV (Pore Volume) have infiltrated into soil columns (light color: dry soil, 
dark color: wet soil) ...........................................................................................................23 

3.1 (a) Experimental setup (b) direct connection of the macropore and the subsurface 
drain ...................................................................................................................................35 

 



 x

3.2 (a) Different buried macropore lengths were obtained by pulling the rod out 
incrementally and (b) artificial macropore structure .........................................................37 

3.3  Laboratory soil column with (a) centered and (b) shifted macropores.  Dots represent 
location of tensiometers .....................................................................................................39 

3.4 The sequence of laboratory soil column experiments for (a) buried macropores 
and (b) surface connected macropores.  Dots represent location of tensiometers .............40 

3.5 Breakthrough curves for matrix flow and centered buried macropore experiments ..43 

3.6  Soil pore-water pressure data from matrix flow and centered buried macropore flow 
experiments (T1-4, T5-8, and T9-12 are tensiometers located 70, 40, and 10 cm above the 
drain, respectively).............................................................................................................44 

3.7 Breakthrough curves expressed as ratio of total drain flow to drain flow from matrix 
experiment for centered surface connected macropore experiments.................................46 

3.8 Soil pore-water pressure data from centered surface connected macropore flow 
experiments (T1-4, T5-8, and T9-12 are tensiometers located 70, 40, and 10 cm above the 
drain, respectively).............................................................................................................47 

3.9 (a) Ratio of total (macropore and matrix) to matrix steady state discharge for 55-cm 
surface connected macropores shifted at three distances from the subsurface drain (ratio 
of unity suggests no effect of the macropore and errors bars represent one standard 
deviation from triplicate experiments) and (b) field data of Shipitalo and Gibbs (2000) 
indicating infiltration rate of smoke-emitting macropores ................................................49 

4.1 Directly connected macropore in the field with polymer resin demonstrating the 
connection between macropores and subsurface drains....................................................55 

4.2 The laboratory soil column and the corresponding 3-D computational domain in 
HYDRUS. The macropore is located at the center of the rectangular cross section .........61 

4.3 Hydraulic van Genuchten functions, (a) soil moisture characteristic curve and (b) 
hydraulic conductivity function, for matrix and macropore domains. Matrix parameters 
were obtained by inverse estimation..................................................................................66 

4.4 Laboratory measured versus model calibrated dimensionless flow volume, V*, where 
Vf = flow volume, f  = porosity, and Vc is the column volume) versus dimensionless 
time, t*, where t = time, Ks = saturated hydraulic conductivity, and Lc = length of the 
column................................................................................................................................67 

4.5 Laboratory measured versus HYDRUS-3D predicted soil pore-water pressures for 
average tensiometer readings 70, 40, and 10 cm above the subsurface drain during the (a)  
infiltration and (b) drainage regimes of the matrix flow experiment.................................68 



 xi

4.6 Laboratory measured versus HYDRUS-3D predicted soil pore-water pressures for 
average tensiometer readings 70, 40, and 10 cm above the subsurface drain during the (a) 
infiltration and (b) drainage regimes of the surface-connected, 55-cm macropore 
experiment..........................................................................................................................70 

4.7 Simulation data for an infiltration test containing a 55-cm centered, surface-
connected macropore: pressure head profiles in half cross-section through the center of 
column at a) 0.017 h, b) 0.17 h, and c) 0.5 h .....................................................................71 

4.8 (a) Comparison of Ratio of total (macropore and matrix) to matrix steady state 
discharge for 55-cm surface connected macropore (Lab data) shifted at three distances 
from the subsurface drain (ratio of unity suggests no effect of the macropore and errors 
bars represent one standard deviation from triplicate lab experiments). Lines represent 
data from Hydrus simulations............................................................................................72 

4.9 Laboratory data for cumulative outflow curve for surface-connected macropore of 55 
cm. HYDRUS simulations for 55, 65, and 70 cm are also presented................................73 

4.10 The relative change of the breakthrough time of infiltration simulations contains 
surface-connected macropores with respect to matrix (no macropore) conditions ...........74 

4.11 Simulation data for a drainage test containing a 55-cm centered, buried macropore 
with an initial water table level of 80 cm: pressure head profiles at a) 0.017 h, b) 0.17 h, 
and c) 0.5 h.........................................................................................................................76 

5.1 Directly connected macropore in the field with polymer resin demonstrating the 
connection between macropores and subsurface drains....................................................83 

5.2 Schematic view of mixing of macropore flow with saturated layers.  EF is the 
express fraction (usually assumed 2% to 5%) to represent directly connected macropores. 
L: drain spacing, dd: subsurface drain depth, i: 1-D layer (each layer is equal to 1 cm) ...88 

5.3 Parameter definitions for RZWQM macropore flow component modification.  L is 
the drain spacing, EF is the express fraction (%), dd is the drain depth, dwt is the water 
table depth, hEF is the height above the drain to the water table associated with the zone of 
directly connected macropores ..........................................................................................90 

5.4.  Distribution of bromide concentration with depth in the soil profile as simulated by 
RZWQM with (a) original express fraction and (b) updated express fraction for the Allen 
County, IN field site.  Macropore flow occurred on Day 131 ...........................................96 

5.5 Measured versus RZWQM predicted (before and after express fraction (EF) 
modification) for (a) bromide and (b) isoxaflutole metabolite at the Allen County, IN 
site ....................................................................................................................................97 

 



 xii

5.6 Measured versus RZWQM predicted (before and after express fraction (EF) 
modification) for (a) bromide and (b) isoxaflutole metabolite at the Owen County, IN 
site ....................................................................................................................................98 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 

CHAPTER I 

 

INTRODUCTION 

 

Artificial subsurface drainage is an important component of successful 

agricultural water management in areas with shallow ground water.  Of the over 170 

million ha of cropland in the U.S., about 40 million ha require artificial or improved 

drainage for agricultural production (Burchell et al., 2005).  Subsurface drains (tile and 

plastic tubing) have been installed on over 15 million ha, with a large percentage of it in 

the Corn Belt and Great Lake states (Figure 1.1) where the drainage water eventually 

flows into the Mississippi River (Skaggs and Chescheir, 2003).  However, concerns exist 

about the rapid transport of nutrients and contaminants from the soil surface to ground 

water through macropores.  Increasing evidence suggests that large areas of hypoxia in 

the northern Gulf of Mexico are due to excessive N derived primarily from agricultural 

runoff via the Mississippi River (Skaggs and Chescheir, 2003).    

Macropores can be formed by roots, soil fauna, earthworms, or desiccation 

cracking.  Macropores are typically on the order of 3 to 100 mm in diameter and are 

interconnected to varying degrees; thus they can allow water to bypass the soil matrix and 

move rapidly to a basal saturated zone and/or move downslope as pipe flow at speeds 

much greater than depicted by Darcy’s Law (Dingman, 2002). 

Preferential flow in macropores leads to rapid transport of pesticides to the 

subsurface (Shipitalo and Gibbs, 2000; Kladivko et al., 1999; Magesan et al., 1995).  

Wetting fronts propagate to significant depths by bypassing matrix pore space (Brusseau 
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et al., 1992; Beven, 1990; Brusseau and Rao, 1990; Thomas and Philips, 1979).  

Macropore flow is known to influence observed leaching patterns in both field and 

laboratory studies (Kladivko et al., 1999; Elliott et al., 1998; Kumar et al., 1998; Munster 

et al., 1995).  The influence of macropores increases as soil saturations increase 

(Wierenga and Brusseau, 1995).  Therefore, the ability to model the interrelationship 

between contaminant transport and subsurface drainage systems, where soil is 

consistently near saturation, is important for evaluating potential environmental 

consequences of nutrient and chemical application.   

 

 

 

 
 
 
 
 
 

 

Figure 1.1. Agricultural land benefiting from impro ved drainage. Source: Sands et 
al. (2003). 
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Additional difficulties arise when applying models to systems with subsurface 

drainage (Paasonen-Kivekas et al., 1999; Kladivko et al., 1999; Lennartz et al., 1999; 

Gachter et al., 1998; Stamm et al., 1998; Elliot et al., 1998; Haria et al., 1994).  Recent 

research indicates immediate breakthrough of solutes and contaminants in subsurface 

drainage by extraordinarily efficient transport through directly connected macropores 

(Fox et al., 2004; Villholth et al., 1998).  Shipitalo and Gibbs (2000) observe macropores 

created by earthworm burrows allow water to transfer directly to subsurface drains.  

Distance from the subsurface drains correlated to infiltration rate: the rate at which water 

entered earthworm burrows declined with the log of distance from the drain tile.  

  

1.1 Scope of the Study 

  

Much research has been published over the past 20 years documenting the 

importance of macropores with regard to preferential flows.  However, the abundance of 

field observations in this field has not been matched and supported by well designed 

laboratory experiments.  This is especially true for cases where subsurface drainage 

systems exist and contribute to preferential flow in the vadose zone.  For this reason, this 

research will include a laboratory study along with the numerical modeling that will 

supply the much needed information in this area.   

The objective of this study is to understand the physical features of macropore 

flows taking place in the subsurface drained fields under different environmental 

conditions.  The investigation of the interrelationship between macropore flow and 

subsurface drainage for water movement will include experimental soil column studies 
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and numerical simulations.  Infiltration studies will be conducted in a laboratory column 

with a subsurface drain.  The laboratory column will be constructed to discriminate 

between matrix flow, macropore flow and mass transfer between the flow regimes.  The 

column studies will investigate the potential of drain-connected macropores influencing 

rapid transport to artificial drains, as suggested by Villholth and Jensen (1998), Shipitalo 

and Gibbs (2000) and Fox et al. (2004).  The column studies will lead to a better 

understanding of the direct connection between macropores and artificial drainage.    

The laboratory experiments will also evaluate commonly utilized contaminant 

transport models and suggest strategies to improve the simulation capability of such 

models.    The data gathered from laboratory tests will help to parameterize HYDRUS, a 

three-dimensional, finite element, variably saturated flow program.  HYDRUS is 

extensively used by researchers in macropore flow studies.  The use of HYDRUS will 

help to analyze the response of the system under various scenarios (i.e., change in 

boundary and initial conditions, macropore physical characteristics).  Information derived 

on water movement from the laboratory and computer models will assist in defining 

better representation of an express fraction used as a macroporosity parameter in the Root 

Zone Water Quality Model, RZWQM, a lumped, field-averaged preferential flow model 

based on an effective macroporosity per unit area.   

 

1.2 Dissertation Layout  

 

The present dissertation was carried out by the author at the Department of Civil 

Engineering, University of Mississippi as a research assistant from October 2004 to July 
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2007.  The sequential organization of the chapters follows the chronological order of 

development of ideas exposed here.  It is important to note that many of the results 

contained in this dissertation were published or submitted for publication to international 

journals and conferences. 

As summarized in the statement of the objectives of this dissertation, three major 

lines of investigation have been pursued in the flowing chapters:  

·  Chapter 2 includes a review of macropore flow studies conducted in the past.  

These studies involve two main types of macropore flow investigations: 

experimental and numerical studies.  Experimental investigations include 

studies carried out in the field and laboratory conditions.  In addition, the 

effect of subsurface drainage existence on preferential flow paths was 

emphasized.  Modeling strategies developed to calculate preferential flows 

through macropores were reviewed. 

·  Chapter 3 includes the laboratory experiments conducted on a soil column 

containing an artificial macropore.  Information about the laboratory setup 

along with the results is given here.  The major part of the contents of this 

chapter will be published in the October 2007 issue of Soil Science Society of 

America Journal (Soil Physics section): Akay, O. and G.A. Fox. 2007. 

Experimental investigation of direct interconnectivity between macropores 

and subsurface drains during infiltration. Soil Science Society of America 

Journal 71(5): In Press. 

·  Chapter 4 covers the modeling part of this dissertation.  The knowledge 

gained from the laboratory studies has been extended by the use of HYDRUS 
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computer program. The chapter gives information about the model setup and 

the representation of various types of macropores tested in laboratory studies.  

This section has been prepared for a publication in Vadose Zone Journal: 

Akay, O., G.A. Fox, and J. Simunek. Numerical investigation of flow 

dynamics during macropore/subsurface drain interaction.  Vadose Zone 

Journal (In Preparation). 

·  Chapter 5 demonstrates the modification of widely used Root Zone Water 

Quality Model (RZWQM) to take into account the concepts developed in 

previous chapters.  The modified model was evaluated using a field 

measurement data set.  The information in this chapter has been presented at 

the American Society of Agricultural and Biological Engineer’s (ASABE) 

Annual International Meeting in Minneapolis, Minnesota on June 17-20: 

Akay, O., G.A. Fox, R.W. Malone, L. Ma, and G.J. Sabbagh. 2007. An 

improved express fraction for modeling macropore/subsurface drain 

interconnectivity.  ASABE Paper No. 072139, ASABE: St. Joseph, MI. 

·  Chapter 6 gives general conclusions and future research topics are 

recommended. 
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CHAPTER II 

PHYSICAL DESCRIPTION OF MACROPORE FLOWS 

 

2.1 Physical Characteristics of Macropores 

 

Macropores are relatively large soil pores that may result from biological activity 

as well as structural cracks and fissures.  The term ‘relatively’ can be interpreted in 

several ways to define which pore size should be considered as macropores.  The method 

most commonly used has been to interpret the soil moisture retention curve in terms of 

pore size classes, where a measure of effective pore size is related to capillary potential 

through the Laplace equation for capillary pressure.  However this technique by itself 

cannot provide a clear definition of a macropore.  Pore structure is also of crucial 

importance.  Other terms, such as preferential pathways or macrochannels, have been 

suggested to emphasize the importance of structure continuity on flow dynamics (Beven 

and Germann, 1982). 

 

2.1.1 Types of Macropores 

 

·  Biopores:  Earthworm-formed macropores can have a major influence on water 

and chemical movement in soil.  More than 100 years ago, Charles Darwin and scientists 

at Rothamsted, England, noted that earthworms influenced water entry and movement in 

soils (Edwards et al., 1989).  Unlike cracks, which can close under wet soil conditions, 

earthworm burrows can continue to function as preferential flow paths (Shipitalo and 
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Gibbs, 2000).  Under favorable conditions, individuals of deep-burrowing anecic 

earthworm species such as Lumbricus terrestris L. can produce several hundred channels 

per m2, 2–12 mm in diameter, which are vertically continuous from the soil surface deep 

into the subsoil (Ehlers, 1975; Edwards et al., 1988; Shipitalo and Butt, 1999).  The 

tortuosity of channels produced by deep-burrowing earthworms has been reported to be 

in the range of 1.1 to 1.2 (Shipitalo and Butt, 1999).   

 Not all earthworm burrows can have a significant effect on preferential flow like 

the ones created by the anecic (deep burrowing) earthworms.  For example, endogeic 

earthworm species feed and burrow only within the topsoil; they produce temporary 

burrows that are more randomly oriented, shorter, and more tortuous and branched (Jarvis 

2007).  Three types of earthworms (anecic, endogeic, and epigeic) could have distinctive 

burrow characteristics (Figure 2.1).  

The macropores formed by those deep burrowing earthworms can extend to 

subsurface drain depths, and can potentially create preferential flow paths bypassing the 

soil horizon between the surface and the subsurface drainage (Figure 2.1).  Several field 

observations (Shipitalo et al., 2004; Shipitalo and Gibbs, 2000; Schelde et al., 2006) 

reported the effect of such macropores existence on the drainage water quality in tile 

drains.   

