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Abstract

The underlying objective of this researchtasimprove the overall understanding of how spatial and
temporal variability irmacroporosity and soil hydraulic proges in the shallow subsurface influence the

long termmobility of agricultural nutrients, and specificaliiyge moverant of liquid swine maure in
macroporous, tile drained soil¥he principal motivation for the work was to provide insight into
dynamic nutrient mobility in this type of agricultural environment in order to guide both the efficiency
and environmental sustainability of nutrienanagement practiceBhe results of this work facilitate the
advancement of our conceptual understanding and our ability to simulate preferential flow and transport
in structured agricultural soils that are subject to seasonal hydrologic patternstsitfitzge found in the

humid continental climate abuthwestern Ontario.

In order to quantitatively assess impacts of preferential flow on surface and groundwater resources,
knowledge of macropore geometry asmhtial variability is required At the prirmary field research site

for this work, near Kintore Ontario, investigations were conductedolmt:scale spatial relationships
between macroporosity and tile drainsintrafield varigbility in  macroporosity, and
macroporosity/hydraulic conductivitfK) correlatiors. Results from the macroporosity characterization
show thatile drains do not significantly influence lateral macropore distribution; however, macroporosity
did vary significantly throughout the single field where the work was conductkd adition,
macroporosity was found to be much greater in the top 0.5 m of the soil profile than at tile depth, which
ranged from 0.7 to 1.0 m. In general, smaller macropores were most abundant in the A horizon while
larger nacroporesvere most abundant neidue top of the B horizon. It was also found that the hydraulic
conductivity of both the A and B horizons were most strongly correlated with macroporosity in the 0.45
to 0.75 m depth interval. At two of the three locations investigalgel infiltration patterns revealed that

20+ year old tile installation scars were actively channeling infiltrate from the surfaleedi@ins

Preferential flowin structured agricultural soil ialso heavily influenced by significant temprand
spatial variabilityin soil hydraulic properties.As part of the work conducted at Kintora,series of
tension and double ringfiltration tests were performed during relatively wet, and dry, soil condit@ns
elucidate he influence of both tile rdins and soil moisture otenton saturated and unsaturatsail
hydraulic properties and soil structur&t eachinfiltration testlocation comparisons were made between

visible, and hydraulically effective (HEpacroporosity. Resulfsom the infiltration testshow thafield



saturated hydraulic conductivitiK{) wasgreatesbver the tile drainat thelocations with relatively low
B horizon permeability; however, whetlkee B horizon permeabilitywas relatively highKs increased
awayfrom the tile drains. Although thensaturated soil hydraulic propertisre not influenced by the
local presence of tile drains, they were subject to significant temporal variabitisy HEmacropore size
distribution was alsmbserved to haveignificant temporal variability During relatively dry soil
conditions total HE macroporosity, andHE macroporosity attributable temall pores was less than
during wetter soil conditions; converself macroporosity attributable larger pores and were both
greater when the soil was driein general, near surface HEacroporosity was approximatel@Q times
lower than thevisible macroporosity.

In addition todetailed site charcterization, dracerexperiment waslsoconductecat Kintoreto quantify

the potentiaffor short and long ten nutrient loss tatile drainage after a fall liquid manure application.

As part of the experimentyémide and chloridéracer solutionsvere appliedver two parallel strips of

soil adjacent to a tile drain. Following tracer application, the area vigatéd for nine hours to replicate
heavy precipitation. The tracers were applied in early November 2007 and tracer concentrations in the tile
discharge were subsequently monitored for 1 y&omide (which was applied directly beside the tile)
reached He tile drain within 1 hour of application, thus indicating that preferential flow and transport
processes were active; however, there was no noticeable increase in chloride (which was applied 2.3 m
from the tile) concentration in the tile effluent ovee #ntire one year monitoring period. By September

of 2008, bomidewas not regularly detected in the tile effluent and soil cores were exttadetermine

the residual tracer mass stored in the soil profiass balance calcuians indicate that paically all of

the lromidewas accounted fawvver the course of the yeawith the bulk (>98 %) beingapturedby the

tile. Although very little (<10 %) of the surface applied bromide reached the tile quickly (within 48 hrs)
following application; the njarity of the total applied bromide reached the tjeApril 1, 2008 Winter

melts were most important influence on bromide movement to the tile draiapanobimately 25 % of

the total bromidemasswas discharged during a single 10 dasentin January 2008 Resultsfrom the

tracer testndicate that the majority of soluble nutrients apphéthin approximately 2 m ofile drains,

during fall liquid manure applications, will potentially be transported to surface water prior to the
following growing season, and that winter and spring melt events are responsible for most of the soluble

nutrient flux between tile drained agricultural land and surface water.

While water and solutes are typically used to characterize flow and transport pracésdesoils, there

is a scarcity of information regarding how these same processes influence the movement of liquid manure
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through macroporous soils in tile drained field% investigate this questiomiscosity dependantuat
permeability flow andtransport modal weredeveloped an@mployed to simulate liquid swine manure
application experiments that were conductednacroporoustile drained soilsiear Sebringville Ontario

Using data from the field experiment as a benchmfarkthe models sinulations were conducted to
establish how ammonium and phosphate are transported and ultimately distributed between tile drains,
groundwater, and the unsaturated zaneesponse to surface banding and subsurface injetidonure
applicationtechniquesand different manurdoading rates.Simulation results show that surface banding
increases the shallow lateral distribution of both ammonium and phosphate, while injection application
increases the vertical distributiofVith injection application, higheapplication rates inducmorerapid
transport of ammonium and to a lesser degree phosphate to the tile \&itzém. theprimarily vertical
orientation of the macroporés considered, thelé drain rapid capture zonelimited to a narrow region
immediatly overlying the tile. The models also show that increasing liquid manure viscosity can result
in a significant reduction in the amountmitriens transmittedo tile drainsshortly after applicationAs

a result, fluid properties of the manure of et need to be considered when assessing potential

environmental risks associated with liquid manure land application.
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Chapter 1

Introduction

1.1 Background

Since the mid 2D century, tremendous progress has been made by the soil physics, agronomic and
hydrogeology communities to improve our understanding of water and nutrient dynamics in
agricultural soils. Although significant advancements have been made, scientific disicottas

field must continue in order to keep agricultural productivity growth on pace with the growing
population. In addition, significant pressure continues to be applied on the agricultural community to
reduce the environmental impact of farmingqgpices, specifically with respect to impacts on water
guality. Bet ween 1950 and 200 8, hbilionhpeoplevamd Witld 6 s p 0 |
the help of science, global food production has been striving to keep pace. By 2050 global populatio
is projected to reach ové billion, requiring that food production rise by 70%, with the increase
coming largely from improvements in agricultural productivity, not by additional land cultivation
(FAQ, 2009) One of the most recognized methods of@asing crop yields is through fertilization;
however, increased use of fertilizers often has deleterious effects on groundwater and surface water
guality (Scanlon et a] 2007) Balancing this agricultural/environmental quandary necessitates that
we conthue to improve our understanding of soil/water/nutrient interactions in order to optimize

nutrient availability for plant growth while reducing nutrient flux to groundwater and surface water.

Much of the productive agricultural land in North America is tésult of major land modification
initiatives that include both surface and subsurface drainage installationSkaggs et al(1994)
reporedthat approximately one quarter of all the cropland in North America has undergone drainage
improvements. Sulbisface (tile) drainage provides many benefits from an agricultural perspective
but also has many potentially negatemvironmental impacts includingcreased peak runoff rates,
increased nitrataitrogen losses to surface watand by providing a condufor substances such as
liquid manure(Shipitalo and Gibbs2000;Hoorman and Shipitalo2006 Ball-Coelho et al 2007)
herbicides(Moorman et al 1999) pesticides(Kladivko et al, 1991 Kladivko et al, 1999)and
pharmaceutical§Lapen et al 200&) to reach surface water. The environmental impacts of tile
drains are increasingly becoming the subject of debate between groups representing environmental,
agricultural and political interesthowever basic questions of how tile drains dynamicallyenatct

with the hydrologic environment remain unanswered. Increased scientific knowledge is required to

facilitate productive dialog among the stakeholders currently engaged in these debates.
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Inherent to areas with extensitiéee drainageinstallations ee structured soilswith poor natural
drainage (Skaggs et al 1994) that typically contain various types of preferential flow paths
(macropores) that facilitate rapid water and solute flux under wet hydrologic condRiang et al,

1994) When macrpores interact with tile drains, agricultural products and chemical tracers can be
detected in tile effluent within hours or even minuaéter applicationKung et al, 2000;Stamm et

al., 2002 Ball-Coelho et al 2007) Past research has shown that only macropores in the immediate
vicinity of tiles are likely to transmit solutes to the tile drafMohanty et al 1998;Shipitalo and

Gibbs 2000) however macropores located away from tiles still pose an environmestakince

they have the ability to rapidly transmit potential contaminants below the plant root zone and into

shallow groundwater.

Proper quantification of the impact that tile drains and macropores have on groundwater and surface
water is a complex is® that requires a multaceted approach. Perhaps the best method is through
the conjunctive use of field tracer experiments that show the bulk system behadghysically

based, norequilibrium flow and transport models that allow the bulk systetmetdissected into its
component parts for detailed analysis. Thmtpermeabilityflow and transport formulation from

Gerke and van Genuchtdh993) is currently one of the most widely used models for simulating
preferential flow and transport in maparous field soils and is the method implemented in the
popular Hydrus(Simunek et al 2006) and HydroGeoSpheréTherrien etal., 2009) numerical
models. While these modetain simulatehe physical complexities of flow through macroporous

soil, they areextremely parameter intensivBifnunek et al 2003) and require soil information that is

not typically available at the plot and field scale.

One of the most fundamental requirements for parameteritiagpermeabilitymodels isto have
knowledge of mampore geometry and spatial distribution at the location of interest; however, to date
there is very little field data available that proddbis vital information. Although the subject of
preferential flow has received considerable scientific attentiomch of the existing fiekbased
guantitative data for agricultural soil macroporosity relatestiidies that focused on: (1yheel

traffic influences on soil hydraulic propertie&nkeny et aJ 1990),(2) tillage effects Ehlers 1975;
Ankeny et al 199Q Logsdon et al 1990 Dunn and Phillips 1991), (3) hillslope position
(Bodhinayake et g12004), and (4) flow and transport dynamics in macroporous Edilefs 1975;
Villholth et al, 1998;Cey and Rudolph2009) and not on field scale characterization of macropore

spatial distribution. To further complicate the matter of selecting appropriate macropore parameters
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for use indualpermeabilitymodels, macroporous agricultural soils are often tile drained and the

spatial relation between macroporosity and tile drains is very poorly understood.

In addition to significant spatial variability, the hydraulic properties of agricultural soils are subject to
temporal variability that can often overshadow spatial effédesging and Jarvis1993;van Es et

al., 1999;Zhou et al, 2008). While it is accepted that the magnitude of temporal variability is largely
governed by deterministic factors such as tillagerphy et al, 1993;Moret and Arre 2007), crop

type Bodneret al, 2008), root growthRodner et al 2008;Mubarak et al, 2009), climatevan Es
1993;Bodner et al 2008), irrigation Mubarak et al, 2009), moisture conterZljou et al, 2008) and
wheel traffic Alakukky 1996G/b); very little information curently exists pertaining to the influence

of tile drainage on soil variability from either a temporal or spatial perspective. Because macropores
can typically transmit a large proportion of the total water flux in relatively wet Bahénty et al

1996 Lin et al, 1997),macropore temporal variabilitgnd associated tem@brinfluences on soil
structureare especially important considerations when evaluating the infiltration characteristics of
agriculture soil. However, the amount of information cotlse available to describe temporal

influences on macroporosity in tile draineds@ notably sparse.

While the dynamic response of tile drains to incident water is undoubtedly influenced by temporal
variability in soil hydraulic properties, a disprafionately large amount of thannual water and
nutrientmass flux through tile drains can occur in a relativ@tprtamount of time Drury et al,

1996; Cambardella et al] 1999; Tomer et al 2003;Kladivko et al, 2004) during extremely wet
conditions As a result, it is important to understand flow and trangpoxdesses in macroporous soil
during 6extremed hydrologic events in order to
to surface water resources on an annual basis; howmesipus research has largely avoided this
subject. Be c a u s e de&venktite draimage research is complicated by the realisntilthatain
monitoring is challenging during periods of hifibw, new andinnovative methodology is required

to facilitate further scientific development in this field

The understanding of nutrient fluxes in soil/groundwater/suifeater systems is further
complicated by the number of different products available to serve as fertilizers; however, in
geographical areas with large confined animal feeding operationisl fitanure is commonly used.

To give perspective on the volume of manure under consideration, in Canada alone it is estimated that
16 million tonnes of liquid swine manure were applied to agricultural land in 208f@nénn 2008).

Because past work éndry et al, 2004;Keener et al 2006) has shown that liquid manure has
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significantly different fluid properties than water, flow and transport characteristics specific to liquid
manure need to be taken into account in order to accurately predict theatiknth application of

liquid manure poses to water resources. To date however, the influence of manure specific fluid
properties on the movement of liquid manure through macroporous soil has largely escaped scientific

attention.

1.2 Objectives

The primay objective of this PhD thesis is telucidate tile drain interactions with
macroporous soils, and to improve the ability to simulate flow and transport of nutrients in shallow
groundwater agricultural environments. As noted above, gaps currently enistunderstanding of
the temporal and spatial variabilitgf soil hydraulic propertiesso by necessity, significant efforts
were madeduring the course of this wordo alleviate these gaps in order to address the primary
objective with thedetail required to contribute newinsight on the subject This work entaiéd a
combination of field studies that were conducted on different soil types and during different seasons,
and numerical modelling activities that utilize a modified version of the HydroGeaSphererical
model that accounts for the influences of fluid viscosity on variably saturated flow through
macroporous soils. Synthesizing the results from this work will improve the ability to more
effectively manage fertilizer use in macroporous tile ri¥ei agricultural soil in order toptimize
nutrient benefits andeduce environmental risky improving nutrient utilization by crops from both

a predictive and conceptual perspective. Specific scientific contributions are as follows:

- Quantification of the influence that tile drainage has on soil hydraulic properties and
macropore distribution in different soil types byaluatingthe three dimensional spatial
distribution of macroporosityand the two-dimensional distribution of soil hydraulic
properties with respect to tile drain locationThis was carried ouh three unique settings
that include a flat lying field position with fine sandy loam soil underlain by a silty clay
deposits; a slightly sloping location with loam soil underlain by silt, sartigravel lenses;

and a hillside location with loam soil underlain by sandy silt deposits.

- Quantilying the influence that post cropping season temporal variability has on the hydraulic

properties and soil structure of flat lying sandy loam, and hillsiae soils.

- Conduct plot scale irrigation and transient tracer experimeoits well characterized,

macroporous soil in a shallow groundwater environment to: a) demonstrate the dynamic
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nature of tile drain hydraulic response to precipitation, b) show howopare interactions
with tile drains influence nutrient flux after fall liquid manure applicatjarsd c)quantify
the relative proportion of surface applied solutes that can be cajpwggineby tile drains

after a late fall liquid manure application.

Demonstrate how correlation between groundwater levels and tile drain discharge can be
used to develop empirical tile drain discharge mqdeid: a)demonstratéiow such models

can be used to estimate tracer mass flux through a tile drain over a operyedrfollowing

surface application of a conservative tracerd b)illustrate the significance ob e x t r e me 6
hydrologic events on nutrient fluxes through tile drains.

Demonstrate the importance of considerimngidct soil layers such as plpans and stace
crusts induatpermeabilitysimulations of flow and transport in macroporous field soils by
calibrating a plot scale, HydroGeoSphere model with results from asfielé liquid manure
application experiment.

Show the importance of including fluid viscosity and physically realistic boundary conditions
when simulating liquid manure application on layered, macroporous, and tile drained

agricultural soilsusinga modified version of HydroGeoSphere.



1.3 Thesis Organization

The contents of this thesis are organized into six chapters, with this first chapter providing both a
general introduction to the topic of preferential flow in tile drained agricultural land, and the basis and
objectives for the scientific work dedlmed in detail throughout chapters 2 to 5. It is intended that
chapters 2 through 5 will be published in international scientific journals and in order to expedite the
publication process they have been prepared in manuscript format. Chapters 2 acificallype

focus on detailed site characterization work that was conducted at the primary field site near Kintore,
Ontario wheresoil hydraulic propertyspatial and temporal variabilityasinvestigated with a series

of infiltration tests and shallow excai@ns. Chapter 4 is focused on a tracer experiment that was
conducted at the Kintore site in order to characterize conservative solute transport to tile drains over
an annual climate cycle, and is supported by the site characterization work descrimgatensc2 and

3. Chapter 5 investigates the movement of liquid swine manure toditesdn structured soilgsing
duatpermeability numerical modgland is based on field experiments conducted near Sebringville,
Ontario by Agriculture and Agffrood Caiada. Chapter 6 restates the most significant conclusions
from chapters 2 through 5, and also provides suggestions for future research.



Chapter 2
Characterization of plot and field scale macropore spatial

variability in tile drained soil in southwestern Ontario

2.1 Introduction

Tile drains are ubiquitous features of the agtical landscape acrosthe most productive
agricultural regions in North America and have been integral to impngviour agricultural
productivity. In temperate climate regionsle drains are typically installed with the objective of
removing excess soil moisture in order {b) allow farmers to plant crops earlier and harvest later,
(2) reducethe detrimental effect®f wheel traffic soil compaction, (3) improve root zoneatien

and (4) allow the root zone to warm quicker in the sprithereas irarid/semiarid climate regions,
where irrigation is common, tile drairare primarily intended t@ducesalt accumulation in the soll
Although the many benefits of tile drainage are well known, environmental problems associated with
tile drainage sud as increaseditrate pathogen, pesticide and salt loading in surface whtare
also been documented. Because tile drainagedkla vital component of modern agricultyrnget
potentially manifestewith seriousenvironmental issuethere is a neetb increase our knowledge of

how tile drains interact with the sdilgroundwateii surface water system.

In temperate climate regionsle drainsare often installed ipoorly drained, structured soils that
contain secondary porosity featur@sacropores)such as biopores, root holes dnactures Beven

and Germann 1989). Macropores are generally characterized as pores greater .hamrOin
equivalent cylindrical diameter that allow for requilibrium flow conditions to exist between the

soil matrix and the secondary porosity when soil water pressureeleadds the range ef0 to-6

cm (Jarvis, 2007). Within their hydraulicallyactive pressure rangeacropores are very important in
governing the infiltration characteristics of agricultural seitgl can have significant influence on
infiltration processesand on the transient hydraulic response of tile drains to precipitation a
irrigation events. It has been repeatedly shown that a disproportionately large amount of water flux is
transmitted through macropores as structured soils approach saturati@ufamand Phillips1991%;

Mohanty et al 1996; Lin et al, 1997). Becaise macroporegan beso effective at rapidly
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transmitting water and solutés the shallow soil environment, their influence tila drainscan be
important Numerous past studies have led to the conclusion that macropore flow processes are
responsiblefor the rapid arrival of compounds derived from liquid man8kigitalo and Gibbs

2000), liquid municipal biosolidsqottschall et al 2009) and pesticides and fertilizerkladivko et

al. 1991)at tile drain outlets.

Because tile drainage has been shdw increase the structureaf de Graaff1979) and hydraulic
conductivity Bouma et al 1979a) of some soil types, it has been hypothesized that macroporosity
will increase in the vicinity of tile drainsA{akukku et al 2010). Although the issue ofacropore
distribution relative to tile drain location has been considered in previous wookvimy both
earthworm abundance and macropore distributicegricultural soils, the results do not consistently
show that tile drain location influences maavogsity. In a silt loam soil in Ohio that was planted in
no-till soybean,Shipitalo and Gibb$2000)found that macropores createdlbymbricus terrestrid..
earthworms, and located within 0.5 m of the drain, are most likely to have a direct connetttion wi
the drain; however, they did not observe increased earthworm abundance over the drain. Conversely,
work conducted in southwestern Finland has found that higher numbers dfanblticus terrestris

L. earthworms do exist oveite drains Nuutinen et h, 2001), and that they tend to burrow deeper
over tile drains Pitkdnen and Nuutinerl997) as compared to midway between drains. In more
recent work byAlakukku et al(2010), macroporosity was not found to increase above tile drains even

though theravere a greater number of earthworms in the soil above the tile drain.

In order to accurately quantify the potential for macropores to transmit contaminants to tile drains,
their spatial distribution and geometric properties need to be known. Althougipaetoaability
models generally perform well when predicting water and solute flux in macroporousvemjid et

al., 2000;Gardenas et a) 2006;Gerke et al 2007), they are parameter intensignfunek et a|

2003) and require a detailééscription 6the macropore/bulkoil volumetric ratio. To date, there is
very little field data available that describes the spatial distribution of macroporosity in different soll
types in order to support the parameterization of these complex models. Muctexistimg field

based quantitative data for agricultural soil macroporosity relattsdi@s that focused ofil) wheel

traffic influences on soil hydraulic propertiésg.Ankeny et al 1990),(2) tillage effects (e.gehlers

1975; Ankeny et aJ 1990 Buczko et aJ 2006;Logsdon et al 1990;Azooz et a] 1996;Dunn and
Phillips, 1991),(3) hillslope position (e.gBodhinayake et gl 2004), and (4) flow and transport



dynamics in macroporous soil (eEhlers 1975;Villholth et al, 1998;Cey andrudolph 2009) and

not on field scale characterization of macropore spatial distribution.

Various techniques exist for quantifying macroporosity in soil; however, none are without problems.
The most basic of the methods involves manually counting maa®epn exposed soil surfaces and
has been used extensively (eihlers 1975;Lauren et al, 1988;Logsdon et a] 1990 Cey and
Rudolph, 2009 As with any manual procedure though, human bias will inherently induce variability
and lack of reproducibilt to the datad.g.Logsdon et al 1990). Image analysis of digitized soil
images is also extensively used (eeglwards et al 1988;RingroseVoase 1996;Mallants et al,

1997, Cey and Rudolph2009). Aside from the purely technical issuédgmpsoret al, 1992),

image analysis often involves quantification of dye stained surface area, which becomes problematic
when considering that dye will invariably stain areas of the soil matrix as well as the walls of
hydraulically active macropores. Methods/éalso been derived to determine macroporosity using
tension infiltrometersWatson and Luxmooyd 986;Bodhinayake et al 2004) and hanging water
columns (e.gFlint and Flint, 2002) that are based on capillary theory. While both methods are
widely used (e.g.Watson and Luxmoorel986; Ankeny et aJ 1990; Mallawatantri et al, 1996;
Bodhinayake et al 2004), their applicability is limited to situations where the only macropores of
interest are connected to the infiltrometer base, or suction pldéesBeven and Germanii982).

In more recent advances in preferential flow research, gefy xadiographyNlori et al., 1999), and

CAT scanning Perret et al, 1999) technology has been applied to macropore characterization.
While technically appeadg, these technologies are currently limited to those who have access to the

required equipment, arwho are interested in lab scaleil core analysis.