There are several factors affecting the population of earthworm burrows in 

agricultural fields.  Soil and crop management practices, and the properties and 

morphology of soil horizons can be considered as main factors on macropore population.  

Tebrugge and During (1999) reported an increase in earthworm activity in no-till 

treatments associated with a system of continuous macropores which improved water 
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infiltration rates.  In addition, Ehlers (1975) investigated effect of tillage on earthworm 

populations.  His study clearly showed that no-till plots have higher macropore numbers 

at each soil horizon (Table 2.1).  A primary reason for this is that a reduction in tillage 

intensity allows macropores to persist longer and maintain continuity.  Additionally, a 

lack of tillage can produce a more favorable environment for faunal activity, which may 

result in increased formation of biological macropores (Shipitalo and Edwards, 1996).    

 

 

 

Figure 2.1.  Burrow characteristics for various earthworm species. Source: Shipitalo 
and Gibbs (2005). 
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Table 2.1.  Number of earthworm channels per m2 in tilled and untilled soil. Data 
from Ehlers (1975) 

Tilled Untilled 

2-5 5-8 8-11 Total 2-5 5-8 8-11 Total Depth 
(cm) 

(diameter in mm) (diameter in mm) 

2 21 5 1 27 75 40 2 117 

20 60 18 1 79 99 41 1 141 

30 124 58 5 187 209 91 5 305 

60 174 165 9 348 183 172 8 363 

 

  

 Smaller channels created by decaying plant roots also contribute as preferential 

flow paths.  For example, in a field study Edwards et al. (1988) counted 14576 

macropores ranging from 0.4 mm to 5.0 mm averaged over eight field sites, and over 

80% of the total number of pores, they reported to be made by plant roots.  

 

·  Cracks and fissures:  These macropores are formed either by shrinkage resulting 

from desiccation of clay soils or by chemical weathering of bedrock material.  Once a 

crack is formed, it may recur at the same location through a series of wetting and drying 

cycles (Beven and Germann, 1982).  The spacing and tortuosity of cracks generally 

increases with depth, while their volume, width, and connectivity decrease (Jarvis, 2007). 

 The potential interactions between cracks, earthworm burrows, and subsurface 

drains were investigated in a field study by Shipitalo et al. (2004).  They reported that the 

cracks formed in a clayey soil in dry conditions can act like a connector between the plow 

layer and the macropores (Figure 2.2).  This situation greatly increased the supply of 

water available to infiltrate into earthworm burrows. 
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Figure 2.2.  Distribution of methylene blue dye added to cracks at the soil surface. 
Lateral movement at the plow layer-subsoil interface and deep movement in 
earthworm burrows. Source: Shipitalo and Gibbs (2005). 
 

2.2 Macropores as Preferential Flow Paths 
 

2.2.1 Field Investigations on Macropore Flows 

  

There has been extensive field research on the contribution of macropores to 

infiltration of water and solutes to subsoil (Geohring et al., 2001; Faeh et. al., 1997; 

Logsdon et al., 1990; Kladivko et al., 1999; Edwards et al., 1988, 1992, 1993; Shipitalo et 

al., 1994; Weiler and Naef, 2003a).  However, the number of studies focused on the 

interaction between macropores and subsurface drains are limited (Shipitalo and Gibbs, 

2000; Shipitalo et al., 2004).  Earlier field studies focused on infiltration and dye tracer 

studies conducted on individual macropores in the field.  For example, Edwards et al. 

(1989) devised a method to directly measure flow in L. terrestris burrows by placing 
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surface-vented, sample collection bottles beneath individual burrows intercepted 30 to 50 

cm below the soil surface (Figure 2.3).  Using this methodology, they were able to 

document that infiltrating water does indeed flow downward in large warm holes, 

particularly as a result of high intensity storms.         

 

  

Figure 2.3.  Earthworm flow sampler, schematic of installation before backfilling of 
soil pit.  Source: Edwards et al. (1992). 
 
 
 The experimental setup explained above has one drawback.  Interception of flow 

with the samplers may allow more water to move through the burrows than would 

naturally occur because infiltration characteristic of the soil surrounding the lower 

reaches of the burrow might limit infiltration.  For this reason, Shipitalo and Butt (1999) 

used an improved macropore flow measurement setup during their field infiltration 

experiments in Coshocton, Ohio, USA and Bilsborrow, UK.  An intake funnel with a 

flexible spout was firmly inserted into the burrow entrance and a Mariotte-type 

infiltrometer with a capacity of 6.8 L was used to maintain a constant head of water 

within the funnel (Figure 2.4).  Before each test, middens were removed and earthworms 

were expelled from alternate burrows by injecting a small amount of dilute formalin 
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directly into the burrow.  They collected the infiltration data along with physical burrow 

characteristics for a total of 73 burrows of L. terrestris.   

 

 

Figure 2.4.   Design and use of earthworm burrow infiltrometer. Source: Shipitalo 
and Butt (1999). 
 
  

A common way to detect the physical characteristics of burrows is to pour 

fiberglass resin (mixture of polyester resin and styrene) into the burrows (Shipitalo and 

Butt, 1999).  In their study, the burrows were excavated and burrow depth was obtained 

by measuring the distance from the base of the burrow to the soil surface.  Burrow 

volume was obtained by weighing the plastic replicas and dividing the density of the 
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resin.  Their results showed that the average infiltration rates of the burrows obtained by 

using the setup in Figure 2.4 were not correlated to the burrow lengths (Figure 2.5).   

 

 

Figure 2.5.  Lack of significant relationship of average infiltration rate with burrow 
length. Source: Shipitalo and Butt (1999). 
 
 
 

However, in a later field study, the averaged infiltration rate obtained by using the 

same procedure was found to be inversely correlated to the lateral distance between the 

individual burrow and subsurface drain (Shipitalo and Gibbs, 2000).  In this study, the 

position of the burrow with respect to the subsurface drain controlled the averaged 

infiltration rate for that burrow (Figure 2.6).  This suggested an interaction of burrows 

and subsurface drain.  The emitting of smoke (which was injected into the subsurface 

drain outlet) coming out of burrows having high average infiltration rates proved the 

‘directly connected’ macropore concept (Figure 2.7).    
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Figure 2.6.  Average infiltration rate in individual earthworm burrows as a function 
of distance from the subsurface drain. Source: Shipitalo and Gibbs (2000). 
 
 
 

 

Figure 2.7.  (a) Turbine blower used to force smoke into the subsurface drain (b) 
smoke emerging from middens in an approximately 1 m wide band above the 
subsurface drain. Source: Shipitalo and Gibbs (2000). 
  

 In shallow unsaturated soils, the effect of macropore flow can be manifested 

through very short arrival times of surface-applied substances to the groundwater.  

a) b) 
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Villholth et al. (1998) reported after a field study in a macroporous subsurface-drained 

field that a few macropores connecting the subsurface drain lines could be responsible for 

the initial breakthroughs observed during tracer experiments.  In addition, the macropore 

flow was evidenced from incipient subsurface drain flow during a 5 year rain event when 

the groundwater level was 0.9 m below the drain depth. The abrupt drain response before 

the saturated zone intercepts the subsurface drain indicated that relatively continuous and 

drain-connected macropores were responsible for rapid downward movement of the 

infiltrating water.   

 Geohring et al. (2001) conducted field experiments in New York to investigate 

the impact of manure applications on phosphorus (P) transport through the soil into 

subsurface drains.  It was noted that New York State landowners have been cited by 

environmental agencies for stream impairments caused by contaminated tile drain 

discharge.  Their results confirmed that macropore flow is a potential mechanism for 

transporting P through soil, even through much smaller diameter macropores (1 mm).  

Schelde et al. (2006) investigated potential preventive measures to decrease the effect of 

preferential flow paths.  They performed field experiments to investigate the effect of 

slurry application and plowing on the subsurface transport of colloids and P.  They 

concluded that no-tillage management systems conserve macropores in the topsoil and 

thus enhance leaching of contaminants into subsurface drains.  Kladivko et al. (1999) 

investigated the effect of subsurface drain spacing on preferential flow paths.  Their 

results showed that preferential flow was relatively less important on the wide drain 

spacing than on the narrow drain spacing, suggesting that preferential flow to shallow 

subsurface drains is of most significance in the close vicinity of the subsurface drains. 
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2.2.2 Laboratory Column Studies 

 

 Earlier column studies were carried out to answer questions regarding conditions 

when macropore flow occurs (Phillips et al., 1989; Trojan and Linden, 1992).  Phillips et 

al. (1989) showed that water under negative pressures can enter simulated macropores, 

after first establishing a continuous water film on the full length of the macropore walls.  

Their simulated macropores were hollow, cylindrical, straight-walled glass tubes of 4.88, 

2.60, and 0.85 mm in diameter.  In addition, they demonstrated that Darcy’s law was 

applicable to micropores but not to macropores.  On the other hand, Trojan and Linden 

(1992) used ten 19 L, 29-cm diameter buckets each packed with top soil.  After packing 

the buckets, fourteen worms of species Ap. Tuberculata were placed on the soil surface.  

Following the incubation period (approximately 6 months) buckets were subject to 

infiltration and dye studies.  They concluded three conditions that the models, designed to 

predict movement of water and chemicals in earthworm burrows, should consider: 

·  The quantity of water that potentially can be delivered to a burrow is a function of 

initial soil water content, rainfall intensity and amount, hydraulic conductivity, 

and surface contributing area.  The surface contributing area will include direct 

flow from stream lines connected to a burrow, the contribution of shrinkage 

cracks, and ponded water depressions. 

·  The second model component considers movement of available water within a 

burrow and is a function of the internal characteristics of a burrow, including 

tortuosity, length, continuity, direction, constriction, and degree of branching.  
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When considering sorbed materials such as pesticides, the effect of the burrow 

lining must also be considered. 

·  The final component considers water movement through the burrow wall into the 

soil matrix, which is a function of the sorptive properties of the burrow wall and 

the surface area inside the wetted burrow. 

 

Another laboratory column study, where the earthworms (L. terrestris) were able 

to burrow into soil column (19 cm wide and 40 cm long), which was artificially 

compacted to a pore volume of 40%, demonstrated the effect of burrow depth on the 

saturated hydraulic conductivity (Joschko et al., 1989).  The average length of 34 

Lumbricus terrestris burrows was 30.3 ± 10.5 cm; the burrow diameter was 9.4 ± 1.0 

mm.  The burrow length was correlated with the vertically projected burrow depth (r = 

0.95, n = 29).  This result indicated the mainly vertical orientation of the L. terrestris 

burrows.  One important result from this experimental study was that the saturated 

hydraulic conductivity was exponentially correlated with burrow depth (Figure 2.8).   
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Figure 2.8.  Exponential increase in saturated hydraulic conductivity with vertically 
projected burrow depth in soil columns with sandy silts. r = 0.85, y = 0.6318 e0.0453x 
n= 12. Source: Joschko et al. (1989). 
 

The maximum increase was observed in columns where the worms had penetrated 

the whole column, producing continuous macropores.  However, when the burrows ended 

in the middle of the soil column, saturated hydraulic conductivity also increased in most 

cases, although to a minor degree.  It should be noted here that the earthworms had a 

major loosening effect in compacted soil columns.  

 Several studies included laboratory tests using undisturbed soil samples taken 

from macroporous fields (Shipitalo et al., 1990) or in-situ tests using pan lysimeters or 

isolated blocks (Shipitalo and Edwards, 1996; Shipitalo et al., 1994).  This approach 

permits an intact soil section to be analyzed under controlled conditions.  However, as 

with field studies, it is often difficult to distinguish macropore effects from those 

introduced by the inherent complexity of natural soil systems.  Shipitalo et al. (1990) 

used six undisturbed blocks of soil (30 by 30 by 30 cm), taken from a no-till field, tested 

under a rainfall simulator consisting of an array of 105 60-mL syringes with plungers 
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attached to a common plate driven by a variable-speed motor (Figure 2.9).  The 

undisturbed block was rested on a grid of 64, 3.75 by 3.75 cm, funnel-shaped cells, each 

with tubing that led to separate collection vessels.  Their study suggested the point 

injection of fertilizer, lifting and replacing the mulch during pesticide application may be 

useful in reducing chemical transport to groundwater in no-till fields without adversely 

affecting losses in overland flow. 

 

 

Figure 2.9  The rainfall simulator with an undisturbed soil block and the percolate-
collection apparatus. 
 

 In addition to the strategies discussed above, to study macropore flow, there have 

been laboratory studies that utilized artificial macropores (Kohne and Mohanty, 2005; 

Ghodrati et al., 1999; Li and Ghodrati, 1997; Castiglione et al., 2003) which involve the 

creation of a macropore of known dimensions in a standardized soil.  Although highly 
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artificial, use of a standardized artificial soil eliminates the influence of textural and 

structural variations on the soil’s physical behavior, and permits study of the effect of 

individual macropore properties on soil physicochemical behavior (Buttle and Leigh, 

1997).  

 Li and Ghodrati (1997) tested the effectiveness of the artificial macropores 

(macropores were constructed by inserting 3-mm diameter metal rods all the way down 

to the bottom of a uniformly packed soil column) on solute transport by monitoring the 

breakthrough curves (BTCs) in three soils of different water conductivities.  Their results 

showed that at given normalized fluxes, preferential flow tends to occur to a greater 

extent in fine-textured soils than coarser textures soils since coarser soils have much 

greater matrix conductivity than fine soils.  Preferential flow occurred also under 

unsaturated water flow conditions.  At certain fluxes, BTCs displayed double peaks, with 

the first curve being smaller than the second one, suggesting that a small fraction of 

solute was transported by the artificial macropores, whereas most of it transported by the 

matrix.  However, when the fluxes increase, the macropore contribution increased, and 

for some levels became larger than the matrix contribution.  Ghodrati et al. (1999) 

constructed a similar setup, only this time the interaction between the macropore and 

matrix was visible by the use of a split artificial macropore column.  The colored dye 

miscible displacement experiments were able to illustrate the preferential flow through 

macropore located at the center of the column (Figure 2.10). 
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Figure 2.10.  Miscible displacement experiments in a column containing silica sand 
(matrix) and an artificial macropore at the center. Source: Ghodrati et al. (1999). 
 
 
 Laboratory studies with artificial macropores can also give an important insight 

into effects of macropore tortuosity on BTCs and solute distribution because of their 

well-defined macropore geometries.  Allaire-Leung et al. (2000) conducted laboratory 

experiments using a 2-D column (slab) containing macropores of various tortuosity 

levels.  The artificial macropores were constructed from stainless steel screen and were 

rectangular in shape (0.01 by 0.01 m wide and 0.45 m long) having five levels of 

tortuosity (Figure 2.11a).  Their results showed that water breakthrough occurred 

significantly earlier in low tortuosity than in high tortuosity treatments.  In addition, 

percolation rates of all tortuosity (T) treatments were higher (T1.0 treatment was the 

highest) than the control column (no macropore).  Figure 2.11b shows that all macropore 

tortuosity levels significantly influenced the water distribution in the soil column.  

However, the importance of macropore would change over time depending upon their 

shape.  Their impact on water movement would decrease as their tortuosity increases. 

V/Vo = 0.08 V/Vo = 0.11 V/Vo = 0.30   V/Vo = 0.88 
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Figure 2.11.  a) Positions of macropores in soil columns for various macropore 
tortuosity levels. b) Water distribution patterns in soil columns of various 
macropore tortuosity levels after 0.1 and 0.5 PV (Pore Volume) have infiltrated into 
soil columns (light color: dry soil, dark color: wet soil). Source: Allaire-Leung et al. 
(2000). 
 