While the inherent difficulty of macropore quantification is acknowledged, there is tremenddus nee
for spatially distributed macroporosity data in order to better understand macropore influence on
infiltration dynamics atte plot and field scale, anm quantify macropore spatial variability in
numerical models that account for the presence of anemfal flow continuum. It is the objective of

this component of thework to address the current gaps in our understanding of field scale
macroporosity distbution in shallow water tableagricultural settings by characterizing and
comparing the spatialistribution of macroporosity with respect gaturated hydraulic conductivity,

soil type, topographical setting, and tile drain location in southwestern Ontario field soils. In total,
macropore on one hundred and forty ni@e5 nf horizontal surfacedocated at depths ranging from

0.02 to 1 m, and distancep to 4 m fromtile drains, were manually counted and classified into five
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different size categories. Doubli@g infiltrometer tests were conducted on the field surface above
each sulsurface area where macropores were counted. Macroporosity spatial variability relative to
tile drain location and field positiowas assessed Wi robust, nosparametri¢ statistical methods.

The results provide quantitative data to support both the parameterization of preferential flow models,
and assessments of environmental impacts associated with preferential flow and tile drainage systems,
in agricultural settings. The extensive dataset obtained over the course of this work provides new
insight into the spatial disbution of soil macroporositsit both the plot and field scale.

2.2 Methods and materials

2.2.1 Field site description

The experiment sitis an actively cropped field that liscated aN4 3 A0 9W&HBH5AHQ0 1608 0, near
town of Kintore in southern Ontario, Canafgure 2.1a). Systematically spaced, 10 cm diameter
plastic tile drains were installed at the site in 198% a tile plow According to the regional soil
survey(Experimental Farms Servicd987, soils at the site are primarily poorly drained dark grey
Gleysolic, Maplewood silt loam series, underlain by clay, and clay loam till that is bordered at the
north edge of the fieldybwell drained grey brown Luvisol of the Honeywood silt loam series that is
underlain by calcareous loaml.til Beneath the surface soils is a complex layering of Quaternary
sediments consisting of subglacial diamictons and glacifluvial de@&idolphand Parkin 1998)

that extend to a depth of approximately #5(Sado and Vagnersl975). The glacial sediments
overlie Middle Devonian limestone of the Detroit River Gro@mtario Geological Surveyl986).
Topography at the site ranges from relativddy fsouthwest end of the field) to gently rolling (north

half of the field), and local soil conditions tend to vary in conjunction with topography. Minimum
tillage practices have been utilized at the site since 1995. PA060#bhoth liquid swine mamre and
commercial fertilizers were used as soil nutrient amendments; however, b&@@Zkand 2009 only
commercial fertilizer was used. In 2007 and 2009 the field was planted in soyGéarisg max L)

that were harvested in late September and in 2008ield was planted in winter wheakriticum
aestivumL.) that was harvested in mid JulyThe topographic and surfade subsurface soil
variability, combined with the uniform land management practice and climate conditions that are
characteristic of a single fieldnadethis site ideato studysoil type and topographic influences on
macroporosity. &st research on nitrafleix in agricultural settings and riparian zone denitrification
has been conducted at the same(§iey et al, 1998 Cey et al, 1999.
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2.2.2 Plot characterization

Three locations (plot 1, plot 2 and plot 3) at the wigze chosen for studiFigure 2.1b), with each

plot having a unique soil property/topography combination. The A horizon was characterized with
0.05 m diameter by 0.1 m long soil cores that were extracted from the 0.05 to 0.15 m depth interval.
Six suchcores were obtained from each plot,wdfich three were taken from immediately over the
tile drain and three frora parallel transect 2 m away; coring locatioveye spaced 2 m apatong

each transect The B horizon was characterized with 0.08 m diameter by 0.1 m long soil cores that
were etractedfrom variousdepthsbetweern0.3 to 1 m. The B horizon samples were not taken from
an evenly spaced grid butere insteadntended to represent the different shallow-sulface soil
typesobserved Organic matter content in the topsoil cores determined using the WalkleBlack

acid digestion metho@Walkley and Black, 1934)particle size distribution for all of the cores was
determined with the pipette methd@Gee and Or, 2002)and bulk density was determined by
assuming that the volume dfikinside the cores was undisturbed. The tile drains at each plot were
located with an electronic drain inspection/location system. Prior to the infiltration experiments, soil
moisture contenin the top 5 cm of the soil profilwas measured at twelvedations at each plot with

a Campbell Scientifitnc, TDR 10Q time domain reflectometr{T DR) system.

2.2.3 Plot layout

Twelve individual test areas at each plot were arranged on a rectangular grid oriented parallel to the
tile drain (Rgure 2.2). Thethreeindividual rows of test areas were spaced approximafely.5, and
3.5 mfrom the tile drain. Along each rowhe four test areas were spaced approximatety Zpart.
All of the areas were all carefully located to avoid soil affected by wheel tvetticthe exception of

two test areas in row 1 of plot 3.

2.2.4 Hydraulic property estimation

Doublering infiltrometer tests were used to obtain estimates of field saturated hydraulic conductivity
(Kts) on the soil surface above each-subbface area where mapares were counted. In the process

of setting up the infirometer tests, both the inner and outer ringge hammered approximately 5

cm into the soil. A water level of approximately df was maintained throughout the experiment in
both the inner and uter reservoirdy separate 40 liter Briotte bottles. Infiltration rage were
monitored until quassteadystateconditions were observed the inner ringwhich usually required

two to three hours.Estimates oK were obtained from the double ringfiltration data using the
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method prescribed biReynoldset al. (2002). The saturated hydraulic conductiviti{s{) of each B
horizon soil core was measured in the lab with either a constant, or falling head permeameter, for the

visibly coarse, or fine giined material, respectiveliRéynolds2008).

2.2.5 Dye infiltration

Between the doublgng infiltrometer tests and macropore countiig, liters of blue dydBrilliant

Blue FCF)was ifiltrated into the soil beneath each test area from within a 0.5 m by G@&uare
sheet metal frame that was hammered approximately 0.02 m into the 8wl.dye infiltration
occurred under falling heazbnditions with the initial levelisually around.08 m The purpose of
the dye infiltration was t@isualize both thenacrgore hydraulic continuityrbm surface to tile drain
depthand the spatial distributioof infiltration via preferential flow Vertical soil faceshat extended
from the near surface to tile drain depiiong one edge of each dye infiltration area veeaavated
ands moot hed wi t h aadtma ghotogépshedtinrocder ¢ol docuntaetvertical dye

infiltration patterns.

2.2.6 Macropore counting

Macropores were counted on 4 or 5 horizontal soil surfaces beneath all but one of the surface test
areas. ® reduce the amount of manual digging requireth leep trenches were excavated around
one or two sides of the dye infiltration area with a pex¢avator(Figure 2.3). Manual preparation

of the 0.5 by 0.%n square counting surfaces involved the follayviteps; 13igging with a spade to

a position approximatel20 mm above the target elevation, 2) removing the déxmm with a
handheld scraper bladand 3) cutting verticallicesinto the rough finished surfa@md then cracking

off the final5 mm of soil so that the soil structure was exposed with minimal smeakagh surface

was cleaned with a vacuum immediately before the macropores were counted. At plotdighdrty
surfaces were excavated on four levels situated between depths-0f7608 at plot 2 there were

fifty -three surfaces on five levels excavated between depths el @@2n. At plot 3 there were

sixty surfaces excavated on five levels between depths of0B02m however macropores were

only counted on the fortgight surfaes located between 0025 m since the soil beloa depth of
approximately0.6 m became increasingly coarse grained/gravelly and visible macropores seemed to

terminate at the transition

A 0.5by 0.5 msquare wire frame was placed on the prepared cmunstirface in order to define the

counting area The wire frame wasuldivided into 4 equal quadrantd thecounting process
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involved tallying the number of macroporesdiametricsize classificationsf 0.55 mm, 58 mm, 8

10 mm and 1012 mm withineach quadrangs well as tallying the length of all the fractures observed
on each surface. Although somewhat arbitrary, the size classificationhasencfor the following
reasonsl) pores less than 0.5 mm were difficult to discern from surface woaged during the
surface preparation process, 2) the average size of the different size categories was approximately the
median size, 3) pores in the &5nm size were a combination of root holes and biopores whereas the
larger sizes were mostly wormipows lined with a dark film, and 4) fractures were included because
they were obviously ubiquitous to the soil and dye infiltration patterns indicated that they were
actively transmitting water.To reduce measurement bias circle templatereused to al in size
categorization. Theotentialdata repeatability problems associated with manually classifying and
counting macroporege.g. Logsdon et aJ 1990) are acknowledged; however, the field methods
needed to beelatively simple in order to accommodahe scale of the project.

Fractures werguantifiedduring the counting exerciséy using a ruler to physically measure the
total lengthof fractures on each surface. An estimate of the area occupied by fractures was obtained
by assuming that the awye fracture width was 0fsm, whichwasbased on field measurements
taken in the A horizon layer of plot 3. It should be noted thafrdeure valuesare slightly less
reliable than the macropore valugiaee additional fractureformed rapidly as thexposed surfaces

dried and on occasion it was difficult to ensure that the observed fractures had existed prior to
surface exposition. Because fractures were found to make up a very small proportion of total
macroporosity at each of the three plots, tineertainty associated with fracture measurement has
minimal influence on the overall macroporosity quantification results. Macropore area fraction
(MAF), which is defined as the ratio of macropore area to total surface assabtaired by
multiplying the mean area of eaghacroporesize interval by the observed number of macropores in
that interval. Total MAFon eachcountingsurface vas obtained by summing thRlAF associated

with the individual macropore size intervals and the total fracture arean riegapixel digital
pictures were tadn of each countingurface to provide reference during data analysis and for

possible future image analysis.

2.2.7 Statistical methods

The two sidedanksum test(as defined irHelsel and Hirsch2002 was used to determirié the

median MAF inthe row of sample areas located above the tile dvasstatistically indifferent from

MAF in the two rows positioned parallel to the tile drain, and tdsdetermine if the median MAF
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amongthe three plotsvas statistically indiffeent The MAF of 0.55 mm, 58 mm,and8-10 mm
macropores, and total macroporosity, at each depth level, were considered in the comparisons.
Macropores in the 202 mm size category were rarely encountered and therefore not compared, and
fractures were ot compared because of the low proportion of macroporosity attributable to fractures
and to the uncertainty surrounding the fracture data. Although the MAF attributablel® rivth
macropores, and to fractures, was not individually tested, their respemivributions to total
macroporosity are included in the total MAF values.

2.3 Results and discussion

2.3.1 Plot characterization

Select soil compositional properties, bulk density, and mean hydraulic conductivity, at the three
experimental plots identified in Figu2lb are presented in Tabl@sl and2.2. Plot 1, whichis

located on the relatively flat (1.6% grade) gsoend of he field where tile drains are located at a
depth of about 05m, consists ofine sandy loam topsoil witapproximately 6% organic matter and

is underlain by sasilty clay B horizon with approximately 8% gravel content. Plot 1 is in an area of
the fieldwhere hydraulic gradients direct the shallow groundwater towards surface year round, and
where the tile drains flow during all but the driest conditions. Plsti@ated on a slope (9% grade)
along the eastern edge of theld wheretile drains are loated at a depth of aboQt95 m andA

horizon soils are classified as lodhat contairs approximately 3% organic matter. ThehBrizon

soil at plot 2 is composed of relatively uniform silty sand with approximately 4.3% grabel.tile

drain at plot 2 $ seasonally active and water was not flowing in it at the time of this work. In
comparison to plot 1, the water table at plot 2 is approximately 0.3 to 0.5 m deeper, which results in
lower surface soil moisture content that in turn increases potentiedfioon based organic materials

to breakdown, hence the comparatively low proportion of A horizon organic matter. i®located

in the relatively flat (1.9% grade) center of the figlleretile drains are located at about B.&

depth andhetopsol is classified as loam witApproximately 5% organic matteWater was flowing

in the tile drain at plot 3 at a very low rate when the work was conduckdll three plots, a
hardpanlayer was observed at the base of the A horizon, at deptygpobxmately 0.15 to 0.2 m.

Near surface, mean soil moisture content at plots 1, 2, and 3, prior to the experiments being conducted

were 0.29, 0.22, and 0.28m*, respectively.
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Similar to the large differences in soil composition, the hydraulic condlyctif’ both the surface,
and B horizon soils, varies markedly between the three pBsmetric meahydraulic conductivity
of the surface soil ranges from a low 18 cm d* at plot 2, to a high o251 cm d* at plot 3.
Hydraulic conductivityof the Bhorizon has even greater variability and ranges from a ldh2&fcm
d* at plot 1 to a high 083cm d* at plot 3.

2.3.2 Dye infiltration patterns

Visible tile installation scars at plots 1 and 3 appeared to have preferentially funneled dye from the
surfaceto the tile drain (Fgure 2.4ac). The tile scars were approximately 1.5 m wide at the top of

the B horizon and tapered towards the base of the tile drain. Visual inspection indicated that within
the tile scar regions, dye was transmitted towards tkedtifin through cylindrical macropores,
structural faces within and along the edges of the tile scars, and topsoil material that appeared to have
washed into voids created during the tile installation process. It is important to note that in addition to
serving as preferential flow conduits, the structural and compositional features within the tile scar
areas are capillary barriers that will potentially impede lateral flow under partially saturated B horizon
soil conditions. At ploR there was no evider of a tile installation scar arylindrical macropores

were the only structural features that appeared to be transmitting dye to thigtite ZFb).

In the A horizon, the dye was widely distributed throughout the soil matrix and the macropores
benedt the application area. Similar to the observation madshigitalo et al (2004),it appeared

that the harpan layer at the top of the B horizon promoted the lateral spreading iofittiate and

that macropore flow was the primary mearfislye movemst through the hardpanThroughout the

top of the B horizondye staining was generally limited to soil in the immediate vicinity of macropore
features (e.g. Figurd.5a) and from visual observations it did not appear that any single macropore
size rangavas more or less stained than the others. All of the macropore sizes, including fractures,
had obviously transmitted dye. At plots 1 and 2, macropores smaller than 0.5 mm, including some
that had very fine roots inside them, were observed to have dgmgtat tile depth. Although the

very small pores were not precisely measured, some of them appeared to have diameters less than the
generallysuggested 0.3 mm minimum diameter of macropores. This observation suggests that small,
vertically continuous apillary pores are also preferentially transmitting water and solutes to tile depth

at this site.

At plot 3 the soil transitioned to noticeably coarser material at a depth of approximately 0.7 m, at

which point the majority of the B horizon macroporosippeared to terminate i(fure 2.6). The
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observed loss of macroporosity at a $edturalboundaryis consistent with previous work that has
shown Lumbricus terrestrisL. earthworms were deterred by sand layers within loamy soil cores
(Hawkins et al 2008), and that burrows terminated at the transition to unweathered parent material
(Ehlers 1975) below a silt soil Figure 26 provides a visual perspective on the soll
composition/structural change that generally occurred between the 0.5 m and @&satiglot 3.

Due to the dramatic decline in the number of vertically continuous macropore featdré® change

in soil composition dye staining patterns changed noticeably across the textural boundary. Within
the coarse grained material below Hwindary the dye appeared widely dispersed (Figuid) and

not focused around individual macropores (Fig2fga). These differences in dye staining patterns
between soil layers with different structure and textural features are consistent withregsartisd

by Flury et al (1994) for agricultural soils in Switzerland that were underlain by coarse deposits.
Based on observations from plot 3 and noting that the dye was applied with positive pressure, it
appears that the B horizon macropores havedbential to act as vertical pipes that provide a direct
hydraulic connection between the top of tierdoan layer and deepemore permeable deposits.
Whenthe permeable deposits extend into the saturated zone, the groundwater flow system, as well as
tile drain effluent, could be rapidly impacted by swfactivity in conditions where shallow B layer

macroporesre hydraulically active.
2.3.3 Macropore distribution

2.3.3.1 Plot1

The MAF estimation for plot 1 is presented in Figdré The MAF for macropores in th&55 mm

size ranggFigure 2.7a) is greatest near surfaged progressily decreases to tile depth (0.75 m).

The MAF attributed to macropores larger than 5 mm was low in relation to the smaller macropores
for all depths. Fomacroporesn the 58 mm g$ze range (Kure 2.7b), the greatest MAF was
obsewed at the top of the B horizq.15-0.45m depth intervagl Similarly, he MAF distribution for

8-10 mm macropores (Figuge7c) was also found to be greatesthattop of the B horizon With the
exception of a single worm burrow in thel8 mm size range, only macropores less than 5 mm in
diameter appeared to reach tile depth at plot 1. Because the MAF at plot 1 is dominated by
macropores in the 0:5 mm size range, the total MAF digution (Figure2.7d) largely reflects the

distribution of the smallest macropores.
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2.3.3.2 Plot 2

Results of the MAF estimation for plot 2 are presented in FigBe The MAF of 0.55 mm
macropores (Figur2.8a) is greatest near surface, geherallydecreasesantil the 0.450.6 m depth
interval,at which point it remains relatively stable to tile drain d€ptB5 m) The MAF ofboth5-8

mm macroporegFigure2.8b), and 80 mm macropores (Figu&8c), was greatest at the top of the

B horizon (0.1%50.45 m deth interval), and rapidly declined below 0.45 m. Only a single macropore

in the 510 mm size range was observed below the depth of 0.7 m. There were approximately 60%
fewer 58 mm macropores near surface than at the top of the B horizon and macropgbe810

mm size range were not observed near sudhed. The only macropores to reach tile depth were in

the 0.55 mm size range. The total MAF distributiahplot 2(Figure2.8d) has two local peaks that
largelyreflectthe high proportion of 0:5 mm macropes near surfagand the combination of 6%

mm and 58 mm macropores within the 00586 m depth range

2.3.3.3 Plot 3

Although macropore counting surfaces at plot 3 were excavated to tile depth (0.85 m), macropores
appeared to terminate in the iviity of a textural boundary that existed at an approximate depth of 0.7

m. As a result, MAF is onlyeportedfor the 0.020.5 m depth interval. It is also important to note

that at plot 3, two of the four test locations within row 1 appeared to havealffeeted by wheel

traffic from the front wheel of a John Deere 9500 series combine during wheat harvest (based on
wheel track imprints on the near surface macropore counting areas), which occurred approximately 3
weeks before this work. Although the éntow MAF data is quite sparse, and large natural
variability reduces the opportunity to conduct a meaningful comparison betweenaffeetdd and
nonwheelaffected areas, a brief evaligat of the MAF datasets fromow 1 suggests that wheel
traffic mayhave reduced the MAF by up to 50%, with the greatest reductions observed near the field
surface. Previous work ldnkeny et al(1990)has shown that wheel traffic prefererigialestroys or

prevents the formation of macropores, and provides suppdhisoobservation.

The MAF estimation for plot 3 is presented ilglite 2.9. MAF attributed to 0.5 mm macropores
(Figure2.9a) was greatest in top 0.2 m, where it was also relatively constant. Between the depths of
0.20.5 m, the MAF of 0.% mm macropores declinedibstantially MAF of 58 mm macropores
(Figure2.9b) was greatest near the top of the B horizon and leassugace. MAF attributed to-8

10 mm macropores (Figu&9c) continuously increased with depth and peaked just above the level

where the soil transitioned to coarser material. Of the three plots, plot 3 was th&temljiere
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macropores larger than 10mmin diameter were observed, and in all instances, they were located in
the 0.150.3 m depth interval. The large macropores typically composed less than 10% of the MAF,
with one exception being a surface located at 0.15 m depth, beneath a non wheeldirapsectof

row 1, where 1412 mm macropores composed approximately 20% of the MAF. The total MAF at
plot 3 (Figure2.9d) is greatest at the top of the B horizon, where it was relatively evenly composed of
macropores in the 05 mm, 58 mm, and 80 mm, &e ranges. The MAF near surface and at a
depth of 0.5 m is approximately the same, although the majority of near surface macroporosity is
composed of macropores in the-8.5nm size range, and the majority of macroporosity at a depth of
0.5 m is composedf macropores greater than 5 mm in size.

2.3.3.4 Macropore distribution summary

A summary of MAF distribution at five depths/depth intervals is presented in Zabldn general,
intra-plot variability was larger within the individual MAF size ranges than & fea total MAF. The
greatest amount of variability was observed for MAF associated with macropores 8 thensand

8-10 mm size ranges at plots 1 and 2, where the distribution of these larger sized macropores was
quite uneven relative to plot 3. lmmparison, the distribution of macropores in the®Bm size

range was much more consistent within each of the depth intervals at each of the three plass and as
result the variability in MAF attributable temaller macropores is less. The coefficiehvariation

(CV) for the total MAF at the different depths reported here ranges from 10 to 48% and is comparable
to results from past workLogsdon et al(1990), who also counted macropores manually, reported
that CV ranged from 14 to 94% for a countlué total number of pores in the upper B horizon of four
different soil types in Minnesota and WisconsiMallants et al (1997) reported a CV of 51% for
macroporosity data obtained from quantifying dye stained area in soil cores extracted from the A

horizon of a sandy loam soil in Belgium.

Both the macropore distribution, and the magnitude of the MAF observed in this work correspond
well with results from previous work that characterized macroporosity with respect to depth in an
agricultural soil. Asta he question of Owhere does maxi mum MAI
answer varies depending on which work is cited; however, it is most often either at the near surface or
in the top of the B horizon. Noting that MAF can be considered equivalerddmoporosity [%] /
100, the results from this work can be directly compared to past work that has quantified
macroporosity. In work conducted in Germany that investigated the vertical distributickiohth
macropores, Ehlers (1975) observed a maximwaoraporosity of approximately 0.8% at a depth of
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0.6 m, while near surface macroporosity was approximately 0.2%. Logsdon et al. (1990) observed
that maximum macroporosity attributable to macropores greater than 0.4 mm in size ranged from 0.2
to 1.66% and w&s most often located within the 0:Q% m depth interval. In work conducted on a
hillside (35% grade) silt loam soil in eastern Washington State, Mallawatantri et al. (1996) reported
that a maximum macroporosity of 1.1% existed at a depth of 1.4 to ih.&he B horizon, while
macroporosity near surface was 0.7%. In a silt loam soil in Minnesota, Munyankusi et al. (1994)
noted that the maximum macroporosity was approximately 2% and was located near surface, and at a
depth of 0.75 m, macroporosity had liieed to less than 0.5%. Alakukku et al. (2010), who

conducted their work on a clay soil in southern Finland, also noted that the mamia@roporosity

of 3% occurred in the near surface and by a depth of 0.38 to 0.5 m it had declined 0.3%. Because of
themany factors that will influence the dynamic behavior of macroporosity distribution within a soil
profile, the above works cannot be directly compared without giving consideration to things such as
soil composition, soil fauna, crop type, tillage practickainage status, timing of investigations and
climatic factors. Nevertheless, it can be concluded from even a cursory overview of the previous
work, along with the results from this work, that the maximum macroporosity of silt and clay soils

will likely be in the range of 0.2 to 3 % and will occur in either the A horizon or the top of the B
horizon. In a general sense, the vertical extent of the majority of soil macropores will depend on
numerous factors including rooting depth, presence of texturalndisaiies, and water table

position; however, for silt loam soils where the water table is tile drain controlled, such as the case in
this work, it can be expected that the MAF at tile depth will be very low in comparison with the

maximum value.