 

 

a) 

 
 
b) 
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2.3 Modeling of Macropore Flow 

 

Research has intensified on modeling flow and transport phenomena in artificially 

drained soils due to the realization that preferential flow significantly influences 

migration of contaminants to the subsurface (Villholth et al., 1998; Villholth and Jensen, 

1998).  A number of models with varying simulation capabilities and transport 

methodologies are available to simulate contaminant transport through the soil matrix.   

Most models include two flow and transport domains: a high permeable macropore zone 

and a low permeable soil matrix zone.  These models then allow transfer of mass between 

the flow domains using varied strategies for interdomain mass transport.  Examples of 

such models include PRZM (Parrish et al., 1992), Root Zone Water Quality Model 

(Ahuja et al., 2000), MACRO (Villholth and Jensen, 1998; Jarvis, 1991), and HYDRUS-

2D (Šimunek et al., 1994; 2006) with the Dual Porosity/Permeability Model (DPM). 

For example, consider pesticides.  Models exist that can predict pesticides fate 

under numerous hydrologic and soil conditions and agricultural management practices.  

The Office of Pesticide Programs (OPP) of the United States Environmental Protection 

Agency (EPA) uses a tiered screening approach to estimate pesticide concentration in 

drinking water.  If pesticide concentrations are predicted to fail based on a first tier 

analysis using conservative estimates from the program FIRST (FQPA Index Reservoir 

Screening Tool), a second tier approach based on field scale model is used.  OPP uses a 

model based on PRZM.  PRZM is a one-dimensional, finite-difference model for 

pesticide and nitrogen transport through the crop root zone (Malone et al., 1999).  PRZM 

incorporates the climatic conditions, crop specific management practices, soil specific 
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properties, site specific hydrology, and pesticide specific application and dissipation 

processes to predict daily edge-of-field loadings of pesticides dissolved in runoff waters 

and sorbed to sediment (Parrish et al., 1992).  The PRZM model has been linked to the 

model VADOFT that simulates one-dimensional flow in the unsaturated zone by solving 

Richard’s equation.  However, the combined PRZM-VADOFT modeling package is not 

able to explicitly account for subsurface, artificial drainage and the rapid transport of 

pesticides to subsurface drains through preferential pathways.   

The Root Zone Water Quality Model (RZWQM) is a one-dimensional (vertical) 

model that simulates physical, chemical and biological processes of a unit area of an 

agricultural crop production system (Ahuja et al., 2000; Ahuja et al., 1995).  RZWQM 

simulates the influence of a variety of agricultural management practices including tile 

drainage.   Macropore flow is modeled in RZWQM (Malone et al., 2001).  Precipitation 

that exceeds the infiltration rate is routed into macropores based on a flow capacity limit 

determined by Poiseuille’s law (Malone et al., 2003).  Water entering into macropores is 

evenly distributed among the number of effective macropores per unit area.  Flow is 

sequentially routed downward through continuous macropores in 1-cm increments and 

allowed to laterally infiltrate into surrounding, unsaturated soil based on a radial 

infiltration rate in macropores.  This radial infiltration rate is dependent on a lateral 

sorptivity reduction factor that represents impedance of infiltration by organic material on 

macropore walls and/or macropore wall compaction (Malone et al., 2001).  Chemicals are 

also routed through macropores and allowed to react through chemical partitioning with 

soil surrounding the macropores.  A linear isotherm is assumed for the relationship 

between chemical adsorbed to soil and chemical in solution (Malone et al., 2001).     
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Besides the models having discrete macropore flow routines as described above, a 

dual-porosity approach was proposed initially for studying the exploitation of fissured 

groundwater and petroleum reservoirs (Gerke, 2006). A dual-porosity model is a 

deterministic approach for water flow and solute transport in porous media.  Dual-

porosity models (DPM) assume that water flow is restricted to the fractures (macropores), 

and that water in the matrix does not move at all.  These models assume that the matrix, 

consisting of immobile water pockets, can exchange, retain, and store water, but does not 

permit convective flow.  This conceptualization leads to two-region, dual-porosity type 

flow and transport models that partition the liquid phase into mobile (flowing, macropore, 

� m), and immobile (stagnant, matrix), � im, regions.  Exchange of water and/or solutes 

between the two regions is usually calculated by means of a first-order rate equation.  The 

dual-porosity formulation for water flow, as used in HYDRUS-1D DPM, is based on a 

mixed formulation, which uses Richards’ equation to describe water flow in the fractures 

(macropores), and a simple mass balance equation to describe moisture dynamics in the 

matrix as follows (Šimunek et al., 2005): 
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where Sm and Sim are sink terms for both regions, and � w is the mass transfer rate for 

water from the macropore to matrix aggregate pores.  Mass transfer rate, � w, has been 

assumed to be proportional to the difference in effective water contents or pressure heads 

between the two pore regions.  If it is calculated using the difference in water content, 

then: 
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where � m is the matrix water content, �  is a first-order rate coefficient (T-1), and Se
f and 

Se
f are effective fluid saturations of the fracture and matrix regions, respectively. 

Compared to assuming a pressure head-based driving force, the dual-porosity model 

based on this mass transfer equation requires significantly fewer parameters since one 

does not need to know the retention function for the matrix region explicitly, but only its 

residual and saturated water contents (Simunek et al., 2003).  The mass transfer 

calculation using the difference in water content follows: 

)( mfww hh -=G a      [4] 

where � w is a first-order mass transfer coefficient.  Since pressure heads are now needed 

for both regions, this approach requires estimating retention curves for both pore regions. 

In contrast to dual-porosity models, the flow equation is solved for two mediums 

in dual-permeability models.  This model assumes a macropore network and matrix zone, 

both of which have separate hydraulic and solute transport properties.  DPM simulates 

fluid exchange between the two zones and couples the equations for macropore and 

matrix zones.  Models of this type differ mainly in the description of flow in the 

macropore or fracture pore system and in that of the mass transfer between fracture and 

matrix pore domains (Gerke, 2006).  The dual-permeability model of Gerke and van 

Genuchten (1993a) as implemented into the modified HYDRUS-1D (Šimunek et al., 

2003) uses the following two mixed-type Richards’ equations to describe transient water 

flow in fractures and the matrix (Kohne et al. 2006):  
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where the subscript f defines a property of the fracture pore system, the subscript m 

represents the matrix, �  is the water content (L3 L-3), h is the pressure head (L), K denotes 

the hydraulic conductivity function (L T-1), wf is the fraction of total soil occupied by the 

fracture system (0 < wf < 1), and � w is the water transfer term (T-1): 
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where �  is a dimensionless geometry coefficient, a is the characteristic length of the 

matrix structure (L), Ka is the hydraulic conductivity of the fracture–matrix interface (L 

T-1), and � w is a dimensionless scaling coefficient for which a value of 0.4 was suggested 

(Gerke and van Genuchten, 1993b). To apply this dual-permeability model on a field 

scale, Kohne et al. (2006) lumped the parameters of � , a, Ka, and � w into a single water 

transfer coefficient, � w (L-1 T-1), which yields the following simplified expression for the 

water transfer term: 

)( mfww hh -=G w      [8] 

  Similar to the dual-permeability model in HYDRUS, MACRO computer model 

calculates vertical water flow and solute transport for each domain, with mass exchange 

between domains treated as source/sink terms in the one-dimensional (vertical) model 

structure (Selim et al., 1998).  However, for the macropore domain, MACRO uses a 

volumetric flux density, q: 
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where � sf is the saturated water content of the macropores, a is a kinematic exponent and 

b is a macropore conductance parameter.  Since the macropore water content in the above 

equation is scaled by � sf, macropore conductance parameter has more direct physical 

meaning of the hydraulic conductivity of macropores at full saturation.  One advantage of 

this approach for our study is that no water retention properties of the macropore region 

is required, hence the number of parameters can be reduced.  Such data are 

experimentally very difficult to determine (Simunek et al., 2003).   

 The difficulty in developing mathematical formulations of flow and transport 

processes in mixed regimes is the inherent heterogeneous soil and macropore properties.  

Questions exist as to whether two-domain, mass-transfer-based models appropriately 

capture the physical processes within these heterogeneous systems (Villholth and Jensen, 

1998).  Accurate coupling of the fracture and matrix domains still represents the greatest 

challenge in terms of successfully describing non-equilibrium flow and transport in the 

vadose zone.  Matrix–macropore (or matrix–fracture) interfaces can have very different 

properties than the bulk matrix due to the deposition of organic matter, various types of 

coatings, fine texture mineral particles, or various oxides and hydroxides on the aggregate 

exteriors or macropore walls; these coatings can markedly reduce rates of diffusion and 

mass flow between macropores and the soil matrix (Simunek et al., 2003).  
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CHAPTER III 

EXPERIMENTAL INVESTIGATION OF DIRECT CONNECTIVITY B ETWEEN 

MACROPORES AND SUBSURFACE DRAINS DURING INFILTRATIO N 

 

3.1 Abstract 

 

Recent research indicates immediate breakthrough of surface-applied 

contaminants in subsurface drainage by transport through directly surface connected 

macropores.  This “direct connectivity” phenomenon was verified and investigated by 

conducting infiltration experiments in a laboratory soil column (28 cm by 50 cm cross 

section and 95 cm long) with a vertical artificial macropore placed directly above or 

shifted away from a lateral subsurface drain.  The experimental setup allowed the surface 

connected and buried macropore lengths to be varied from the surface to the subsurface 

drain depth without unpacking or disturbing the soil column between experiments.  The 

column was packed with a sandy loam soil with bulk density of 1.6 g cm-3.  For each 

infiltration experiment, a 1-cm ponded boundary condition was maintained at the soil 

surface.  The movement of the wave front down the column was observed with pencil 

size tensiometers installed in the soil at 10, 40, and 70 cm above the drain.  It was 

observed that the longer the buried macropore length (i.e., as the macropore approached 

the soil surface), the more rapid response at the drain outlet in addition to an increased 

percentage of total drain flow through the macropore (35-40%).  Breakthrough with 

surface connected macropores (approximately eight times faster than matrix flow) was 

significantly faster compared to buried macropores (less than two times faster than matrix 
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flow) suggesting that breaking surface connectivity of macropores by tillage may be an 

important management strategy.  For surface connected macropore experiments, the 

average ratio of steady state total (macropore and matrix) to matrix flow rates decreased 

as the distance from the drain increased: 2.4, 2.1, and 1.6 for distances of 0, 6.25, and 

12.5 cm, respectively.  Extrapolating this data to distances beyond 12.5 cm suggested that 

macropores located within 20 to 25 cm of the drain act as directly connected in this sandy 

loam soil.  This research verifies the “contributing area” concept hypothesized in 

previous field and numerical modeling studies. 

 

3.2 Introduction 

 

 Artificial subsurface drainage is an important component of successful 

agricultural water management in areas with shallow ground water.  However, concerns 

exist about the rapid transport of pesticides (Fox et al., 2004), pathogens (Jamieson et al., 

2002; Shipitalo and Gibbs, 2005), and nutrients (Kladivko et al., 1999) from the soil 

surface to ground water through macropores.  Preferential flow in macropores can lead to 

rapid transport of surface applied contaminants to the subsurface (Magesan et al., 1995; 

Kladivko et al., 1999; Shipitalo and Gibbs, 2000).  Wetting fronts propagate to significant 

depths by bypassing matrix pore space (Brusseau et al., 1992; Kladivko et al., 1999; 

Castiglione et al., 2003).  The influence of macropores increases as soil saturations 

increase. Therefore, the ability to model the interrelationship between macropore-

facilitated contaminant transport and subsurface drainage systems, where soil is 

consistently near saturation, is important for evaluating potential environmental 
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contamination.   

Contaminant fate and transport models can predict chemical fate under numerous 

hydrologic and soil conditions and agricultural management practices.  Performing field 

research under all of the expected conditions (soils, climate, and chemical applications) is 

cost prohibitive.  Generally, models approximate the bimodal pore structure of the soil by 

a two-domain flow regime.  The two domains include a high permeable macropore zone 

and a low or non-permeable soil matrix zone (Ahuja et al., 1995; Villholth and Jensen, 

1998; Nieber, 2001).  Solutes and contaminants are transported within the two flow 

domains based on convective and dispersive transport: 
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where � m is the water content in the mobile macropore regime and � im is the water content 

of the immobile or less mobile, stagnant matrix regime, h is the soil pore water pressure 

head, K(h) is the hydraulic conductivity function, Sm and Sim are sink terms for both 

regions, and � w is the transfer rate for water from the macropore to matrix aggregate 

pores.  Mass transfer between the regimes is assumed to be due to water flow and solute 

diffusion as described by a first-order mass transfer equation.  Transfer is characterized 

by a single parameter called the transfer rate coefficient, which is a function of the 

geometry and dimensions of the macropore structure (Villholth and Jensen, 1998; 

Villholth et al., 1998).   

The difficulty in developing mathematical formulations of flow and transport 
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processes in such systems is the inherent heterogeneous soil and macropore properties. 

Questions exist as to whether two-domain, mass-transfer-based models appropriately 

capture the physical processes within these heterogeneous systems.  Exchange processes 

between macropore and soil matrix domains may be rate limited constraining total and 

instantaneous mixing within the soil matrix.  Rate limited solute transfer can lead to non-

ideal transport (Hodges and Johnson, 1987).  More sophisticated diffusion, 

mobile/immobile representations may be required.  The drawback is that models that are 

more elaborate require a greater number of parameters that may or may not be readily 

measurable (Villholth and Jensen, 1998).   

Additional difficulties arise when applying models to systems with subsurface 

drainage (Haria et al., 1994; Kladivko et al., 1999; Lennartz et al., 1999; Paasonen-

Kivekas et al., 1999).  Recent research indicates immediate breakthrough of surface-

applied solutes and contaminants in subsurface drainage by extraordinarily efficient 

transport through directly connected macropores (Villholth et al., 1998; Fox et al., 2004). 

Shipitalo and Gibbs (2000) observe macropores created by deep burrowing (Anecic) 

species of earthworms in a silt loam soil that allow water to transfer directly to subsurface 

drains, including the use of smoke injected into drain lines to observe transmission to the 

soil surface.  Smoke-emitting macropores were located within 50 cm of the drain line and 

the distance from the subsurface drains correlated to infiltration rate.  The rate at which 

water entered earthworm burrows (I) declined with the log of distance (D) from the drain 

tile: 

( )DbaI log-=      [3] 

where a and b were curve fit parameters.  The field observations of Shipitalo and Gibbs 
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(2000) documented numerous macropores reaching the subsurface drain depth with fairly 

uniform shape (average diameter: 7.5 mm) in the vicinity of the drain. The plastic 

replicas of the burrows revealed that these macropores were as close as 2 cm from the 

tile.  

Fox et al. (2004, 2007) modified a pesticide transport model, the Root Zone Water 

Quality Model (RZWQM), to include direct connectivity by routing a user-specified 

express proportion of water and chemicals in macropore flow directly from the soil 

surface to the drains.  They use an estimated 2% express fraction based on the assumption 

that directly connected macropores are located within 25 cm of the drain (10 m total 

distance between subsurface drain lines) to model a field site with silty clay to loam soils.  

The modified model more appropriately captured the immediate breakthrough of 

pesticides during rainfall events shortly after pesticide application (Fox et al., 2004, 

2007).  