2.3.3.5 Fractures

Although the fracture area quantification process was considerably less precise than the method
employed to quantify the cylindrical macropores, it is still relevant to report the observed fracture
distribution characteristics. MAF occupied bydna&res was typically very small in comparison to
cylindrical features. The maximum fracture related macroporosity comprised approximately 15% (at
0.15 m depth), 2% (at 0.02 m depth), and 7% (at 0.15 m depth), of the total MAF at plots 1, 2, and 3,
respedtely. At plots 1 and 3 there were very few fractures observed below a depth of about 0.4 m
and at plot 2 there were very few fractures below the A horizon. Although an average fracture
aperture width of 0.5 mm was used to estimate the total fractureofuesech 0.25 mmacropore

counting surface, visual evidence suggests that average fracture aperture width decreases with depth.
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Reduced fracture occurrence with depth in Ontario silt loam/loam soils has also been repGegd by

and Rudolph(2009)who nded that fracture density peakedaatlepth 0f0.1 m and was absent by

depth of0.3 m. The low fracture volume observed in this work needs to be considered within the
context of soil composition (most notably clay content) if comparisons are to bewitadether

work conducted on soils with higher clay content. As an exarhpleien et al (1988) report that

planar features in a silty clay loam occupied approximately 1.5% of the total sample area, whereas the
total fracture area did not exceed 0.05%hef total sample area in this work.

2.3.4 Tile drain influence on macroporosity

Results from th@anksum test to determine the probability that the MAF data from the row of test
areas located immediately above the tile drain (row 13ingilar to MAF in the rovs located
approximately 1 m (row 2), and 3 m (row 3) away from the tile drain, are given in ZdbleThe
results ae reported in terms of P valuegcordingly, P values less than 0.1 suggest that there is less
than a 10% chandblatthe intrarow MAF median values are equivalent. If the 90% confidence level
is considered the acceptance criteria for the hypothesishen the results show the tile drains at
theplots1 and 2 do not influence the MAF. At plot 3 there is significantly lower MAF at depths of
0.02 and 0.5 m in the test row located above the tile drain as compared to the row furthest from the
drain; however theaesults are poteiatly biased by wheel traff. It is also possible that the
disruption of the natural soil layering during tile ta$ation at plot 3 eated a less hospitable
environmentabove the tile draifior earthwormsy pulling coarse sediments from below the textural

boundary nearer to ¢hsurface.

These resultérom plots 1 and 2 gemally agree with observations made 8lipitalo and Gibbs
(2000), who reported that earthworm populations within a silt loam soil, at a field site with a 2 to 6%
slope in Ohio, did not vary in relation tdetidrain location. In contrast however, work conducted in
southwestern Finland on a sandy clay soil found over twice as mamricus terrestrisL.
earthworms above, as opposed to between tile d(hinstinen et al 2001), and that théurrows
were depest above tile draindN(utinen and Buft2003. In work conducted on a clay soil with a 2
to 4% slope in southern FinlandJalukku et al (2010) found that soil macroporosity was not
influenced by tile drain position even though the number of earthvbommows was significantly
greater above the drain. The lack of corroboration between results from these studies suggests that
factors other than the mere presence of a tile drain will at least partially influence macropore spatial
variability with respetto the drain.
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2.3.5 Inter-plot macropore area fraction variability

Using theranksum test, comparisons were made to determine if total Ma§ statistically similar
amongthe three plots chosen for study at the site. For the comparison, MAF at géagh9ptiivided

into four depths/depth intervals. Interval 1 considered MAF at a depth of 0.02 m and was used to
represent the near surface conditions. Interval 2 considered MAF from 0.05 m to 0.2 m depth and
was used to represent mid to low A horizon dgtods. The third interval considered MAF between
depths of 0.2 m and 0.45 m and was used to represent the shallow B horizon. Finally, interval 4
considered MAF within the 0.45 to 0.75 m depth range and was used to represent the deeper B
horizon. Becausthe minimum tile drain depth was 0.75 m (at plot 1), the comparison tests did not

consider depths below 0.75 m.

Statistical probability ) values for the inteplot MAF comparison tests are reported in Tabke
The results show thahedianMAF amorg the three test plots statisticallysimilar (P > 0.10) for
only 6 of the48 comparison scenarios; which were as folld8v$0 mm macropores within the 0:21
0.75 m depth interval between plots 1 andid®al macroporosity within the 0.4875 m depth
interval between plots 1 and @55 mm macropores at a depth of 0.02 m between plots 1,&nd 3
8mm macropores within the 08145 m depth interval between plots 2 and add total
macroporosity at a depth of 0.02 m between plots 2 and 3.

The interplot MAF differences are not without precedence. In a silt loam soil in Gdiwards et

al. (1988) observed statistically significant differences (P=0.001) in the number of macropores within
the 0.45 mm size range at different sampling sitest twere spaced no more than 75 m apart in the
same field; however, they did not observe significant variability in macropores greater than 5 mm.
Lauren et al (1988) found that range of dependence for planar and cylindrical macropore features

was 75 m ad 60 m, respectively, in a silty clay loam in New York State.

2.3.6 Macroporosity i hydraulic conductivity correlation

To identify if the significant MAF differences between the three plots are related to differences in
hydraulic conductivity, mean total MAFithin each of the four depth intervals considered in the
previous section was plotted against the surfacekgo{Figure 2.10a), and B horizois, (Figure

2.10b), values presented in Tab§, and2.2, respectively. Inspection of FigugelO revealghat

MAF tends to increase as both the surface soil and B horizon hydraulic conductivity increases,

although the trend is disrupted by the fact that A hori&grwas higher at plot 1 than plot 2 even
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though plot 2 had a generally greater MAF. Noting that A horizon at plot 2 had higher bulk
density and lower organic matter content than plot 1 (factorpthantiallyreduceKs), it is possible

that the relatively uniform B horizon soils with high€y, less gravel, and better natural drainage (as
compared to plot 1), are conducive to macropore generation, and counteract effects associated with
lower surfacek which may promote lower macroporosity. It is also possible that the lower surface
Kts at plot 2 actually promotes the existence of earthwgoby reducing infiltration and enhancing
surface runoff during extreme hydrologic events, thereby creating a soil environment less prone to

occasional saturation.

The MAF - hydraulic conductivity relationships presented in FigRuie® were quantifieavith linear
correlation tests. Results from the correlation tests (T2aBeshow that total MAF has a much
stronger correlation with B horizoKs, than with surface soiK¢ for each of the four depth/depth
intervals considered. When the surface soil B horizons are considered collectively, hydraulic
conductivity is most strongly correlated with MAF within the O1B5m depth interval, which is

also the deepest interval considered here.

The relatively strong correlation between the field surtaqgand the MAF in the 0.46.75m depth

interval can be at least partially explained by the conditions imposed during the infiltration
experiments. Because the doubley infiltrometer tests created near surface saturated conditions
that promoted watdtux within the macropores that were vedily continuous through the haran

(verified by dye staining patterns), the infiltration rate observed at surface is largely governed by the
ease which water can move from the hydraulicallyvacmacropores beath the hangan into the
surrounding soil matrix. Because dye staining patterns indicated that an appreciable amount of the
hydraulically active macroporosity in the B horizon terminated in the-@.A5m depth interval,
increased MAF in that depth im&al will provide more surface area for macroporatrix water
exchange, and will therefore promote surface drainagen the B horizon macropores extend

through the hardpan

The strong correlation between B horizon hydraulic conductivity and MAF carbalgxplained by

the experimental conditions. Because B horizon hydraulic conductivity was deteusingdertical

soil cores with discrete lengthsome macropores could readily extend across the entire core.
Therefore,increased MAFRelates to increased macropore hydraulic activity, and leadgerbancd

water flux during saturated flow conditions. Similar results have been observed in smaller scale

experiments where the amount of soil crsgstional area actively transmitting preferential flow has
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been shown to correspond closely Wit (Anderson ad Bouma 1973;Bouma et al 1979b;Sollins
and Radulovich1988)

2.4 Conclusions

In each of the three soil types that were investigated, the greatestoM@®B5 mm macropores
occurred in the top 0.2 m of the soil profilwhereas the greatest MAF 0f1® mm macropores
occurred at the top of the B horizon, in the-0.2 m depth range. At the two plots with the lowest
subsoil hydraulic conductivity (plots 1 and 2), the majority of the MAF at tile drain depth was
composed of macropores in the-8.51m s$ze rangewhereas at the plot with the highest surface, and

B horizon, hydraulic conductivity (plot 3), the majority of the macropity appeared to terminate at

a textural boundariocated at an approximate depth of 0.7 rhe soil material became nmably

coarser grained and more permeable below the textural boundary at plot 3, which resulted in much
better natural subsurface drainage as comparéae plots 1 and 2, arappeared to promote deeper
penetration of macropores in the 5 to 10 mm sizgggan the fine grained material above the
boundary From these observations, increased natural subsurface drainage appears to have the ability
to increase shallow soil MAF.

Maximum meanMAF at the three plots ranged from 0.0035 to 0.009 and was obsaredtier the

near surface, or top of the B horizon, depending on the relative proportion of macropores irbthe 0.5
mm and 512 mm size ranges. MAF at tile depth was always much lower than the maximum value
and did not exceed 0.001. At all three plétactures were most common near surface and estimates

suggest that they never comprised more than 15% of the total MAF, or 0.1% of total porosity.

Dye staining patterns indicated that within the topsoil layer, flow readily occurred within both the soll
matrix and macroporesiowever, at the top of the hgah layer the dye appeared to spread laterally

and flow intoopen macropores. Below the hpad layer, within the macroporous section of the B
horizon, dye staining in the soil matrix generally onlycwted in localized halos surrounding
macropores that had obviously transmitted dye. At plot 3, where the soil at tile depth was relatively
coarse grained, the dye staining patterns indicated that macropores in the B horizon acted as vertical
pipes thatransmitted dye from the near surface to the coarse grained matedahat matrix flow

was the predominant flow mechanism within the coarse grained material. At all three plots, dye
movement was not restricted to specific macropore size ranges armporasrof all sizes appeared

equally likely to have transmitted dye under the positive pressure application conditions. At plot 2,
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where the B horizon was the most uniform of the three plots, pores less than 0.3 mm in diameter also
appeared to have trangtad dye to tile depth. At plots 1 and 3, where the shallow B horizon was
less uniform and clay contents ranged from approximately 10 to 15%, preferential flonapdths
coarse grained lensesthin the soil scars resultant from the tile drain installafprocess were found

to be preferentially funneling dye from the surface to the tile drain. However at plot 2, where the B
horizon had a more uniform composition and clay content was approximately 5%, there was no
evidence of any tile installation scarsdacylindrical macropores that were tiomous from the top of

the harghan layer to tile depth were the primary pathway for dye to reach the tile drain.

Statistical analysis revealed that tile drains do not induce significant spatial trends in MAF
distribution within any of the three gik that were investigated herewever, there are statistically

significant differences in MAF between the plots, which were spaced between 100 and 250 m apart
within the same field. The coefficient of variationm ftepth averaged MAF was larger for individual
macropore size ranges (13 to 53% for 0.5 to 5 mm macropores, 28 to 332% for 5 to 8 mm
macropores, and 29 to 346% for 8 to 10 mm macropores) than it was for total macroporosity (10 to
48%). Correlation testingetween MAF, and the hydraulic conductivity of the surface soil, and B
horizon soil, indicat es 84) doaetatioh betwveer MAFdelow 8.02amt i v e |
depth and B horizon hydraulic conductivity, whereas the correlation betweeraMigpths less than

0.45 m and surface soil hydraulic conductivity is relatively weak. Conversely, MAF below 0.45 m

was strongly correlated (r =) to surface soil hydraulic conductivity.

At all three of the plots investigated here, surface applatdtes have the ability to be rapidly
transmitted to tile drains via preferential flow paths that originate from within a localized area
surrounding the drains. As a result, tile discharge, and ultimately, surface water receptor water
guality, in settingswvhere structuredoils are underlain by a hydraulically active tile drain system, will
invariably be influenced by land management practices that induce preferential flow. Shallow
groundwater quality at each of the three plots also has the potenti@ tmgacted by land
management practices that induce preferential flow. However, the risk for rapid, widespread
groundwater contamination is greatest at the plot where macropores that awdlywerictinuous
through the hangan are effectively drained byighly permeable subsurface deposits. At the other
two plots, the combination of macroporosity that diminishes with depth, and subsurface deposits with
relatively low permeability, will greatly reduce the impact of prefeaéntlow on shallow

groundwate quality.
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2.5 Figures and Tables

b)

100m

|
Scale

C__ Topographic contour (masl)

O Experiment Plot
—— Tile drain

Figure 2.1. a) Location of the research site in southwestern Ontario, Canada, a&tatilb® docation

of the three experimeritplots with respect to topography and the field boundsrthe research site
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Figure 2.2. Rowwise orientation of the infiltration and macropore counting areas relative to tile

drain location at the three expaental plots.

Figure 2.3. Photograph showing plot 1 after the infiltration tests, dye application and trenching had

been conducted.
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Figure 2.4. Soil profile crosssection at a) plot 1, b) plot 2, and c) plot 3, that shows how the visible
tile scars at plot 1 and 8irect surface applied dye to the tile drain as opposed to plot 2 where a tile

scar was not visible and worm burrows were the oleseconduifor dye to reach the tile drain.

Figure 2.5. Example of the 0.25 fihorizontal surfaces that were prepared for macropore counting

and photographing. In this case the surfaces were locatepths @€ a) 0.5 m, and b) 0.8 m, in the
sampling row furthest from the tile drain at plot 3.

27



Figure 2.6. Photograph taken at plot 3 that shows the typically vertical orientation of the worm
burrows in tle B horizon, and how the macropores terminated as the soil composition transitioned to

coarser material.
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Figure 2.7. Row-wise representation of macropore area fraction distribution at plot 1 relative to

depth for macropores in the a) &5nm, b) 58 mm and, ¢) 80 mm diameter ranges, as well as for
d) total macroporosity.
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Figure 2.8. Rowwise representation of macropore area fraction distribution a2 pédative to

depth for macropores in the a) @5nm, b) 58 mm and, ¢) 80 mm diameter ranges, as well as for
d) total macroporosity.
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Figure 2.9. Rowwise representation of macropore area fractiomibigton at plot 3 relative to

depth for macropores in the a) @%nm, b) 58 mm and, ¢) 80 mm diameter ranges, as well as for

d) total macroporosity.
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Figure 2.10. Mean nacropore area fraction vers@ag;surface soil mean lgdfss as determined from
field measurements using the double ring infiltrometer method, and b) B horizon soil mgiég,log

as determined from lab measurements using either the constant, or falling head permeameter method.

32



Table 2.1. Mean physicatharacteristics of th& horizonsoil at the three experimental plots

Plot Sand [%]  Silt [%] Clay [%]  Gravel [%] Bulk DQQ]S“V [gcm Organic Matter [%]  LogioK [cm df] A
1 49.9(1.5) 30.4(15) 13.2(0.7) 6.5(L7) 1.2 (0.0) 6.3(0.3) 1.9 (0.3)
2 47.4(1.7) 354(1.0) 142(1.0) 29(1.0) 1.4 (0.1) 3.2(0.1) 1.1 (0.5)
3 295(1.2) 47.2(1.2) 201(1.1) 3.2(27) 1.1 (0.1) 5.3(0.2) 2.4 (0.5)

Values in parentheses denstandard deviation

Number of samples (n) equals 6 except where A indicates

Table 2.2. Mean physicatharacteristics of the B horizon soil at the three experimental plots.

Plot Sand [%] Silt [%)] Clay [%]  Gravel [%] Bulk Density [g cn?] LogioK [cm dY]

1A 288(39) 483(31) 146(12) 83(3.2) 1.9 (0.1) 0.6 (1.1)
2 51.8(5.7) 38.3(44) 55(L7) 43(3.1) 1.9 (0.2) 0.1 (0.7)
3 519 (215) 29(158) 9.4(6.4) 9.7 (11.9) 1.7 (0.1) 1.8(1.1)

Values in parentheses denote standard deviation

Number of samples (n) equals 6 except where A i1
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Table 2.3. Depth dependant mean macropore area fraction and the assoogftazient of variation
(CV) for macropores in the G&mm, 58mm, and 8L0mm size ranges, as well as for total

macroporosity, at each of the three experiment plots.

Macropore size range

Plot D[:;th n 0.55mm 5-8mm 8-10mm Total
mean CV% mean CV% mean CV% mean CV%

0.02 12 0.0032 26 0.0002 78 0 - 0.0036 24
0.050.2 12 0.0021 18 0.0004 76 <0.0001 346 0.0026 20
1 0.21:045 12 0.0013 53 0.0006 77 0.0003 90 0.0024 39
0.460.75 11 0.0006 30 <0.0001 332 <0.0001 332 0.0006 28

>0.75 1 0.0003 0 0 - 0 - 0.0003 -
0.02 10 0.0046 13 0.0011 32 0 - 0.0058 10
0.050.2 12 0.0027 20 0.0016 52 0.0002 124 0.0046 22
2 0.21-0.45 9 0.0031 38 0.0027 31 0.0004 47 0.0062 18
0.460.75 11 0.0004 27 0.0003 145 0 - 0.0007 48
>0.75 11  0.0004 26 <0.0001 332 0 - 0.0004 35
0.02 12 0.0039 24 0.0007 37 0.0009 77 0.0057 27
0.050.2 13 0.0036 24 0.0024 37 0.0018 50 0.0087 26
3 0.21-045 11 0.0023 18 0.003 28 0.0022 49 0.0078 25
0.460.75 12 0.0002 38 0.0017 38 0.0025 29 0.0043 27

>0.75 0 - - - - - - - -

34



Table 2.4. Statistical significance (P) values of the iatew, depth averaged, macropore area

fraction comparisons between the three rows locatddiatf f er e n't

di

stances

from

indicates that the probability of the median macropore area fraction values being equal is 0.1 or less.

Macropore size range

Comparison Depth [m]

Test 055mm 58mm 810mm Total
0.02(0.00) 0.97 1.00 1.00 074
Plot 1 0.14(0.02)  0.60 0.71 1.00 054
Rows}2  35(0.06)  1.00 1.00 1.00  0.69
0.69(0.05) 0.1 1.00 1.00 011
0.02 (0.00)  0.77 1.00 1.00  0.89
Plot 1 0.15(0.03)  1.00 0.20 1.00  0.49
Rows}3  037(0.06) 0.6 0.91 097  0.66
0.70(0.04) 0.17 1.00 1.00 014
0.02(0.00)  0.17 1.00 100  0.23
0.11(0.04)  0.63 1.00 091 023

Plot 2
Rows 1o 026(006)  0.69 0.89 1.00  0.69
0.57(0.05)  0.89 0.40 1.00 011
0.90(0.08)  0.71 1.00 1.00 074
0.02 (0.00)  0.63 0.29 1.00  0.86
0.13(0.03)  0.97 1.00 1.00  0.86

Plot 2
Rows 13 029(004) 063 0.63 091 011
0.58 (0.06)  0.23 1.00 1.00 091
0.95(0.05)  0.74 1.00 1.00  0.34
0.02 (0.00)  0.11 0.77 0.63  0.69
Plot 3 0.15(0.00)  0.20 0.06 046 020
Rows 2 026 (0.04)  0.49 0.17 040  0.23
0.50 (0.00)  0.51 0.03 063 020
0.02 (0.00)  0.03 0.34 011 0.3
Plot 3 0.15(0.00)  0.14 0.34 1.00  0.46
Rows 33 026(0.00) 0.71 0.11 040  0.34
0.50 (0.00)  1.00 0.03 011 003

Values in parentheses denote standard deviation
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Table 2.5. Statistical significance (P) values of the iApéot, depth averaged, macropore area fraction
P O 0.1

comp

ar i

sons.

being equais 0.1 or less.

ndi

cates

t hat

t he

Plot 1 compared with plot 2

Plot 1 compared with plot 3

Plot 2 compared with plot 3

D[?np]th Macropore size range Macropore size range Macropore size range
0.5-5mm 5-8mm 8-10mm Total 0.5-5mm 5-8mm 8-10mm Total 0.5-5mm 5-8mm 8-10mm  Total
0.02 0.00 0.00 A 0.00 0.12 0.00 0.00 0.00 0.06 0.01 0.00 0.69
0.05-0.2 0.01 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.01 0.05 0.00 0.00
0.21-0.45 0.00 0.00 0.24 0.00 0.00 0.00 0.00 0.00 0.03 0.76 0.00 0.09
0.46-0.75 0.01 0.00 0.36 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A No macropores in this size range observed
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Table 2.6. Linear correlation (r) between total macropore area fraction at the four depth/depth

intervals and mean hydraulic conductivity (J¢€) of the surface, and B horizon soils.

Depth [m]
0.02 0.02-0.2 0.2-0.45 0.45-0.75

K Subject area

Surface 0.14 0.57 0.02 0.79
B Horizon 0.64 0.99 0.83 0.98
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Chapter 3
Spatial and temporal influences on the hydraulic and structural

properties of tile drained soil in southwestern Ontario

3.1 Introduction

Infiltration in agricultural settings with structured soils is heavily influenced by the significant
temporal and spatial variability of soil hydraulic properties. While natural heterogeneity is
undoubtedly a large source offield soil hydaulic property variability (e.gNielsen et al 1973;

Vieira et al, 1981), and is often treated stochastically (Rugsso and Bresled981;Yeh et al 1985),
temporal variability has been found to have a more significant influence on soil profifddising

and Jarvis 1993;van Es et al 1999;Zhou et al, 2008). It is well understood that the magnitude of
temporal variability is largely governed by deterministic factors such as tillageMarghy et al,

1993; Moret and Artie 2007) crop type(Bodner et al 2008), root growthBodner et al 2008;
Mubarak et al, 2009), climate\{an Es et a] 1993;Bodner et al 2008;Hu et al, 2009), irrigation
(Mubarak et al, 2009), moisture contenZliou et al, 2008) and wheel trafficAlakukky 1996a;
Alakukky 1996b). In addition to temporally dependent factors, subsurface drainage can also be
considered as a deterministic influence on soil variability, in the sense that subsurface drains
inherently regulate/lower soil moisture at known locationsctvban in turn leado reduced organic
matter contentHausey and Lal1992;Frison et al, 2009), and increased soil structural development
(Bouma et al 197%). Subsurface drainage is a common feature in North American anghé&amo
agricultural landsgaes and should be considered as a potential fantany comprehensive

investigation of soil temporal and spatial variability.

The temporal variability ofal hydraulic propeiesis largely governed by wetting and drying cycles
and macrpore generativgrocesses In soils that have been recently tilled, wetting can promote
aggregate disintegratioflfiel et al, 1988), and increased capillary forces associated with subsequent
drying can potentially reduce structural porosity which results in a shifteinnteraggregate pore

size distribution towards smaller poregshezzehei and Or2000). Conversely, desiccation cracks
that form later in the growing season can increase-aggregate porosityBpdner et al 2008). It

has been repeatedly shown ttHfeeld saturated hydraulic conductivityK{) ,and hydraulically
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effective mean pore radiug {), can decrease rapidly immediately after tillage (&trr, 1990;
Murphy et al, 1993), as a result of hydraulic compactidtubarek et al 2009). Later irthe
growing seasonks has been shown to have an inverse correlatiosotiomoisture contentgj in
numerous studiedMurphy et al, 1993;van Es 1993;Lin et al, 1998;van Es et al] 1999;Zhou et al,

2008) due to increased macroporosity; althoughs Gupta et al (2006) found thathydraulic
conductivity K) was positively correlated tg, which they attributed to increased hydraulic activity
within the macropore network. While it is generally understood that soil infiltration capacity can
fluctuae considerably late in the cropping season, quantitative assessments of late season temporal
variability in soil pore ge distributionand saturated/unsaturated hydraulic properties are notably
scarce. Because evapotranspiration tends to decreasecaigfhifiduringthe post cromeriod, there

is increased likelihood of downward water and solute flux; as a result, there is also greater risk for
potential contaminants to be transmitted to tile drains and groundvidniderstanding the magnitude

of seasoally variablerisks to water resources requires thorough knowledgeasonal influences on

soil hydraulic property variability.