This laboratory study has two main objectives: (1) to quantify the flow 

components in matrix and macropore domains for different macropore lengths changing 

from zero (no macropore) to surface (full macropore open) without unpacking or 

repacking of the soil column, thus maintaining the same soil structure, and (2) to 

investigate the importance of direct drain connectivity of open-surface and buried 

macropores on subsurface drainage in terms of breakthrough times and total flow.  This 

research also aims to verify field and modeling observations regarding the potential of 

macropores to be directly connected to subsurface drain lines.  A relationship is derived 

between the ratio of steady state discharge for experiments with macropores versus 

matrix flow experiments as a function of distance from the subsurface drain. 
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3.3 Materials and Methods 

 

A box-shaped Plexiglas soil column (Figure 3.1) with dimensions of 50 cm by 28 

cm by 95 cm was used in the flow experiments.  A 6-cm diameter perforated PVC 

subsurface drain tube was installed over the impervious bottom on the center axis of the 

column for the primary purpose of simulating a 0-cm pressure head subsurface drainage 

boundary condition.  Pencil size tensiometers (bubbling pressure = 100 cm H2O, Soil 

Measurement Systems, Tucson, AZ) were installed at 10, 40, and 70 cm above the drain 

to measure soil pore-water pressure heads.  All tensiometers were equipped with pressure 

transducers (ASDX001, Invensys, Milpitas, CA).   

 

Figure 3.1. (a) Experimental setup (b) direct connection of the macropore and the 
subsurface drain. 

 

A datalogger (CR10X, Campbell Scientific, Logan, UT) continuously received 

and transmitted information to a computer for automated pressure monitoring.  Digital 

a) b) 
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scales (EK-12Ki, A&D, Milpitas, CA) recorded the outflow from the soil matrix for 

shifted and centered surface-connected macropore experiments and from both the 

macropore (discharge from the tube connected to the bottom of the macropore) and soil 

matrix (collected from the subsurface drain tube) in centered buried macropore 

experiments.  All of the experiments were conducted using a sandy loam soil (Table 3.1) 

collected from the upper soil profile (10-40 cm) of an agricultural field near Little 

Topashaw Creek, Mississippi.   

 

Table 3.1.  Field measured soil properties of sandy loam soil used in the 
macropore/subsurface drain column experiments.  Data from Fox et al. (2006). 

Soil Property Value 

USDA Texture Classification Sandy Loam 

 % Sand 

% Silt 

% Clay 

55% 

32% 

13% 

Field Bulk Density, r b 1.4 g cm-3 

Residual Water Content, qr 0.06 cm3 cm-3 

Saturation Water Content, qs 0.39 cm3 cm-3 

van Genuchten Parameters (a, b) 0.02, 3.5 

 

To allow a ponded surface boundary condition, the distance between the 

subsurface drain and the packed soil surface was set to 75 cm.  Before packing the 

column, a solid wooden rod wrapped first with a layer of aluminum mesh (2 mm) and 

then a nylon mesh (0.1 mm) was placed vertically in the center of the column and 

inserted into a hole in the side of the subsurface drain (Figure 3.1).   
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By retracting the rod to various levels within the mesh that remained in place, this 

enabled the macropore to be intentionally clogged to various degrees to quantify drainage 

under variable macropore conditions.  The aluminum mesh provided stability of the 

artificial macropore after removing the rod, while the nylon mesh prevented soil particles 

from backfilling and clogging the macropore during experiments (Figure 3.2).  This 

configuration resulted in a macropore diameter of 1 cm.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. (a) Different buried macropore lengths were obtained by pulling the rod 
out incrementally and (b) artificial macropore structure. 

 

The macropore construction allowed us to perform numerous experiments without 

disturbing the soil matrix structure; hence the soil properties, e.g., hydraulic conductivity 

and porosity, remained the same from experiment to experiment.  Maintaining soil 

a) b) 
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property consistency is difficult when repacking soil columns.  A plastic tube was 

connected to the macropore at the subsurface drain.  This tube allowed differential 

monitoring of the preferential flow in the macropore versus matrix flow into the 

subsurface drain.  

Two types of flow experiments were performed to investigate macropore-matrix 

interactions: centered and shifted macropores (Figure 3.3).  The centered macropore was 

placed directly above the subsurface drain and with direct connection as described earlier, 

whereas the shifted macropore was placed 6.25 cm or 12.5 cm away from the subsurface 

drain but ending at the level of the drain.   

For both sets of experiments, the column was packed in 2.5 cm increments to 

obtain a dry bulk density of 1.6 g cm-3.  The surface boundary condition was 1-cm 

ponded water for three hours for centered and two hours for shifted macropore 

experiments.  Water input was terminated after these times but data collection (soil pore-

water pressures, macropore outflow, and drain outflow) continued for 24 hrs.  A ponded 

boundary condition was obtained with a Marriott type infiltrometer supplying distilled 

water containing 0.55 g L-1 CaCl2 and 0.2 g L-1 Thymol in order to prevent dispersion of 

soil particles and microbial growth within pore spaces.  

For both centered and shifted macropore experiments, two types of macropores 

were simulated: buried and surface connected.  Buried macropores have no connection to 

the soil surface; however they can have direct connection to the subsurface drains 

depending on their location with reference to the subsurface drain.  For example, the 

centered buried macropore has direct connection to the drain, whereas the shifted buried 

macropore has no direct connection to either the soil surface or the drain.   
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Figure 3.3. Laboratory soil column with (a) centered and (b) shifted macropores.  
Dots represent location of tensiometers.  

 

Various buried macropore lengths were achieved without unpacking the soil by 

gently extracting the rod from the column (Figure 3.4a).  For buried macropore 

experiments, ponded water at the soil surface had to flow through the soil matrix before 

entering the macropore.  The first infiltration test of centered and shifted buried 

macropore experiments was a zero buried macropore length, i.e. no macropore effect.  

This infiltration experiment quantified matrix flow to the subsurface drain.  Then, a set of 

four infiltration experiments (buried macropore lengths of 20, 40, 60 and 72 cm) was 

performed for centered and shifted macropores.  

 

a) b) 
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(a) 

 
(b) 

 
Figure 3.4. The sequence of laboratory soil column experiments for (a) buried 
macropores and (b) surface connected macropores.  Dots represent location of 
tensiometers. 

 

The second set of experiments consisted of infiltration experiments with open-

surface, or surface-connected, macropores; hence ponded water at the soil surface was 

allowed to enter the macropore.  In this second set of experiments, the length of the 

macropore was adjusted by packing the macropore to a specified height with the sandy 

loam soil used for the soil matrix (Figure 3.4b).  The first run of this experimental set for 
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centered and shifted macropores consisted of a fully open macropore.  For the centered 

macropore, this resulted in a direct connection to both the soil surface and the subsurface 

drain.  Since ponded water was allowed to directly enter into the macropore at the soil 

surface, an immediate outflow occurred from the macropore domain as expected.  To 

prevent immediate outflow for the centered macropore, the macropore tube was closed at 

the bottom, forcing the flow to diffuse back into the soil matrix before exiting from the 

subsurface drain.  This allowed us to evaluate the maximum diffusion that could take 

place from the macropore to the soil matrix by comparing the results with the matrix flow 

experiment.  Additional infiltration experiments for centered and shifted macropores 

consisted of open surface macropores ranging in length from 15 to 75 cm formed by 

packing sandy loam soil at the bottom of the open macropores. 

In order to compare the results from both sets of infiltration experiments, near-

hydrostatic soil water content in the soil profile was ensured before beginning each 

experiment.  Therefore, the soil column was allowed to drain until the readings of soil 

pore-water pressure heads at the top (T1-4, 70 cm above the drain), middle (T5-8, 40 cm 

above the drain), and bottom (T9-12, 10 cm above the drain) tensiometers reached values 

of approximately -70, -40, and -20 cm H2O, which corresponded to near hydrostatic 

initial water content conditions.  

 

3.4 Results and Discussion 

 

Based on steady-state infiltration measurements, the packing resulted in a soil 

column with a saturated hydraulic conductivity, Ks, of approximately 1.6 cm hr-1 



 42 

(coefficient of variation, CV = 12.8% based on seven experiments with various 

packings).  Figure 3.5 presents measurements of cumulative outflow for matrix flow (no 

macropore present and wooden rod inserted into the drain) and for various centered 

buried macropore lengths along with their associated matrix and macropore flow 

components. Matrix and macropore outflow were expressed as a percentage of the total 

drain flow after 24 hours.  Total outflow (summation of macropore and matrix 

components) for centered buried macropore experiments was the same as in the no buried 

macropore (matrix flow) experiment (Figure 3.5).  Breakthrough times were also only 

slightly faster for buried macropores compared to matrix flow experiments and occurred 

approximately 120 min after initiation of ponding.    

The portion of the total flow diverted into the macropore increased as the length 

of buried macropore increased (approximately 35% for 20 and 40 cm buried macropore 

lengths and approximately 40% for 60 and 72 cm buried macropore lengths); however, 

the increase was not linearly proportional to the increase in the buried macropore length. 

Even with a 300% increase in buried macropore length when passing from 20 cm to 60 

cm, the portion of the macropore outflow increased only about 5%. This suggested that 

the interaction between the macropore and matrix domains was mostly restricted to the 

soil profile near the subsurface drain. 
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Figure 3.5. Breakthrough curves for matrix flow and centered buried macropore 
experiments. 

  

The pore-water pressure data supports this conclusion in that only the bottom 

tensiometers (T9-12, 10 cm above the drain) reached positive soil pore-water pressures 

when the soil matrix reached steady state, promoting a mass transfer from matrix to 

macropore in that region (Figure 3.6). Uniformity of the wave front arrivals among 

different buried macropore lengths suggests that the sensitivity of the matrix domain to 

these changes were minimal. 

 

 



 44 

 

Figure 3.6. Soil pore-water pressure data from matrix flow and centered buried 
macropore flow experiments (T1-4, T5-8, and T9-12 are tensiometers located 70, 40, 
and 10 cm above the drain, respectively).  

 

Best management practices aimed at removing the direct connection between 

macropores and the soil surface, such as surface tillage to disrupt the continuity of 

macropores, will delay breakthrough times and discharge by converting surface 

connected macropores to buried macropores.  However, it should still be noted that as 

much as 35-40% of the total flow may be diverted through remaining buried macropores 

after soil pore-water pressure buildup in the soil matrix as observed by the bottom 

tensiometers (T9-12 in Figure 3.6). 
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Before passing to the centered open-surface macropores, the rod was inserted 

back into the subsurface drain to verify the original matrix flow experiment. This 

experiment also verified that no preferential flow occurred along the side wall of the 

column or macropore as a result of repeated experiments.  The total outflow as well as 

breakthrough times for matrix flow remained unchanged.  Minimal differences were 

hypothesized to be the result of reduced conductivity by surface crusting over time. 

The centered surface connected macropore experiments consisted of two different 

lengths: 75 and 50 cm from the ground surface. The initial and boundary conditions 

remained the same except that ponded water was allowed to enter directly into the 

macropore since it was surface connected.  Figure 3.7 presents the outflow from the 

subsurface drain for these two experiments along with the outflow from the original 

matrix flow experiment.  As a result of the surface connected macropore, the steady-state 

infiltration rate for the soil column with a 75-cm macropore increased approximately five 

times compared to the infiltration rate of the matrix flow experiment without a 

macropore.  The sensitivity of the matrix flow infiltration rate and breakthrough time to 

changes in macropore lengths was greater with open-surface macropores compared to 

buried macropores.  Due to lower breakthrough times and the magnified diffusion from 

macropore to matrix domain, the surface connected macropore experiments reached 

steady state earlier (15 to 30 min) than the buried macropore experiments (120 min). 

While the bottom tensiometers (T9-12) reached positive soil pore-water pressures 240 

min after the start of the infiltration test for buried macropores, tensiometers reached 

positive pore-water pressure heads in 15 minutes for surface connected macropores 

(Figure 3.8).   
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Figure 3.7.  Breakthrough curves expressed as ratio of total drain flow to drain flow 
from matrix experiment for centered surface connected macropore experiments. 

 

 

The shifted macropore setup follows the same infiltration experiments of the 

centered macropore.  Also, the infiltration rate was controlled by the matrix domain 

above the buried macropore as in the experiments of centered buried macropores.  The 

breakthrough curves had almost no sensitivity to the changes in shifted buried macropore 

length.  Conversely, surface connected macropores showed an increase in the infiltration 

rate and a decrease in breakthrough times.  However, the total flow for shifted surface 

connected macropores decreased compared to centered macropores of the same length.   
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Figure 3.8. Soil pore-water pressure data from centered surface connected 
macropore flow experiments (T1-4, T5-8, and T9-12 are tensiometers located 70, 40, 
and 10 cm above the drain, respectively). 

 

For example, for macropores located 12.5 cm away from the subsurface drain, the 

average ratio of steady state total discharge (matrix and macropore) to steady state matrix 

discharge was 1.1, 1.2, and 1.6 for surface connected macropores of lengths 15, 35, and 

55 cm, respectively.   Therefore, the length of surface connected macropores is important 

for drain connectivity.  Field work by Shipitalo et al. (2004) indicates that macropores 

can extend the entire distance between the ground surface and subsurface drain.  These 

results directly impact recent suggestions to decrease the depth of subsurface drains for 

increased residence time in the saturated zone and therefore contaminant removal (Davis 

et al., 2000; Skaggs and Chescheir 2003; Burchell et al., 2005; Sands et al., 2006).  
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Moving subsurface drains closer to the surface may promote macropore direct 

connectivity.   

For three replicate 55-cm surface connected macropore experiments with a single 

macropore shifted at varying distances from the subsurface drain, the ratio of steady-state 

discharge between total flow (macropore and matrix) and matrix flow decreased from 2.4 

(CV=18.7% based on three experiments) for a centered macropore to 2.1 (CV=15.5% 

based on three experiments) for a 6.25-cm shifted macropore to 1.6 (CV = 15.4% based 

on three experiments) for a 12.5-cm shifted macropore.  If one increases the length of 

surface connected macropores (i.e., 75 cm), results are fairly equivalent to the results for 

the 55-cm surface connected macropores.  As the length of surface connected macropores 

decreased, the ratio of total flow to matrix steady state discharge approached unity for all 

distances from the subsurface drain, indicating no effect of the macropore.   

The total outflow ratios for both the centered and shifted 55 cm surface connected 

macropores were plotted as a function of distance away from the subsurface drain (Figure 

3.9a).  A linear relationship (slope = -0.06 cm-1, intercept = 2.4, and R2 = 0.98) was 

assumed between the ratio and the distance from the subsurface drain, which indicated an 

effective distance (contributing area) of 20 to 25 cm.  This distance is similar to that 

observed by Shipitalo and Gibbs (2000), especially if one considers the infiltration rates 

of smoke-emitting macropores versus non-smoke emitting macropores (Figure 3.9b).   
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Figure 3.9. (a) Ratio of total (macropore and matrix) to matrix steady state 
discharge for 55-cm surface connected macropores shifted at three distances from 
the subsurface drain (ratio of unity suggests no effect of the macropore and errors 
bars represent one standard deviation from triplicate experiments) and (b) field 
data of Shipitalo and Gibbs (2000) indicating infiltration rate of smoke-emitting 
macropores. 
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Smoke-emitting macropores within 20 cm of the drain line (average infiltration 

rate of 164 mL min-1 with a CV = 58%) possessed infiltration rates higher than the 

average and one standard deviation of infiltration rates for non-smoke emitting 

macropores (average of 37.9 mL min-1 with a CV = 84%).  Smoke-emitting macropores 

between 20 and 50 cm possessed an average infiltration rate of 82.6 mL min-1 (CV = 

54%).  The laboratory measured value also matched the proposed express fraction (2% or 

20 to 25 cm of the 10 m total distance between subsurface drain lines) used by Fox et al. 

(2004, 2007) for modeling pesticide transport through directly connected macropores in 

loam to clay soils. 

 

3.5 Summary and Conclusions 

 

The ability to conduct buried and open-surface macropore flow experiments 

without the need of disturbing the soil matrix provided valuable insight into macropore-

soil matrix interactions with the presence of a subsurface drain.  The experiments 

demonstrated that buried macropores may play a role in flow and contaminant transport 

by diverting as much as 40% of matrix flow when directly connected to subsurface drains 

and after buildup of soil pore-water pressure.  No direct short circuiting occurred with 

buried macropores.  Open-surface macropores do not require direct connectivity with 

subsurface drains for rapid drain flow response.  Considering the rapid breakthrough 

times of the surface connected macropores, macropore flow is critical for surface-applied 

contaminants.  Solute applications incorporated directly into the soil matrix should be 
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considered as a best management practice along with tillage operations that convert 

surface connected macropores to buried macropores thereby removing the continuity of 

macropores.  Best management practices that suggest moving subsurface drains closer to 

the soil surface may promote increased direct connectivity.  Experiments with shifted 

macropores were able to represent field conditions regarding the decrease in the 

infiltration rate as the lateral distance between the macropore and the drain increases, 

suggesting an effective distance or contributing area of 20 to 25 cm for directly connected 

macropores in the sandy loam soil used in the experiments.  These results verify assumed 

express fractions used in pesticide fate and transport modeling of directly connected 

macropores.    
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CHAPTER IV 

NUMERICAL INVESTIGATION OF FLOW DYNAMICS DURING 

MACROPORE/ SUBSURFACE DRAIN INTERACTION 

 

4.1 Abstract 

 

Macropores, such as those created by deep-burrowing earthworms, have the 

potential to be hydraulically connected not only to the soil surface but also to subsurface 

drains.  This connection may lead to rapid movement of surface-applied chemicals to 

receiving waters due to bypassing of the soil matrix.  In this study, a numerical model 

(HYDRUS) that solves three-dimensional Richards’ equation for matrix and macropore 

regimes has been used to analyze previously conducted laboratory experiments that 

contain a single artificial macropore with subsurface drain installed as a bottom boundary 

condition.  Both matrix and macropore domains were parameterized according to 

continuous water retention functions.  The modeling results demonstrated the commonly 

observed features of macropore flow observed both in the laboratory and field conditions.  

Surface connected macropores proved to be a highly efficient preferential flow path by 

reducing breakthrough times to the subsurface drainage outlet, with percent reduction in 

breakthrough time directly related to depth of macropore penetration.  Surface connected 

macropore lengths should extend at least 50% of the soil horizon above the drain to have 

a notable effect (i.e., greater than 50% reduction) on the matrix flow breakthrough curve.  

No significant changes were observed in the total outflows for shifted macropores as 

compared to centered macropores unless the macropore depth extended significantly (i.e., 
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greater than 75%) into the profile.  Buried macropores contribute to the total outflow 

when soil-pore water pressures become positive under the conditions modeled.  A case 

investigated in this research was control drainage, where high water pressures originated 

in the matrix domain.  Under these conditions, buried macropores can contribute as much 

as 40% of the total outflow, which confirms laboratory observations in the subsurface 

drained soil column.  

 

4.2 Introduction 

 

Concerns exist about the rapid transport of contaminants, such as pesticides (Fox 

et al., 2004), pathogens (Joy et al., 1998; Geohring et al., 1999; Jamieson et al., 2002; 

Shipitalo and Gibbs, 2005), and nutrients from the soil surface to ground water through 

macropores (Magesan et al., 1995; Kladivko et al., 1999; Shipitalo and Gibbs, 2000).  

The common observation of short-circuiting noted in many subsurface drainage field 

studies has been hypothesized to be due to direct hydrologic connectivity between 

macropores and subsurface drains (Fox et al., 2004, 2007; Shipitalo and Gibbs, 2000, 

2005).  Directly connected macropores can result in the rapid transport of contaminants 

from the soil surface, into the subsurface drains, and then into adjacent receiving streams 

and channels by bypassing the soil’s filtering capacity.  The ability to model the 

interrelationship between macropore-facilitated contaminant transport and subsurface 

drainage systems, where soil is consistently near saturation, is important for evaluating 

potential environmental contamination (Hoorman et al., 2006).  In fact, Dorner et al. 
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(2006) reports model simulations that predict that most microorganisms entering streams 

enter from tile drainage rather than overland transport.   

Preferential flow and particle-facilitated transport may be largely responsible for 

observed leaching patterns of strongly sorbing contaminants such as phosphorus (P).  

Field experiments were performed to investigate the effects of slurry application and 

plowing on the subsurface transport of colloids and P (Schelde at al., 2006).  Tebrugge 

and During (1999) and Geohring et al. (2001) demonstrated that no-tillage soils are 

characterized by continuous macropores that improve infiltration rates and that will be 

destroyed by plow tillage.  Following this work, Schelde at al. (2006) observed that for a 

field plot, the drain flow emerged at a later time compared with the time of flow before 

plowing, indicating that plowing had destroyed the macropore network. 

Shipitalo and Gibbs (2000) observed macropores created by deep burrowing 

species of earthworms (L. terrestris) that allowed water to transfer directly to subsurface 

drains in a silt loam soil.  Their research included the use of smoke injected into drain 

lines to observe transmission to the soil surface.  Smoke emitting macropores were 

located within 50 cm of the drain line and the distance from the subsurface drains 

correlated to infiltration rate.  The rate at which water entered earthworm burrows 

declined with the log of distance from the drain tile.  Shipitalo and Gibbs (2005) 

investigate the importance of this connectivity by observing the structure of macropores 

and their surface connectivity (Figure 4.1).   

 

 

 



 55 

 

Figure 4.1.  Directly connected macropore in the field with polymer resin 
demonstrating the connection between macropores and subsurface drains. Picture 
courtesy of Martin Shipitalo, USDA-ARS, Coshocton, OH. 

 

This “direct connectivity” phenomenon was verified by Akay and Fox (2007) by 

conducting infiltration experiments in a laboratory soil column with an artificial 

macropore placed directly above and shifted away from a subsurface drain.  The 

experimental setup allowed open surface and buried macropore lengths to be varied from 

the subsurface drain to the surface without unpacking or disturbing the soil column 

between experiments.  It was observed that the longer the buried macropore length (i.e., 

as the macropore approached the soil surface), the more rapid response at the drain outlet 

in addition to an increased percentage of total drain flow through the macropore (35-
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40%).  Breakthrough times with surface connected macropores (approximately eight 

times faster than matrix flow) decreased significantly compared to buried macropores 

(less than two times faster than matrix flow).  For 55-cm surface connected macropore 

experiments, the average ratio of steady state macropore to matrix flow rates decreased as 

the distance from the drain increased: 2.4, 2.1, and 1.6 for distances of 0, 6.25, and 12.5 

cm, respectively.  Extrapolating this data suggested that macropores located within 20 to 

25 cm of the drain were hydrologically directly connected.   

Steenhuis et al. (1997) modeled preferential transport to subsurface drains using a 

conceptual model based on two linear reservoirs located near the soil surface and closer 

to the drain.  Their results suggested that methods based on field averaged preferential 

flow characteristics are needed to model preferential flow to tile drains.  Fox et al. (2004) 

modified a pesticide transport model, the Root Zone Water Quality Model (RZWQM), to 

include direct connectivity through an express fraction (EF), which routes a user-

specified express proportion (estimated to be 2%) of water and contaminants in 

macropore flow directly from the soil surface to the drains.  The estimated 2% express 

fraction is based on the assumption that directly connected macropores are located within 

20 to 25 cm of the drain (10 m total distance between subsurface drain lines) in modeling 

a field site in Allen County, IN with silty clay soils.  The modified model more 

appropriately captured the immediate breakthrough of pesticides during rainfall events 

shortly after pesticide application (Fox et al., 2004).  Fox et al. (2007) evaluated the EF 

modification at an additional field site and suggested that EF must be calibrated to site-

specific conditions, and ranged between 2 and 5% for the field conditions simulated. 
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Due to the relatively limited modeling of macropore/subsurface drainage 

interaction, we do not currently understand the water flow dynamics in drain systems 

influenced by surface-connected and buried macropores.  Most laboratory column studies 

are limited to seepage face bottom boundary conditions and most field studies are limited 

to measurements of breakthrough curves in tile drain flow.  Therefore, the objective of 

this research is to improve our understanding of water flow dynamics in soils containing 

macropores in the vicinity of subsurface drainage through the use of three-dimensional, 

finite-element, variably saturated flow modeling.  The modeling is verified using the 

laboratory soil column experiments reported in Akay and Fox (2007).  Specific questions 

to be addressed in this research include the following:  (1) Can a numerical model with 

water retention and soil hydraulic functions for both macropore and matrix regimes 

properly simulate both surface connected and buried macropores?  (2) Can the model 

verify the commonly observed relationship between an increase in drain flow (and 

decrease in breakthrough time) with macropore distance from the drain?  (3) Under what 

conditions do buried macropores become active contributors to subsurface drain flow?  

 

4.3 Materials and Methods 

 

4.3.1 Laboratory Column Studies 

 

 This research utilizes data from the column studies of Akay and Fox (2007), 

which were constructed to simulate macropores in the vicinity of subsurface drainage.  

The 50-cm wide by 28-cm depth by 95-cm long Plexiglas soil column consisted of a 6-
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cm perforated PVC subsurface drain tube installed at the bottom on the center axis of the 

column width and approximately 5 cm above a no-flow bottom boundary condition 

(Figure 2).  A sandy loam soil (55% sand, 32% silt, and %13 clay) was packed into the 

column to a height of 75 cm at a bulk density of 1.6 g cm-3.   

A macropore (1-cm diameter) was formed by wrapping a wooden rod with 

aluminum and nylon meshes.  Matrix flow conditions were simulated with the wooden 

rod fully inserted to the depth of the drain and throughout the column length.  The 

wooden rod could be extracted at different heights to simulate variable buried macropore 

lengths.  For surface connected macropores, the soil was packed into the column to the 

bottom of the macropore and then packed throughout the remaining column height 

around the wooden rod, which was later fully extracted.  Ponded water at the soil surface 

was allowed to enter surface-connected macropores but not for buried macropores, which 

consisted of a soil buffer between the ponded boundary condition and the macropore 

opening.  For both buried and surface-connected macropores, experiments consisted of 

centered and shifted macropores.  The centered macropore was placed directly above the 

subsurface drain and with direct connection as described earlier, whereas the shifted 

macropore was placed 6.25 cm or 12.5 cm away from the subsurface drain but ending at 

the level of the drain. 

Soil pore-water pressure was monitored 10, 40, and 70 cm above the drain using 

tensiometers (bubbling pressure = 100 cm H2O, Soil Measurement Systems, Tucson, AZ) 

equipped with pressure transducers (ASDX001, Invensys, Milpitas, CA).  A datalogger 

(CR10X, Campbell Scientific, Logan, UT) continuously received and transmitted 

information to a computer for automated pressure monitoring.  Digital scales (EK-12Ki, 
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A&D, Milpitas, CA) recorded the outflow from the soil matrix for shifted and centered 

surface-connected macropore experiments and from both the macropore (discharge from 

the tube connected to the bottom of the macropore) and soil matrix (collected from the 

subsurface drain tube) in centered buried macropore experiments.  For each experiment, a 

Marriott type infiltrometer induced 1-cm ponded water for three hours for centered and 

two hours for shifted macropore experiments.  Data collection of soil-pore water pressure 

and drain flow continued for 24-hrs after water termination.   

 

4.3.2 Numerical Model Simulations 

 

 The infiltration and drainage experiments were simulated by the use of three-

dimensional HYDRUS code.  The HYDRUS program is a finite element model for 

simulating the two- and three-dimensional movement of water, heat, and multiple solutes 

in variably saturated media.  The HYDRUS code numerically solves the Richards’ 

equation for saturated-unsaturated water flow (Simunek et al., 2006).  Due to sharp 

interfaces between the macropore and matrix domain, fine finite element grid around the 

macropore (� xmin = 0.15 cm) as well as small time steps (� tmin = 10-10 h) were used to 

maintain numerical stability.  In contrast to dual-permeability and dual-porosity models 

introduced in earlier studies where first-order (Castiglione et al., 2003; Simunek et al., 

2003) and second-order mass transfer terms (Kohne and Mohanty, 2005) coupled 

Richards’ equation, this study involves a single flow equation for the entire domain 

(matrix and macropore) constructed in 3-D.  Earlier work by Kohne and Mohanty (2005) 

demonstrated that for a laboratory column packed with soils having two distinctive soil 
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hydraulic functions, utilization of a pseudo three-dimensional axisymmetrical Richards’ 

equation had more accurate results than dual-permeability models having first and 

second-order mass transfer terms.  The van Genuchten-Mualem model (van Genuchten, 

1980) was used to describe the water retention, � (h), and conductivity, K(h), functions for 

both matrix and macropore domains (Simunek et al., 2006): 
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where )/()( rsreS qqqq --=  is the effective saturation; �  (L-1), n, l are empirical 

parameters; � s is the saturated water content; � r is the residual water content; and Ks    

(LT-1) is the saturated hydraulic conductivity.  A three-dimensional numerical grid 

comprising 31 layers was constructed (Figure 4.2).  The number of finite element nodes 

ranged between 25,460 and 53,692 depending on the length of the macropore simulated. 

The boundary conditions of the model were chosen according to the conditions 

used in the laboratory experiments of Akay and Fox (2007).  The top boundary condition 

was chosen to be a variable boundary condition having a 1 cm head for 2 hrs during 

infiltration.  The boundary condition was switched to a no-flux boundary condition by the 

end of this infiltration period to simulate the drainage part of the laboratory experiment.  

The bottom boundary condition was simulated as a seepage boundary condition where 

the 6-cm diameter subsurface drain was located 2 cm above the no flux base boundary.  
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Seepage face boundary acts like a zero pressure boundary for the nodes that are saturated 

and a no-flux boundary for the nodes that are unsaturated.  For all the simulations 

presented in this paper except for the drainage cases, the initial condition for the domain 

was set to be 2-cm pressure head at the bottom (i.e. maintaining a zero pressure at the 

base of the subsurface drain), and -77-cm head at the soil surface based on tensiometer 

readings obtained from the laboratory study.   

 

 

 

Figure 4.2.  The laboratory soil column and the corresponding 3-D computational 
domain in HYDRUS. The macropore is located at the center of the rectangular cross 
section. 
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 The van Genuchten (1980) model parameters for the matrix domain were 

parameterized using inverse estimation.  Inverse estimation methods allow the most 

suitable model description of experimental data (Kohne and Mohanty, 2005).  During 

inverse estimation, an objective function that represents the deviations between the 

measured and calculated space-time variables and soil hydraulic properties is minimized.  

Minimization of this objective function is accomplished by using the Levenberg-

Marquardt nonlinear minimization method (Simunek et al., 2006).  The space-time 

variable chosen for the parameterization of the matrix flow model (without a macropore) 

was the cumulative subsurface drain flow obtained from laboratory experiments.  The 

soil hydraulic parameters Ks, � , and n were included in the objective function whereas � s 

and � r were fixed, hence, excluded in the inverse estimation process.  Initial estimates of 

the soil hydraulic parameters were obtained from water retention analysis conducted on 

an undisturbed soil core sample taken from the laboratory column of Akay and Fox 

(2007).  The RETC code (van Genuchten et al., 1991) was used to fit the van Genuchten 

parameters of � s, � , and n based on data from this undisturbed soil core (Akay and Fox, 

2007).    