While the effects of tile drainage on soil hydraulic properties have been causally investigated in
numerous previous workshe different combinations of soil types, geological and climatingst

and management practickst have been considered makes any attempt at broad scale interpretation
and generalization difficult. Howevethere is abundant evidenceithin the exising body of
literature to support the hypothesis that tile drains do in fact influence soil physical and hydraulic
characteristics. In work conducted on a sandy clay soil in southwest FiSkipitalo et al (2004)

found that infiltration rates were ige as large above, as opposed to between, the tile didinslal

et al (1976) observed that the installation of subsurface drainage led to greater hydraulic conductivity
over the course of a longer term study of drainage system effects on the psafeatslity clay soil

in Ohio. An explanation for why tile drainage may increase hydraulic conductivity was given by
Bouma et al (197%) who noted in their work on clay soils in the Netherlands that the drier soil
conditions associated with tile drairagromote drying and cracking, and deeper earthworm activity.
Increased earthworm activity in the vicinity of tile drains has also been noted for sandy clay
(Nuutinen et al 2001),and clay Alakukku et al 2010), soils in Finland.However, & shown by
Alakukku et al (2010), increased earthworm abundance does not necessarily translate into greater
hydraulic conductivitybecauseat their site there was not a significant difference in hydraulic

conductivity above as opposed to between tile drains. &@imdsults were observed in work
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conducted on a silt loam soil in Ohio where proximity to tile drains did not influence infiltration rates
or sorptivity Fausey and Lal1989); however, the presence of tile drainage reduced soil organic
matter contentl(al and Fausey1993), which in turn led to differences in pore size distribution. In
heavy clay soil in the NetherlandBpuma et al (1981) observed that the hydraulic conductivity of

soil in the scar region above a tile drain was actually reduced in relation to comparable undisturbed
soil, which they attributed to the disruption of natural soil structure during the tile instapatioess.

A number of methodologies exist to quantifyangesn unsaturated soil hydraulic properties. Two
of the more common approaches are based on either capillary thi¢atiso and Luxmooyd.986;
Dunn and Phillips 1991;Bodhinayake et gl 2004a), or tracking variation in empirical curve fitting
coefficients such as the parameter ofsardner(1958) (e.gMessing and Jarvjsl993;Mohanty et
al., 1994;Hu et al, 2009).

The a parameter is an empirical fitting coefficient in the expreskign) = K exp{/ g, subject to

O<a<wm,and © <y ¢O0; whereK is hydraulic conductivityfs denotes field saturated, apdis

soil water pressure head. It was notedRhilip (1968) in the advent of quasilinear infiltration
analysis that the value assigned to ethearameter reflects the relative importance of gravity and
capillarity on infiltration processes, with smaller values being indicative of fine textured soils where
capillary forces dominate and larger values being indicative of coarse textured soils where gravity
tends to dominate. The dynamic natureaofvithin individual soils was identified byParlange

(1972) who noted that is a function ofy in real soils. Byrelatinga to sorptive length (e.¢?hilip,

1985), the effective cylindricapore radius can be calculated according to capillary théegry

R=s al rg , whereRis pore radiuss andr are surface tensicand densityof water respectively,

andg is acceleration due to gravityhe concept of using to estimate an effective hydraulic radius

was developed further Byhite and Sull¥1987) with their description of micrpand macrescopic
capillary length scalesLin et al (1997) effectively usd the White and Sully(1987) approach to
estimate hydraulically active pore size in structured soils as a function of applied pressure using a
tension infiltrometerand showed that the effective pore radius increases with increased clay content
at higher application pressuresHowever, because factors such as tortuosity, -p@ié surface
roughness, and pore connectivity all affect flow in real sB&nolds and dpp (2008) propose that

it is more accurate to viewas an index parameter.
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The use of capillary theory to quantify hydraulically effective porosity is based on the assumption that
flow pathways with progressively larger effective diameters will coateibounsaturatedlow as soil
moisture pressure head incread¥gth this methodthe specific contribution to flow from individual
hydraulically effective pore sizatervals can be determinedhis concept has been extensively used

in past work (e.gWatson and Luxmooyel986; Dunn and Phillips 1991; Azevedo et al 1998;
Bodhinayake et al 2004y, Buczko et a] 2006) where it has been repeatedly shown that very little
porosity in structured soils is attributable to macropores and yet they typicafiymit a large

proportion of total water flux in wet soil conditions.

There is currently very little quantitative information regarding the influence that tile drains have on
soil hydraulic properties and field scale infiltration patterns; however theconsiderable interest in
assessing both groundwater and surface water quality and quantitydratiled agricultural settings.

In order to improve our ability tpredictwater and solute movement in these environments, we need
a greater understdimg of spatial and temporal soil hydraulic property variability. Within the same
context, greater understanding of soil structure and macroporosity temporal variability is of particular
importance because of the strong influence that macesgmve omfiltration. Currently, very little
scientific attention has been given to macropore distribution relative to tile drains, or to differences
between observed, and hydraulically effective macroporosity, relative to tile drains. Because tile
drains influere soil moisture distribution, it is reasonable to expect that soil structure will also be
influenced by the presence of tile drain&lthough it is known thasoil structure will changever

time, the question of whether or not tile drains impart a apatement to this change has not yet been

addressed.

The objectives of thipart of the overalbtudy are: 1) to evaluate temporal changes in soil structure
based on measurements of unsaturated and saturated soil hydraulic properties made during wet and
dry soil conditions, 2) to evaluate the influence of tile drains on the soil hydraulic properties, and 3) to
compare measurements of hydraulically effective macroporosity with measurements of visible

macroporosity that were made at the same field locations

To accomplishthe objectives, soil structure and hydraulic properties are quantified and compared
based onpiecewise lineagdy) andK(y) relationshipsKss values, and hydraulically effecévpore

size distributions; that werall measuredefore and after an extended period of dry weather. The
field activities involve a series of tension and double ring infiltrator tests that were conducted at

known positions relative to tile drains at three locations within an individual cropped fegld th
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exhibits variable A and B horizon composition. In total, 54 tension and 54 double ring infiltration
tests were conducted. Subsequent to the infiltration tests, extensive macropore characterization was
carried out at each plot in order to quantify negorosity between the near surface and tile drain
depth. Data from the two different infiltration testing methods, combined with the results of the
macropore characterization, facilitates an evaluation of infiltration dynamics that sheds light on the

influence that macropores have on water distribution in structured, tile drained, soils.
3.2 Methods and materials

3.2.1 Site description
The agricultural field where the work was conductelddsited alN4 3 A0 9WSH5BEAHQ 16 0 8 0, near

town of Kintore in southern Ontar Canada Soils at the site are mapped as poorly drained dask g
Gleysolic, Maplewood silt loam series underlain by clay, and clay loam till at the south end of the
field and well drained grey brown Luvisol of the Honeywood silt loam series undbylaalcareous

loam till at the north endExperimental Farms Servicd987). Beneath the surface soils is a
complex layering of Quaternary sediments consisting of subglacial diamictons and glacifluvial
deposits(Rudolph and Parkin1998) that extend to depth of approximately 45n (Sado and
Vagners 1975) Perforated plastic tile drains, 10 cm in diameter, were installed at the field in 1985.
The tiles are spaced 115 m apart and are buried at depths of10r6.

Minimum tillage practices have beetiliged at the site since 1995. Prior2604both liquid swine
manure and commercial fertilizers were used as soil nutrient amendments; however, BéMeen
and 2009 only commercial fertilizer was used. In 2008 the field was planted in winter wheat
(Triticum aestivunL.) that was harvested in mid July and in May of 2009 the field was planted in
soybean Glycine max L) that were harvested in late Septembmeteorological monitoring station

that recorded air temperature and precipitation on ariyhbasis was in operation at the site between
July 2007 and October 2009. aBt research on nitrate flux in agricultural settings and riparian zone
denitrificationhas been conducted at the same(§ly et al, 1998 Cey et al, 1999.

3.2.2 Experimental plot configuration

Within the single field, three individual locations with different soil properties and topographic
settings were selected for study, which will hereinafter be referred to as plots 1, 2 and 33Ejgure

Infiltration experiments were condigd at plos 1 and 2 during miugustand then again in mid
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September of 2009, and at plot 3 during 4Aitgust 2008. © avoid soil that had been influenced
from prior work, he September 2009 experiments at plots 1 and 2 were conducted approximately 5
up-gradient from where the August experimenisrevconducted, but stillong the same tile lines.
Each plot consisted of threews of infiltration test areasyith eachrow parallel to the tile drain
(Figure3.2). Row 1 is located immediately above timein, and rows 2 and 3 are locatetl.3 m and

3-4 m from the drain respectively. Each row contained three or four test areas, each spaced 1
apart. Tile drains at eagqiot were located with a subsurface pipe inspection/location system prior to
theinfiltration tests.

3.2.3 Soil analysis

At each plotA horizonsoil characterization is based tive laboratory analysis of six, 5 cm diameter

by 10 cm long soil cores that were extracted from the 5 to 15 cm depth interval. of tiheeA
horizon cores were extracted directly above the tiletaadathetthree were extracted along a transect

2 m from the tile corespacing along each transect was 2 m. The B horizon was characterized with 8
cm diameter by 10 cm long soil cores that wergaeted between depths of 30 to 100 cm. The B
horizon samples were extracted freglectedocations in an attempt to reflect the variety of subsaoil
conditions preent at each plotThere were 4, 6, and 6, B horizon cores extracted from plots 1, 2, and
3, respectively.

Organic matter content in the A horizon cores was determined using the ABliktky acid
digestion methodWalkley and Black, 1934)particle size distribution for all of the cores was
determined with the pipette method and bulk densag determined by oven drying, assuming that

the volume of soil inside the cores represented undisturbed soil. Prior to the soil physical property
analysis, the hydraulic conductivityKdy) of the B horizon soil cores, in generally undisturbed
condition was determined with either the falling, or constant head permeameter metyblfs

2008).

3.2.4 Tension infiltration tests

A tension infiltrometer (T1) with a @ cm diametebase(Soil Measurement Systemsjas used to
characteriz@insaturatedoil hydraulic properties Progressively decreasing tension settings of 15, 10,
5, 2,1 and0 cm were used during eathtest. Thednsion values were selected with the intention of
obtaining data for relatively wet soil conditions typical of shallow water taidedtained settings

and tocharaterize soil hydraulic properties at relatively low tensiamere it has been shown that
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macropores become hydraulically actiidarvis, 2007) During each Tl experimerg 10 cm long
TDR probe wasnstalled below thalisk at approximately a 30° angfeom horizontaland water
content wasnonitored continuouslin 10 s intervalsvith a Campbell Scientifitnc. TDR 100 time
domain reflectometry systentnitial soil water contents at eatdst areavere also recorded usingeth
same system.The soil surface where thH disk was placed was carefully prepatadcutting any
vegetation down tground level and smootlgrthe surface to the extent thal surface iiregularities
were masked by &5 mm layer of finesand that was empledto provide a level surface for the Tl
disk to sit and to ensurgood hydraulic corection between thdisk and the soi{Reynolds and
Zebchuk 1996) Care was taken to minimize smearing of the soil surface and to avoid areas with
excessive soil compaction from wheel traffist each tension settingpfiltration rates wereisually
measured in fiveninute intervalauntil quasisteadystate conditions werebservedefore the applied
tension was reduced to the next settitig somecases, very higinfiltration rates werebserved for
low tension settings and theeasuremertitme intervals were reduced accordingly.