 

4.3.3 Surface-Connected Macropores 

 

The Ks value of the macropore domain was the only van Genuchten (1980) 

parameter adjusted by a trial-and-error process to match the cumulative drain flow for the 

55-cm, centered, surface connected macropore laboratory experiment.  The other 

parameters were held constant to reflect a small air-entry pressure (high �  value), below 
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which the hydraulic conductivity reduces to negligible values (high n value) (Castiglione 

et al., 2003).  We compared the 55-cm centered, surface-connected macropore 

simulations with laboratory data based on measured soil pore-water pressures from 

tensiometers.  Using the calibrated value of the macropore domain Ks, various 

simulations were performed with centered, surface-connected macropore lengths (i.e., 15, 

25, 35, 45, 55, 65, and 70 cm) and compared the ratio of total to matrix steady-state 

discharge relative to macropore length.  The macropore diameter was 1 cm for all 

experiments.  Simulations of shifted macropores, as performed in the laboratory column 

experiments, included distances of 6.25 cm and 12.5 cm away from the center of the 

subsurface drain.  The ratios of total to matrix steady-state discharge for the various 

macropore lengths were plotted relative to distance from the centerline of the subsurface 

drain and this data was compared to the laboratory column studies. 

 

4.3.4 Buried Macropores 

 

In contrast to surface connected macropores, the van Genuchten (1980) 

parameters of qs, � , and n were found to influence matrix/macropore exchange flow into 

buried macropores.  Two set of parameters (� s = 1.0, �  = 1 cm-1, n =2 or n = 6) were 

selected that resulted in no numerical error.  Observations were made regarding the 

conditions necessary for the development of flow in the macropore regime.  For the 

conditions modeled, buried macropores can only become active with the development of 

positive pore-water pressures in the matrix domain.  Therefore, this research simulated an 

example case where the water table was initially above the subsurface drain.  Such cases 
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can be observed in subsurface drain management applications.  For example, controlled 

drainage systems are being applied to subsurface-drained fields to reduce nitrate losses by 

placing a weir in the drainage outlet so as to raise the water level in the outlet and reduce 

subsurface drainage rates (Skaggs et al., 1995).  This type of management practice can 

raise the average groundwater level from the depth of the subsurface drain up to 20 to 25 

cm below the ground level (Wesstrom and Messing, 2007; Skaggs et al., 1995).  As a 

result of the high water table, the otherwise ineffective buried macropores can transmit 

significant amount of flow through their relatively high conductive mediums during 

lowering of the groundwater level, i.e., removing the blockage at the end section of the 

subsurface drain system.  Even though controlled drainage has been found to reduce 

nitrate-nitrogen and phosphorus losses by 35-45% in North Carolina (Skaggs et al., 

1994), the response of the preferential flow paths is still yet to be understood.   

The bottom boundary condition for the buried macropore was set to zero pressure 

head boundary condition to simulate a direct connection of the buried macropore to the 

subsurface drainage system (buried macropores are open to atmosphere through the 

subsurface drain), whereas the boundary condition for the matrix domain was chosen to 

be a seepage condition.  The simulations included various buried macropore lengths (i.e., 

15, 35, 55 and 80 cm) and various initial water table levels (i.e., 15, 35, 55, and 80 cm 

above the zero pressure boundary simulating the macropore-drain connection) with no-

flux boundary at the soil surface.  The column dimensions remained the same.  

Simulations also included two values of n (2 and 6) to show the sensitivity of the model 

to this parameter.  The research then calculated a percentage of flow from the macropore 

as a ratio of the cumulative outflow from matrix and macropore. 
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4.4 Results and Discussion 

 

4.4.1 Calibration to Matrix Flow 

 

Values of the calibrated parameters for the matrix flow regime are given in Table 

1, with water retention and hydraulic conductivity functions shown in Figure 4.3.  The 

95% confidence limits on the data were generally small compared to the inversely, 

estimated values.  Core sample taken from the laboratory soil column suggested a Ks 

approximately four times higher than the calibrated Ks and an a approximately 2.4 times 

less than the model.   

 

Table 4.1.  Soil core sample and model hydraulic parameters for matrix and 
macropore domains based on van Genuchten’s (1980) model. The range of 95% 
confidence limits is given for parameters used in inverse estimation (HYDRUS) and 
curve fit (RETC).   
 

 � r � s �  n Ks l R2 

 cm3 cm-3 cm3 cm-3 cm-1  cm hr-1   

Core sample¶ 0.03† 0.46 ± 0.01 0.005 ± 0.001 1.63 ± 0.24 6.22‡ - 1.0 

Model - 
Matrix§ 0.03† 0.46† 0.012 ± 0.001 1.56 ± 0.08 1.46 ± 0.08 0.5 1.0 

Model - 
Macropore 0.00 0.46, 1.0# 0.1 2, 6# 60000 0.5 - 

† Fixed (not fitted) 
‡ Not applicable 
§ Inverse estimation by HYDRUS (Simunek et al., 2006) 
¶ Curve fit by RETC (van Genuchten et al., 1991) 
# Buried macropore 
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Figure 4.3.  Hydraulic van Genuchten functions, (a) soil moisture characteristic 
curve and (b) hydraulic conductivity function, for matrix and macropore domains. 
Matrix parameters were obtained by inverse estimation. 
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Comparison between laboratory and HYDRUS simulated cumulative drain flow 

as a function of time demonstrates that the model was able to capture both the 

breakthrough time and the cumulative drain flow amount (Figure 4.4).  The model also 

predicted soil pore-water pressures that matched tensiometer readings from the laboratory 

(Figure 4.5).  The agreement of the water pressure values at 10, 40, and 70 cm above the 

subsurface drain (where the lab column tensiometers are located) between the measured 

and predicted showed the ability of the model to simulate the subsurface drainage bottom 

boundary condition (Figure 4.5). 

 

 
 

Figure 4.4.  Laboratory measured versus model calibrated dimensionless flow 
volume, V*, where Vf = flow volume, ffff  = porosity, and Vc is the column volume) 
versus dimensionless time, t*, where t = time, Ks = saturated hydraulic conductivity, 
and Lc = length of the column. 
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Figure 4.5.  Laboratory measured versus HYDRUS-3D predicted soil pore-water 
pressures for average tensiometer readings 70, 40, and 10 cm above the subsurface 
drain during the (a) infiltration and (b) drainage regimes of the matrix flow 
experiment. 
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4.4.2 Surface-Connected Macropores 

 

Flow conditions in the 55-cm, centered, surface connected macropore were not 

affected by � r, � s, �  or n of the macropore domain.  Changing the Ks for the macropore 

domain (i.e., from 4.0 to 60000.0 cm/hr) in an attempt to match cumulative drain flow 

under 55-cm, centered, surface connected macropore suggested an upper-bound for Ks.  

Since there is a matrix material between the 55 cm surface connected macropore and the 

drain (the top of the subsurface drain is 75 cm below surface), continually increasing the 

Ks could not generate continual increases in cumulative drain flow.  For example, for Ks 

= 100, 1000, 10000, and 60000 cm/hr, the simulated cumulative drain flow were 7200, 

10200, 12200, and 12300 cm3, respectively, compared to the laboratory observed 

cumulative drain flow of 15200 cm3.  This cumulative drain flow was obtained if using a 

70-cm, centered, surface-connected macropore.  

Using a Ks = 60000 cm/hr, the model was able to capture the more immediate 

response of laboratory tensiometers as compared to the matrix flow conditions (Figure 

4.6).  In general, the model performed better in matching the drainage regimes (i.e., 2 to 

24 hours) of the 55-cm centered, surface-connected macropore experiment as compared 

to the infiltration regime (i.e., 0 to 2 hours).  As discussed by Akay and Fox (2007), due 

to lower breakthrough times and the magnified diffusion from macropore to matrix 

domain, the surface connected macropore experiments reached steady state earlier (15 to 

30 min) than the buried macropore experiments (120 min).  Figure 4.7 demonstrates the 

exchange flow immediately taking place from the macropore to matrix upon initiation of 

the infiltration due to hydraulic non-equilibrium conditions.  
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Figure 4.6.  Laboratory measured versus HYDRUS-3D predicted soil pore-water 
pressures for average tensiometer readings 70, 40, and 10 cm above the subsurface 
drain during the (a) infiltration and (b) drainage regimes of the surface-connected, 
55-cm macropore experiment. 
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Figure 4.7.  Simulation data for an infiltration test containing a 55-cm centered, 
surface-connected macropore: pressure head profiles in half cross-section through 
the center of column at a) 0.017 h, b) 0.17 h, and c) 0.5 h. 

 

 

The simulations predicted a significant influence on the ratio of total to matrix 

steady-state discharge based on the length of the centered, surface connected macropores.  

For example, the ratio for 15, 35, 55, and 70 cm macropore lengths were approximately 

1.03, 1.22, 1.60, and 2.41, respectively (Figure 4.8).  This condition differs from the field 

measurements by Shipitalo and Butt (1999) in which they observed no significant 

relationship between individual infiltration rates of earthworm burrows versus burrow 

length.  In this research, homogenous macropore conditions were achieved within the 

homogeneous soil column, whereas the field research of Shipitalo and Butt (1999) could 

not verify homogeneity in field or macropore characteristics.  Therefore, open burrow 

length appears to be an important macropore characteristic for determining potential for 

direct connection with respect to cumulative flow.   

z 

x 
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Figure 4.8.  (a) Comparison of Ratio of total (macropore and matrix) to matrix 
steady state discharge for 55-cm surface connected macropore (Lab data) shifted at 
three distances from the subsurface drain (ratio of unity suggests no effect of the 
macropore and errors bars represent one standard deviation from triplicate lab 
experiments). Lines represent data from Hydrus simulations. 

 

 

However, a point exists at which a macropore has penetrated enough of the soil 

domain between the ground surface and the drain to have equivalent influences on the 

flow breakthrough time (Figure 4.9).  Under current domain dimensions and hydraulic 
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conditions, the breakthrough time for matrix flow (no macropore) was 1.37 hrs, where 

0.33 hrs was obtained from the simulation with a 55-cm surface connected macropore, 

which extends approximately 75% of the soil horizon.  Considering the breakthrough 

times of all surface connected macropore simulations, a linear relationship (R2 = 0.98) 

was observed between surface connected macropore length versus outflow breakthrough 

time observed (Figure 4.10).  This confirms the bypassing of the bulk soil through a 

highly permeable domain eliminating a relatively slower water movement with the 

introduction of a surface connected macropore into the system.   

 
 

Figure 4.9.  Laboratory data for cumulative outflow curve for surface-connected 
macropore of 55 cm. HYDRUS simulations for 55, 65, and 70 cm are also presented. 
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Figure 4.10.  The relative change of the breakthrough time of infiltration 
simulations contains surface-connected macropores with respect to matrix (no 
macropore) conditions. 

 

 

For shifted, surface connected macropores, the total to matrix steady-state 

discharge became more uniform across all shifted distances when the length of the shifted 

macropores decreased (Figure 4.8).  The data for the 75-cm centered, surface connected 

macropore was not included in the analysis because this results in an immediate hydraulic 

connection (i.e., pipe flow phenomena) with the drain.  At this point, the cumulative drain 

flow became directly proportional to Ks.  The laboratory data (55-cm surface connected 

macropores) matched the numerical simulations of a 70-cm surface-connected macropore 

when located directly above the drain, a 65-cm surface-connected macropore when 

shifted 6.25 cm from the drain, and a 55-cm macropore when shifted 12.5 cm from the 

drain.  This may be due to the fact that in laboratory experiments the side boundary 

effects were restricting the exchange flow from macropore to matrix domain as the 
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macropore was shifted away from the center of the soil column.  The numerical 

simulations suggested an even greater contributing area for directly connected 

macropores than suggested by Akay and Fox (2007) and Fox et al. (2004).  The need for 

calibration observed by Fox et al. (2007) is supported by these numerical simulations in 

that the contributing area depends on the site-specific macropore depth of penetration. 

 

4.4.3 Buried Macropores 

 

Since buried macropores are connected to the drain but not to the soil surface, the 

hydraulic conditions in the domain changes drastically from surface connected conditions 

(Figure 4.11).  The hydraulic non-equilibrium observed during surface-connected 

simulations does not exist for buried macropore simulations.  Using seepage face 

boundary conditions as opposed to assigning a zero pressure boundary condition for the 

section where the buried macropore enters the subsurface drain causes the model to 

calculate negative pressures for that section that leads to a no-flux boundary.  For this 

reason, the bottom boundary condition was changed to a horizontal seepage face 

boundary except for the buried macropore section which was assigned a zero pressure 

condition since this section is open to atmospheric conditions in the field.  This prevented 

the section of the buried macropore entering the drain (the zero pressure boundary) to act 

as a source term.    
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Figure 4.11.  Simulation data for a drainage test containing a 55-cm centered, 
buried macropore with an initial water table level of 80 cm: pressure head profiles 
at a) 0.017 h, b) 0.17 h, and c) 0.5 h. 

 

 

The simulations reflecting the field conditions described before for controlled 

drainage practices, where the water table is initially above the subsurface drain depth, 

demonstrated that the percentage of macropore flow relative to total flow through matrix 

and macropore domains ranged between 32 and 48% with n = 2 and 19 to 43% with n = 6 

(Table 4.2).  Akay and Fox (2007) observed approximately 35% of the total flow was 

macropore flow for 20 and 40 cm buried macropore lengths and approximately 40% for 

60 and 72 cm buried macropore lengths.  The distinctive responses of matrix and buried 

macropore domains to drainage conditions are plotted in terms of cumulative outflow 

curves (Figure 4.12).  Outflow from these two domains started simultaneously, however 

the vertical line at initial times suggested an immediate release of water from the buried 

macropore.  Even though this volume was higher than the matrix cumulative outflow for 

the first couple of hours, the contribution from the matrix reached about 60% of the total 

z 

x 
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outflow in the long-term.  The drainage case with no macropore showed no reduction in 

total outflow.  It should be noted here that these ratios could change depending on the 

hydraulic parameters and the domain properties (i.e., macropore radius and domain 

dimension). 

 

Table 4.2.  Percentages of the buried macropore outflow to the total outflow (matrix 
+ macropore flow) (n values from van Genuchten (1980) model represents the 
macropore domain).   
 

+ 15 cm + 35 cm + 55 cm + 80 cm                Water table level 
Buried 
Macropore length n= 2 n= 6 n= 2 n= 6 n= 2 n= 6 n= 2 n= 6 

15 cm 38.93 31.07 33.15 22.02 31.86 19.58 31.68 18.75 
35 cm 39.70 31.64 41.38 33.62 39.06 29.47 38.55 28.29 
55 cm 39.72 31.81 41.71 34.04 44.26 37.17 43.63 35.72 
80 cm 39.81 31.97 41.80 34.24 44.51 37.61 48.30 42.91 

 
 
 

 

Figure 12.  Model data of the drainage experiment for cumulative outflow from 55 
cm buried macropore and bulk soil matrix.  
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For water tables above the subsurface drain depth, two variables should be 

considered for the exchange between matrix and macropore domains: pressure gradient 

and the interfacial surface area between the macropore and matrix.  The water table 

position determines the pressure gradient whereas the buried macropore length 

determines the interfacial surface area.  If the initial water table level is at or below the 

macropore length, the percentage of macropore flow is approximately equivalent no 

matter the macropore length.  However, the percentage of macropore flow increases in 

proportion to the macropore length when the initial water table is greater than the 

macropore length due to the increase in the interfacial surface area.  For example, for an 

initial water level of 55 cm (n=2), the percentage of macropore flow increases from 32% 

to 44% when the macropore length increases from 15 cm to 55 cm, and then remains 

approximately constant for an 80 cm buried macropore (Table 4.2).  For a specific buried 

macropore length, the percentage of macropore flow maximizes when the water table is 

at an equivalent elevation to the macropore length.  For further increases in the water 

table elevation, the percentage of macropore flow decreases relative to total matrix and 

macropore flow.  For example, for a 55-cm buried macropore (n=2), the percentage of 

macropore flow increases from 40% to 44% for an initial water table at 15 cm and 55 cm, 

respectively, and then decreases approximately 1% for an 80 cm initial water table (Table 

2).  This result is due to the fact that the increase in macropore flow (5.8 cm3) is less than 

the resulting increase in matrix flow (11.1 cm3), as shown in Table 4.3. 
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Table 4.3.  Total outflow components of matrix and 55 cm buried macropore 
domain at the early (t = 10 s.) and final stage (t = 24 hrs.) of the drainage (n values 
from van Genuchten (1980) model represents the macropore domain).  
 

55 cm Buried Macropore Flow 
entering into drain                            

(cm3) 

Seepage Face Flow       
(Subsurface Drain)         

(cm3) 

Total Drainage Amount           
 

(cm3) 

.003 hrs 24 hrs. .003 hrs 24 hrs. .003 hrs 24 hrs. 

Initial 
Water 

table level 
(cm) 

n= 2 n= 6 n= 2 n= 6 n= 2 n= 6 n= 2 n= 6 n= 2 n= 6 n= 2 n= 6 

+ 15 13.7 20.1 34.0 27.4 2.3 2.6 51.7 58.7 16.0 22.8 85.7 86.1 

+ 35 27.7 43.6 75.6 62.2 4.4 5.5 105.7 120.5 32.1 49.1 181.4 182.7 

+ 55 39.5 64.0 110.5 95.0 6.1 7.9 139.2 160.5 45.6 71.9 249.7 255.5 

+ 80 39.4 64.0 116.3 97.3 6.1 7.9 150.3 175.2 45.5 71.9 266.6 272.5 

 
 

4.5 Summary and Conclusions 

 

 Several infiltration experiments previously conducted by Akay and Fox (2007) 

were simulated using HYDRUS.  The model results demonstrated the increased hydraulic 

non-equilibrium conditions between matrix and macropore domain during infiltration 

through a soil column containing surface connected macropores.  The hydraulic non-

equilibrium was less pronounced for the simulations including buried macropores.  In 

addition to dual-porosity and dual-permeability models applied to one and two-

dimensional solutions, the three-dimensional Richards’ equation solution for situations 

having two distinctive hydraulic functions proved to be applicable.  The research verified 

the model’s ability to handle sharp interfaces between the two domains in terms of 

hydraulic parameters.  Simulations demonstrated the frequently observed relationship 

between drain flow and breakthrough time relative to macropore distance from the 

subsurface drain.  This research highlights the importance of the penetration distance of 
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these macropores on this relationship.  Reduction in breakthrough time compared to 

matrix flow conditions was linearly related to penetration depth.  The numerical 

simulations suggest a greater contributing area for directly connected macropores than 

suggested in previous research, again dependent on macropore length.  A case was 

simulated with an initial water table above the subsurface drain level which was required 

to activate the buried macropores simulated in this study.  Considering the immediate 

release of water from the drain-connected buried macropores and their ability to transmit 

30 to 40% of the flow, the chemical properties of water in these macropores can dictate 

the water quality in the outflow of the subsurface drains during the early stages of 

drainage.      
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CHAPTER V 

AN IMPROVED EXPRESS FRACTION FOR MODELING 

MACROPORE/SUBSURFACE DRAIN INTERCONNECTIVITY 

 

5.1 Abstract 

 

The rapid transport of contaminants through macropores and into subsurface 

drains is a concern. Recent research has proposed methods for incorporating this direct 

connectivity into contaminant transport models. For example, the one-dimensional 

pesticide fate and transport model, Root Zone Water Quality Model (RZWQM), was 

modified to include an express fraction parameter based on the percentage of macropores 

in direct hydraulic connection to subsurface drains. When macropore flow first reached 

the top of the water table (point midway between the drains), a macropore express 

fraction of water and chemical was routed directly into the subsurface drain, which 

improved predictions of concentration peaks. The remaining water and chemical was 

allowed to fill and mix with the water table, resulting in a concentration bulge at the 

water table. This research proposes an updated express fraction for RZWQM, which 

distributes water across all saturated layers between the drain and water table.   Implicitly 

assumed is a uniform spatial distribution of macropores.  This updated express fraction is 

evaluated using data from two isoxaflutole/metabolite field experiments in Allen County 

and Owen County IN (2000), where concentrations of parent and metabolite were 

measured in the drain flow. The results showed a slight improvement in the prediction of 

chemical concentrations on the recession limbs of drainage hydrographs. 
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5.2 Introduction 

 

Concerns exist about the rapid transport of contaminants, such as pesticides (Fox 

et al., 2004), pathogens (Jamieson et al., 2002; Shipitalo and Gibbs, 2005), and nutrients, 

from the soil surface to ground water through macropores (Magesan et al., 1995; 

Kladivko et al., 1999; Shipitalo and Gibbs, 2000). With macropores, wetting fronts 

propagate to significant depths by bypassing matrix pore space (Brusseau et al., 1992; 

Kladivko et al., 1999; Castiglione et al., 2003).  The influence of macropores increases as 

soil saturations increase. Therefore, the ability to model the interrelationship between 

macropore-facilitated contaminant transport and subsurface drainage systems, where soil 

is consistently near saturation, is important for evaluating potential environmental 

contamination (Hoorman et al., 2006).  Additionally, recent research suggests direct 

hydrologic connectivity between macropores and subsurface drains (Fox et al., 2004, 

2007; Shipitalo and Gibbs, 2000, 2005). 

Directly connected macropores can result in the rapid transport of contaminants 

from the soil surface, into the subsurface drains, and then into adjacent receiving streams 

and channels by bypassing the soil’s filtering capacity.  Shipitalo and Gibbs (2000) 

observe macropores created by deep burrowing species of earthworms (Anecic) in a silt 

loam soil that allow water to transfer directly to subsurface drains.  Their research 

included the use of smoke injected into drain lines to observe transmission to the soil 

surface. Smoke emitting macropores were located within 50 cm of the drain line and the 

distance from the subsurface drains correlated to infiltration rate.  The rate at which water 

entered earthworm burrows declined with the log of distance from the drain tile. Shipitalo 
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and Gibbs (2005) investigate the importance of this connectivity by observing the 

structure of macropores and their surface connectivity (Figure 5.1).   

 

 

Figure 5.1.  Directly connected macropore in the field with polymer resin 
demonstrating the connection between macropores and subsurface drains. Source: 
Shipitalo and Gibbs (2005). 
 

 

This “direct connectivity” phenomenon was verified by Akay and Fox (2007) by 

conducting infiltration experiments in a laboratory soil column (28 cm by 50 cm cross 

section and 95 cm long) with an artificial macropore placed directly above and shifted 

away from a subsurface drain.  The experimental setup allowed open surface and buried 

macropore lengths to be varied from the subsurface drain to the surface without 
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unpacking or disturbing the soil column between experiments.  The column was packed 

with a sandy loam soil with bulk density of 1.6 g cm-3. For each experiment, a 1-cm 

ponded boundary condition was maintained at the soil surface.  The movement of the 

wave front down the column was observed with pencil size tensiometers at 10, 40, and 70 

cm above the drain. It was observed that the longer the buried macropore length (i.e., as 

the macropore approached the soil surface), the more rapid response at the drain outlet in 

addition to an increased percentage of total drain flow through the macropore (35-40%) 

after buildup of the soil pore-water pressure in the soil matrix.  Breakthrough times with 

surface connected macropores (approximately eight times faster than matrix flow) 

decreased significantly compared to buried macropores (less than two times faster than 

matrix flow).  For 55-cm surface connected macropore experiments, the average ratio of 

steady state macropore to matrix flow rates decreased as the distance from the drain 

increased: 2.4, 2.1, and 1.6 for distances of 0, 6.25, and 12.5 cm, respectively.  

Extrapolating this data suggested that macropores located within 20 to 25 cm of the drain 

were hydrologically directly connected.   

Steenhuis et al. (1997) modeled preferential transport to subsurface drains using a 

conceptual model based on two linear reservoirs located near the soil surface and closer 

to the drain.  Their results suggested that methods based on field averaged preferential 

flow characteristics are needed to model preferential flow to tile drains.  Fox et al. (2004) 

modified a pesticide transport model, the Root Zone Water Quality Model (RZWQM), to 

include direct connectivity through an express fraction (EF), which routes a user-

specified express proportion (estimated to be 2%) of water and contaminants in 

macropore flow directly from the soil surface to the drains.  The estimated 2% express 
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fraction is based on the assumption that directly connected macropores are located within 

20 cm of the drain (10 m total distance between subsurface drain lines) in modeling a 

field site in Allen County, IN with silty clay soils.  The modified model more 

appropriately captured the immediate breakthrough of pesticides during rainfall events 

shortly after pesticide application (Fox et al., 2004).  

Fox et al. (2007) evaluated the EF modification for both parent and metabolite 

transport to subsurface drainage.  They noted a continual failure in the modified EF 

routine in matching pesticide concentrations on the recession limbs of drainage 

hydrographs.  They hypothesized this to be due to the placement of remaining water and 

chemical (after routing the EF directly into drain lines) on the top of the water table in the 

one-dimensional RZWQM.  An improved procedure is needed to distribute the pesticide 

across the soil profile in a quasi-two-dimensional fashion as opposed to the one-

dimensional approach of the current EF modification. 

This research proposes an updated express fraction for RZWQM, which 

distributes water across all saturated layers between the drain depth and water table 

depth.  The goal is to improve the prediction of recession limb pesticide concentrations.   

 

5.3 Materials and Methods 

 

5.3.1 Root Zone Water Quality Model (RZWQM) 

 

 The RZWQM is a one-dimensional vertical model of an agricultural crop 

production system that is capable of modeling both macropore flow and subsurface 
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drainage.  RZWQM divides water flow processes into two phases: (i) infiltration into the 

soil matrix and macropores with macropore-matrix interaction and (ii) redistribution of 

moisture in the soil matrix (Ahuja et al., 2000a; 2000b).  The infiltration of water through 

a layered soil profile is modeled using a modified Green-Ampt approach.  The model 

routes precipitation that exceeds the infiltration rate into macropores based on a flow 

capacity limit determined by Poiseuille’s law (Malone et al., 2003).  The model then 

evenly distributes water entering into macropores among the number of effective 

macropores per unit area.  

The user specifies the volume of effective macropores per unit volume of soil 

(cm3 cm-3), as defined in detail by Malone et al. (2003), and the average macropore radius 

(cm).  Flow is sequentially routed downward through continuous macropores in 1-cm 

increments and allowed to laterally infiltrate into surrounding unsaturated soil based on a 

radial infiltration rate in macropores.  RZWQM models potential evaporation and 

transpiration.  The fundamental improvement provided by RZWQM as opposed to other 

pesticide transport models (i.e., GLEAMS, PRZM) is the ability to simulate individual 

precipitation events and processes during events on a sub-daily time scale.   

The RZWQM uses a non-uniform mixing approach to model contaminant transfer 

to overland flow (Wauchope et al., 2000, 2004; Ahuja et al., 2000a, 2000b).  Chemical 

transport in the matrix is modeled using a partial piston displacement, partial mixing 

approach. Redistribution of soil water is modeled using a mass conservative numerical 

solution of Richard’s equation, which includes plant uptake, surface evaporation, 

fluctuating water table, and tile flow.   The pesticide sub-model within RZWQM assumes 

dissipation processes in crop foliage, crop residues, soil surface and soil subsurface 
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(Ahuja et al., 2000a).  RZWQM adjusts the rate constants for surface and subsurface 

dissipation of pesticides for temperature and soil water content.  RZWQM only simulates 

transformation in one compartment (foliage, residue, soil surface or subsurface).   

The RZWQM has been successfully updated to simulate the transport of 

pesticides through directly connected macropores (Fox et al., 2004, 2007).  The original 

macropore component of RZWQM routed the generated surface runoff downward 

through the macropore until it met the water table.  Lateral infiltration and mixing with 

soil surrounding the macropores can occur as water flows through the macropores.   If 

water and chemical reach the top of the water table, then the water table is raised from 

this available water one layer at a time.   As this available water is added to the layer 

immediately above the water table, the chemical is also mixed into that layer matrix.  

After mixing, the model raises the water table one centimeter and then fills the next layer 

until routing all the water.  This results in a concentration bulge at the top of the water 

table (Fox et al., 2004; 2007).     

 

5.3.2 Updated Express Fraction Routine 

 

As verified in the field by Shipitalo and Gibbs (2000) and by laboratory 

experiments by Akay and Fox (2007), macropores located within 50 cm of the drain tiles 

will transmit flow and pesticide directly into the drain line.  This is currently being 

accounted for in the EF modification of Fox et al. (2004) in that an express fraction used 

by Fox et al. (2004) and Fox et al. (2007) to be 2% to 5% of the water/pesticide reaching 

the water table is diverted directly into the tile line.   
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This research proposes an improved EF modification to distribute pesticide across 

the soil profile between a subsurface drain and the water table height in a quasi-two-

dimensional fashion as opposed to the one-dimensional approach of the current express 

fraction modification of Fox et al. (2004).  The existing EF modification within RZWQM 

results in a concentration buildup at the location of the water table during the first 

significant macropore flow event after contaminant application.  This is due to the fact 

that RZWQM models the vadose zone/subsurface drainage system as a one-dimensional 

model, the height of the water table is calculated at the mid-point of the drains and it is 

assumed that all macropores transmit water and contaminants to this depth.  However, in 

the two-dimensional visualization of tile drainage in the field, macropores are distributed 

between the drain tiles (Figure 5.2).     

 

Figure 5.2. Schematic view of mixing of macropore flow with saturated layers.  EF is 
the express fraction (usually assumed 2% to 5%) to represent directly connected 
macropores.  L: drain spacing, dd: subsurface drain depth, i: 1-D layer (each layer is 
equal to 1 cm). 
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At this point, we can assume that the effective number of macropores per unit 

area is equally distributed between the drain line and the mid-point between the drains 

since no detectable distribution in macropores with distance from the tile drains was 

found in field studies as suggested by Shipitalo et al. (2000). 

Consider two macropores located at distances xi and xi+2 to the subsurface drain, 

respectively (Figure 5.2). Since both are located outside the directly connected macropore 

zone, the original RZWQM EF routine would transfer flow and solutes entering these two 

macropores to the top of the water table located at midsection between the drains. 

However in this study, with the introduction of the modified EF, the flow and the solutes 

from these two macropores are allowed to be mixed individually with the saturated layers 

of the RZWQM 1-D model domain corresponding to their groundwater level locations of 

hi and hi+2, respectively. These heights were calculated by using the Hooghoudt equation 

assuming an elliptic water table profile.    

 In the case where the depth to the water table (dwt) is greater than the depth to the 

drain (dd), then the updated EF follows the same procedure as the original macropore 

component of the model.  In the case where dwt is less than dd, then we have drain flow 

and saturated layers between the drain and top of the water table.  Two new parameters 

are calculated that account for the lateral distance between the drain and the edge of the 

direct connection zone that is represented by the express fraction.  The parameter hEF 

corresponds to the water table height at the edge of the direct connection zone (Figure 

5.3), which is given by the following formula assuming an elliptical water table profile:   
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Figure 5.3.  Parameter definitions for RZWQM macropore flow component 
modification.  L is the drain spacing, EF is the express fraction (%), dd is the drain 
depth, dwt is the water table depth, hEF is the height above the drain to the water 
table associated with the zone of directly connected macropores.   
 

 The second parameter called the layer macropore ratio, LMRi, is used to distribute 

the macropore flow between the saturated layers by taking into account the contributing 

area of each layer (� xi in Figure 5.3). The saturated layers up to hEF are excluded because 

the express fraction of the macropore flow is already routed directly into the subsurface 

drain:  
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 RZWQM builds up the water table one layer (1 cm) at a time by filling the first 

available unsaturated layer above the water table. The amount of water to fill up this 

layer, DEF (water deficiency to saturation), is then subtracted from the total macropore 

flow. The modified RZWQM, however, before filling up the unsaturated layer, 

distributes this DEF among the saturated layers (Figure 5.3) by the following formula: 

 

    ii LMRDEFDEF ´=      [3] 

 

Here, it is implicitly assumed that the macropore population is uniform throughout the 

field. However, if data for macropore population variances is present, LMRs can be 

recalculated taking into account this variation by use of a weighting function. 

Then, for each 1-cm saturated layer between dd - hEF and dwt (Figure 3), we update 

the chemical concentration (Ci) for that layer: 

 

ii

imacroporeiinitiali
i DEFWCAB

DEFCWCABC
C

+

´+´
= ,      [4] 

 

where Ci,initial  was the initial chemical concentration in saturated layer i, and WCABi is the 

volumetric water content plus the product of the distribution coefficient (Kd) for 

desorption and the bulk density for the horizon or layer.  Since each of these layers were 

saturated at the beginning, the leftovers after mixing will have the volume equal to the 

amount of DEF and hence, have a new macropore concentration of, Cmac,new, calculated 

as: 
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Now, by using this new concentration of DEF, the chemical concentration of the newly 

filled layer above the existing water table is calculated as: 
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The modified RZWQM will repeat the above steps until the total macropore flow has 

been exhausted. 

 

5.3.3 Evaluation of Updated EF Routine 

 

The updated routine was evaluated based on bromide, isoxaflutole, and metabolite 

concentrations in subsurface drain flow at two field sites investigated by Fox et al. (2004) 

and Fox et al. (2007): Allen County, IN and Owen County, IN.  Isoxaflutole, the active 

ingredient in BALANCE�  herbicide, was applied to both fields.  Isoxaflutole (t1/2 = 1.7 d 

and Koc = 155 cm3/g based on laboratory measurements) rapidly degrades into a 

metabolite denoted as RPA 202248 (t1/2 = 27.0 d and Koc = 139 cm3/g based on 

laboratory measurements). Both fields contained pattern subsurface drain lines 

(polyurethane pipes) with 10-m spacing with a depth of 0.9 to 1.2 m and running east-

west that connected to a drain system emptying at the northeast and southeast corners of 
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the fields.  A sampler was located at both the northeast and southeast corners of the 

fields.  No till agricultural management practices were used at both sites in an annual 

corn (1998, 2000) and soybean (1999) rotation.  Weather stations recorded hourly 

temperature, relative humidity, solar radiation, wind speed and direction, and rainfall 

during the 2000-growing season.  Soil samples collected at both sites were analyzed for 

particle size distribution, organic matter content, and bulk density. Soil samples were 

collected every 15 cm from the soil surface to approximately 1.5 m below the soil 

surface. It should be emphasized that no attempt was made to calibrate pesticide 

environmental fate and transport properties.   

A potassium bromide tracer was dissolved in water and surface applied at the rate 

of 39.2 kg/ha on 29 Apr. 2000 (day 120) for the Allen County site and at the rate of 37.7 

kg/ha on 15 May 2000 (day 135) for the Owen County site.   Isoxaflutole was surface 

applied pre-emergent to bare soil in solid form at the rate of 0.13 kg/ha five days after 

bromide application in the Allen County field and one day after bromide application in 

the Owen County field.  Concentrations in soil and subsurface drain flow were monitored 

for the remainder of the growing season.  

Bromide tracer samples were analyzed using “Method of Analysis Number 21, 

Determination of Potassium Bromide Residues in Ground Water, Revision 1.0, 31 March 

1999” (a modification of EPA Method 300.0, Determination of Inorganic Anions by Ion 

Chromatography, Revision 2.1 dated Aug. 1993).  Water samples were analyzed for 

isoxaflutole and RPA 202248 using "Method of Analysis for the Quantification of 

Isoxaflutole and Its Metabolites in Water Using Isotopically Labeled Internal Standards-
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Revision 99.3" (18 Apr. 2000, File Number 46037).  The limit of quantification is 0.010 

µg L-1 and the limit of detection is 0.003 µg L-1.   

Fox et al. (2004) calibrated RZWQM for the Allen County, IN based on measured 

subsurface drain flow.  The model was evaluated based on predicted versus observed 

bromide and isoxaflutole concentrations in the subsurface drainage.  Fox et al. (2007) 

calibrated RZWQM for the Owen County, IN site based on observed bromide 

concentrations in subsurface drain flow and evaluated both the Allen and Owen County 

models for isoxaflutole/metabolite concentrations in subsurface drainage.  Improvements 

to the model with the updated EF were evaluated based on a normalized objection 

function (NOF), which is the ratio of the standard deviation of differences (STDD) to the 

overall mean (Xa) of the observed parameter:   
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where xi and yi are the i th observed and predicted values, respectively (Hession et al., 

1994; Loague and Green, 1991).  NOFs were calculated for 60-day time periods 

corresponding to the occurrence of peak pesticide concentrations at both sites: days 130-

190 for Allen County and 135-195 at Owen County. 
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5.4 Results and Discussion 

 

The existing EF modification within RZWQM results in a concentration buildup 

at the location of the water table during the first significant macropore flow event after 

contaminant application. Unlike the original EF modification, the updated EF routes 

pesticide mass across the saturated layers between the drain and the water table when the 

water table rises above the drain depth.  In cases where macropore flow occurs with the 

drains inactive (i.e., the water table initially below the drain depth), this results in a 

concentration distribution that peaks near the drain and decreases with distance above the 

drain, as was the case for the example shown in Figure 5.4 for the Allen County, IN 

bromide simulation.  This distribution results because of the necessary buildup of the 

water table.  In other words, the updated routine, similar to the original macropore flow 

component of the model, begins by filling the soil-water deficit layer by layer.  The 

original peak macropore flow pesticide concentration is then routed to the depth of the 

drain line as it begins filling up the water table.   If macropore flow occurs at a time when 

the drains are active (i.e., water table resides above the depth of the drain), then a more 

uniform concentration distribution occurs with the modified EF as pesticide would be 

routed to all saturated layers between the drain and water table.   
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Figure 5.4.  Distribution of bromide concentration with depth in the soil profile as 
simulated by RZWQM with (a) original express fraction and (b) updated express 
fraction for the Allen County, IN field site.  Macropore flow occurred on Day 131.   

 

For the specific field sites at Allen County, IN and Owen County, IN, the updated 

EF routine allowed the prediction of more appropriate recession limb drain flow 

concentrations, as shown in Figures 5.5 and 5.6 for bromide and the metabolite of 
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isoxaflutole.  For isoxaflutole, there were no recession limb concentrations and therefore 

minimal differences were noted between the original and updated EF routines.  

 

Figure 5.5.  Measured versus RZWQM predicted (before and after express fraction 
(EF) modification) for (a) bromide and (b) isoxaflutole metabolite at the Allen 
County, IN site.  
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Figure 5.6.  Measured versus RZWQM predicted (before and after express fraction 
(EF) modification) for (a) bromide and (b) isoxaflutole metabolite at the Owen 
County, IN site.  

 

 

For bromide and metabolite concentrations at the two field sites, the updated EF 

predicted fairly uniform recession limb concentrations following the first two 

contaminant peaks (Figures 5.5 and 5.6).  These uniform concentrations generally over 

predicted bromide concentration but more appropriately simulated the metabolite 
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concentrations at the Allen County, IN site and the bromide and metabolite 

concentrations at the Owen County, IN site.  It should again be emphasized that the 

pesticide environmental fate and transport parameters used were not calibrated but rather 

taken from laboratory measurements on these specific soils.  Therefore, some of the over 

prediction and under prediction of recession limb concentrations may be due to 

inappropriate parameter values. 

It is hypothesized that these uniform concentrations are the result of the one-

dimensional nature of the RZWQM.  In other words, the RZWQM predicts that the 

concentration of contaminant in drain flow is a weighted function of the concentration in 

each of the saturated layers above the drain.  However, a more theoretical viewpoint of 

drainage is that each layer not only contributes some weighted function of the total drain 

flow but that there is also a residence time of contaminant in each layer (i.e., the travel 

path of contaminant to the drain is not the same for each of the layers).  A one-

dimensional or quasi-two-dimensional model is limited in being able to simulate this 

residence time or travel path function.   

NOFs were calculated as a more quantitative evaluation of the RZWQM model 

performance before and after updating the EF routine (Table 5.1).  In general, the 

inclusion of the original EF significantly improves the model’s performance by reducing 

the NOF by 9% to 26% (average reduction of NOF of 20%), sometimes from a screening 

application (1.0<NOF<9.0) to site-specific applicability (NOF<1.0) by capturing the first 

few peaks in bromide or pesticide concentrations.  The practical influence of including 

the more sophisticated EF routine is questionable.  The modified EF routine further 

improved the RZWQM’s performance by an additional 7% on average (range of 0% to 
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20%) from the original EF routine.  NOF values were reduced by less than 5% from the 

original EF routine for all but one case (i.e., bromide at the Owen County site which 

reduced the NOF by 20%).   

 

Table 5.1.  Normalized objective function (NOF) values between RZWQM predicted 
and average measured subsurface drain flow concentrations of bromide and 
metabolite for model simulations with no express fraction (EF) and simulations with 
the original and updated EF modifications. 

Field Site  NOF 

  No EF Original EF Updated EF 

Allen County (Days 130-190) Bromide 0.75 0.60 0.60 

 Metabolite 1.36 1.00 0.95 

Owen County (Days 135-195) Bromide 0.80 0.73 0.58 

 Metabolite 1.97 1.46 1.44 

 
 

5.5 Summary and Conclusions 

 

This research proposed a modified EF routine for the macropore flow component 

of the RZWQM.  The original EF routine resulted in a concentration bulge at the top of 

the water table due to placement of remaining water and chemical (i.e., after extraction of 

a user-specific express fraction and placement directly into subsurface drainage) at the 

water table depth prior to macropore flow.  The modified routine more appropriately 

routed contaminants across the saturated layers between a subsurface drain and the water 

table to account for the two-dimensional nature of macropore distribution in a subsurface 

drained field.  Based on two, subsurface drained field experiments, the modified EF 
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routine was capable of predicting uniform, recession limb drain flow concentrations of 

both a conservative bromide tracer and a metabolite of isoxaflutole that sometimes over 

predicted and sometimes under predicted the observed concentrations.   

The uniform predicted concentrations were hypothesized to be due to the inability 

of the one-dimensional model to account for the residence time of bromide or metabolite 

within a specific saturated soil layer.  Based on a quantitative evaluation function, the 

original EF routine was shown to significantly improve the model’s performance by an 

average of 20% from the case without any EF.  The modified EF routine further 

improved the RZWQM’s performance by an additional 7% on average from the original 

EF routine.  The question that must be answered is whether or not a user desires adequate 

prediction of recession limb concentrations.  If one is only concerned about acute toxicity 

for environmental exposure assessment, then the original EF modification is appropriate.  

However, cases may exist where estimates of long-term pesticide loss may be 

significantly under predicted without including the more sophisticated EF routine.   
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CHAPTER VI 

CONCLUSIONS AND FUTURE WORK 

 

Laboratory studies conducted in this research provided valuable insight into the 

flow mechanisms taken place during existence of surface-connected and buried 

macropores.  The novel experimental setup allowed macropore flow experiments without 

unpacking the column for different macropore types and lengths.  Open surface-

connected macropores were found to be highly efficient preferential flow paths.  

Although their effect on total infiltration volume was negligible compared to matrix flow 

conditions (no macropore case), buried macropores were active during the drainage phase 

of the experiments.  The experiments demonstrated that buried macropores may play a 

role in flow by diverting as much as 40% of matrix flow when soil pore-water pressures 

buildup in the adjacent soil matrix and when the macropores are directly connected to 

subsurface drains.  This quantification is only possible if the buried macropores are 

directly connected to drains since the outflow from the buried macropore is able to be 

measured separately from the drain (matrix flow).  In terms of the total outflow, the effect 

of surface-connected macropores was noticeable compared to matrix flow.  On the other 

hand, no direct short circuiting occurred with buried macropores. 

 The successful simulation of the laboratory flow conditions using HYDRUS 

enabled an investigation of the effects of physical properties of the macropore (mainly 

the macropore penetration depth) on the ‘contributing area’ concept.  The simulations 

results for surface connected macropores demonstrated the bypassing of the soil matrix 

domain.  This bypassing that takes place through the highly permeable macropore 
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domain resulting in a decrease in the breakthrough time which was found to be linearly 

correlated to the percentage of penetration.  The model results also showed that the 

contributing area for surface connected macropores is not limited to 20 to 25 cm which 

was obtained by extrapolating the laboratory data for surface-connected shifted 

macropores.   

 The HYDRUS model demonstrated the increased hydraulic non-equilibrium 

conditions between matrix and macropore domain during infiltration through a soil 

column containing surface connected macropores.  This result reveals the fact that more 

comprehensive field investigations are necessary to estimate the effect of macropores on 

the flow processes.  The first requirement for a macropore to be directly connected would 

be the connection of the macropore to the surface.  After that, the penetration depth 

should extend a considerable depth into the soil profile (i.e., 75% of the soil thickness 

between the surface and subsurface drain).  These two conditions have to be considered 

when calculating the ‘express fraction’ defined by Fox et al. (2004) and suggests that the 

express fraction will need to be a field-specific calibration parameter dependent on the 

penetration depth.  The population data by itself is not sufficient to take into account 

directly connected macropores.   

This research also included a case where an initial water table above the 

subsurface drain level was present.  Considering the immediate release of water from the 

drain-connected buried macropores and their ability to transmit 30 to 40% of the flow, 

the chemical properties of water in these macropores can dictate the water quality in the 

outflow of the subsurface drains during the early stages of drainage.  This might be a 

secondary factor affecting the express fraction value.  The contribution of buried 
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macropores to drainage water quality should be analyzed by additional laboratory column 

studies with tracers or other contaminants as a future work.   

Adjusting the express fraction modification within the lumped macroporosity 

field-scale model to account for the two-dimensional effects of macropore flow in the 

field improved model simulations by more appropriately routing contaminants to the 

saturated layers above the subsurface drain.  However, the one-dimensional model is 

limited in predicting variable flow contributions from different saturated layers within the 

profile.     

Considering the rapid breakthrough times of the surface connected macropores, 

macropore flow is critical for surface-applied contaminants.  Solute applications 

incorporated directly into the soil matrix should be considered as a best management 

practice along with tillage operations that convert surface connected macropores to 

buried macropores thereby removing the continuity of macropores.  However, best 

management practices that suggest moving subsurface drains closer to the soil surface 

may promote increased direct connectivity. 
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