In order to determine values f&()) and aQy), the tension infiltrometer (TI) data was analyzed

according to the metid presented bReynoldg€2008, which is briefly defined as follows:

il = % wherey ¢0 (3.1)
K o1 = a0+ G ;alx’m 9 5 (3.2)
xoxrt AN )(Qy 1 Qp)
Ky ) = K exp(a'x.l,xyx); K @@V ol 50 33)
K ) =K' mel@ e ) forx=1 (34)
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Ky ) =K' 1, eXp(a'x-l,xJ/x) for x =n (35)

where X represents the applied pressure hgadsdttings (L); G is a shape factor which was set

constant at 0.2379is the observed quasi steady state flow rafel{}); a is the disk radius (L); and

P=y Iv.-v,).

3.2.5 Double ring infiltration tests

Following each Tl infiltration test, the cawt sand was vacuumed off the soil surface and a double
ring (DR) infiltration test was conducted at the same position in order to olstastisnate ofAss.

Both the30 cm diametemner and55 cm diameteouter rings were hammered approximately 5 cm
into the soil. A constant water level of approximately 10 cm was maintained throughout the
experimentin both the inner and outer reservoling separate40 liter Mariotte bottles. Infiltration

rates weremeasured by tracking water leviel the Mariotte bttles. The final infiltration rates were
obtainedafter quasisteadystateconditions were observead the inner ringwhich usually required

two to three hoursEstimates of field saturated hydraulic conductivity were obtained from the double
ring infiltration data using the method prescribedRaynolds et al2002)as follows.

e 1 7

A 0
Ky =qs/%0 " e ut1s
2€0.3160d +0.184H ea* (0.316d +0.1840) g 2

(3.6)

Wheregsis the observed quasieadystateinfiltration rate, h is depth of ponded watet,is the ring
insertion deptha is the inner ring radius ang* is the calculate@o value for the 1 to O cm tension

interval of theTl experiment that was conducted at the same test location.

3.2.6 Macropore characterization

Macropore characterization was conducted at each plot aftershedt of infiltrationexperiments
was conducted. Between the infiltration tests and macropore characterization, 20 liters of blue dye
solution (Brilliant Blue FCF)was applied to the soil from within a 50 cm by 50 cm square reservoir
that was positionedn center witheach of the individual infiltration test ¢ations The dye was
applied under falling head conditions with an initial head of approximately 8 Feofiowing dye
application, horizontal surfaces were excavated beneath each infiltratiomrésstin order to
characterize macroporosity between the surfacetide drain depth On each excavated surface, the
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number of macropores in 8%mm, 58 mm, 810 mm, and 1412 mm diametric size intervals were
manually counted. Total cylindrical mackrp surface area was calculated by multiplying the mean
area of each size interval by the number of macropores observed within that interval. Fracture area
was estimated by measuring the total length of fractures on each surface and then multiplying the
result by 0.5 mm, which isnapproximate average fracture width. Total macroporosity is the sum of
the cylindrical and fracture macropore areas.

At plot 1, forty-eight surfaces were excavated on four levels sidubgtween depths of 0.@R76 m,
andat plot 2 there were fiftghree surfaces on five levels excavated between depths o1 Q0.

At plot 3 there were sixty surfaces excavated on five levels between depths-0f8D08; however,
macropores were only counted on the faright surface located between 0.4IR5 mbecause the

soil below approximatel$.6 m became increasingly coarse grained/gravelly and visible macropores
terminated at the transition

For considerably more detail on the macropore characterization methodology, exadeferred to

Chapter 2, which deals specifically with macropore spatial variability.

3.2.7 Effective Porosity

The hydraulically effective porosityg() for each pore size interval)(associated with the tension

settings applied during the TI tests was calculated using the mettodnof and Phillips(1991).

According to this method, the mean number of hydraulically active pd?ls(s)() is calculated

according to:

_ agm ) g
N(r) =[8mD /(p )] fjr *dr/ firg (3.7)
e r0 d

Where r =-0.15/y (for r and y in units of centimeteraccording toDunn and Phillips 1991),
subject toy <0; mis the dynamic viscosity of water (MI™); DI is the difference in infiltration
rate (LT") between tension settingsandy; r is the density of water (Mf); andg is acceleration

due to gravity (LT). FromN(r) , E'(r) is calculated according to:

_ . r(y) r(y)
e(r) =N(r)p fyredr/ fjir (38)
r(x) r(x)
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The pore radii associated with tension settings of 15, 10, 5, 2, and 1 cm are 0.01, 0.015, 0.03, 0.075,
and 0.15 cm respectively. A pore radius of 0.5 cm was used as the effective pore $i@@ for
because 0.5 cm was the maximum radius of macropores observed near surface at any of the three

plots.

3.2.8 Statistical methods

The two sidedanksum tes{as defined irHelsel and Hirsch1992)was used to determine the level
of statistical significance in thkydraulic parameter comparison testEhe null hypothesis for the
ranksum test is that the two groups of data being comphmdc the same median value
accordingly, if theranksum P is less than 0.10, there is less than a 10% chance that thestyaeips

the sameentral value
3.3 Results

3.3.1 Soil analysis

Results from the A and B horizon soil analysis are presented in Tablagd3.2 respectively. The
physical properties of the A and B horizon soils are considerably different between the 3 plots, and
classification of the A horizon soils is in subtle disagreement with the regional soil survey
(Experimental Farms Service, 1987At plot 1, the A horizon consists of a fine sandy loam with 6.3

% organic matter that is underlain by a poorly sorted saiftdg horizon. At plot 2, the A horizon
consists of a loam with 3.2 % organic matter that is underlain by a well sortesasittyB horizon.

At plot 3, the A horizon consists of a silt loam with 5.3 % organic matter that is underlain by a poorly
sorted 8ty-sand with up to 34% gravel in some aredseometric mean fieldaturated hydraulic
conductivity of the surface soil wa&9.4 12.6 and251.2cm d*, at plots 1, 2, and 3, respectively.

The hydralic conductivityof the B horizon was also highly vable between the three plgtandthe

geometrionean values wer@.25 0.8, and63.1cm d*, atplots 1, 2, and 3, respectively.

3.3.2 Weather and soil conditions

Temperature and precipitation at the site during the July to October time frame in both 2Q208%nd

are shown in Figur8.3. Work at plot 3 commenced on August”18008, and in the week prior to

the infiltration experiments, 7 mm of precipitatioras received During the 4day period that the

infiltration experiments were underway, another 2 miprecipitation was received. The mean

initial soil moisture conter(t@) at the beginning of the TI experiments was 0.23 (n = 12, CV = 17%)
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andassuming that the soil beneath the infiltrometer disk at the end of each Tl experiment represented
field-saurated conditionghe mean field saturated soil moisture con{€r} was 0.43 (n = 12, CV =

3%) at the end of the Tl experiments

The first set of infiltration experiments at plots 1 and 2 commenced on Audls?aep. Between
August 7" and the 1% there was 51 mm of rainfall réwed. Over the 4lay period that the
infiltration experiments were conducted the site received less than 1 mm of raMé&dh Q at the

start of the infiltration testing was 0.29 (n = 12, CV = 13%) at plot 1, and 0.2212, CV = 8%) at

plot 2. Again asuming that the soil beneath the infiltrometer disk at the end of each Tl experiment
represented fieldaturated conditions, me&i was 0.44 (n = 12, CV = 2%) at plot 1 and 0.34 (n =
12, CV = 5%) at plot 2.

Between tk first and second set of infiltration experiments at plots 1 and 2, the site received 44 mm
of rainfall, of which less than 1 mm was received after Septen‘fbem@l as a result, soil conditions

at plots 1 and 2 were significantly drier (P < 0.1) forsheond set of infiltration experiments which
commenced September®™6The mean for the second set of experiments was 0.21 (n = 9, CV =
21%) at plot 1, and 0.16 (n = 9, CV = 21%) at plot 2. Mégras observed at the end of the second
set of Tl expements was 0.43 (n = 9, CV = 3%) at plot 1, and 0.37 (n = 9, CV = 8%) at plot 2.

There was no precipitation received at the site during the second set of infiltration tests.

At plots 1 and 2 there was no significant (P < 0.1) difference in the soilur®isbntent above vs.
laterally away from the tile drain; although, during August 2008 at plot 1, there was some indication
that moisture contents were lower in the vicinity of the tile drain because @eas 0.27, 0.29, and

0.32, in rows 1, 2, and 3espectively (Figur8.2). At plot 3 the mean initial soil moisture content

was significantly (P < 0.1) less in row 3 than in row 1 (0.20 vs. 0.26); however, the field saturated soil
moisture content data obtained at the end of the Tl experiments diddicztée the same trend. In

the case of plot 3, it is important to note that the B horizon soil cores extracted from beneath row 3
had the highest percentage of coarse material arldRhests conducted on row 3 had the lar¢fest

values, whiclrsuggestsomparably good natural subsurface drainage in that area of the field.

3.3.3 Macropore characterization

Dye infiltration patterns verified macropore hydraulic continuity from the surface to tile drain depth

at plots 1 and 2; however, it is important to nbt& the number of dye stained pores at tile depth was

very low in comparison to the A horizon and the top of the B horizon. At plot 3, visible macropores
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appeared to terminate at a textural boundary located at a depth of approximately 70 cm, where the
degoer soil became noticeably coarser grainedye infiltration patterns at plot 3 showed that
macropores serve as preferential flow paths connecting the field surface to highly permeable

subsurface deposits.

The highest macroporosity was located in the top 40 cm of the soil profile at each of the three plots
(Figure3.4), where the mean values of maximum macroporosity were 0.3%, 0.6%, and 0.9% at plots
1, 2, and 3, respectively. The lowest macroporosity weatéd at tile depth at plots 1 and 2, where
macropores occupied less than 0.b%the exposed soil surfaces. As reported in chaptehe?, t
presence of tile drains did not induce significant variability in macroporosity at any of the three plots.

3.3.4 Spatial variability in hydraulic properties with respect to tile drain location

Arithmetic mean values o&dy) K(y), andKs, for each row of test areas jgiot 1, 2, and 3are
presented in Figure35, 3.6, and3.7. MeanK values & plots 1 and 2were arespective50% and

140% higherin row 1 than in row 3 during the August 2009 experiments,aarespectivés6% and

162% higherin row 1 than in row 3 during the September 2009 experiments; however, the difference
is only statistically significan{at P =0.1) at plot 2 during the September experiments plot 3

during August 2008, meakK; was actually 126% lower in wo 1 than in row 3; howeverthe
difference is nostatisticallysignificant. Again it is important to note that the B horizon at plot 3 also
had the highest meds,; andthe soil composition was the least well sorted of the three; piots
addition, the row 3 soil surface areas that exhibited the high€stvalues vere very close to the
subsurfaceareas with the highest gravel conteffile draininfluenceson ady) andK(y) were not

statisticallysignificantat any of the three plots.

3.3.5 Temporal variability in hydraulic properties

Differences in meaady) K(y), andKs values between wet and dry soil conditions at plots 1 and 2,
are presented in Figur88 and3.9. Between August 2009 and September 2009, rigancreased
significantly (P < 0.1t plot 1 and 2 bg7% and 25% respectively

The general trendbserved with Tl results at the lowest tension intervhlig O cm) is consistent
with results from the DR. At both plots 1 and 2, mé&dw.; o) increased between August and
September; however, the difference is only statistically significant (P)<a@flot 2. At tensios

greater than 2m, K()y) was consistently higher in August as compared to September and in all but
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two instances (the 1® 10 cm and 50 2 cm tension intervals at plot 2), the differences were

statistically significant

Differencesin ady) values between the August and September experingemisrallyfollow the
same pattern as th€(y) data. For the two lowest tension intervadsyalues increased between
August and September whereas for the three highest tension intervals, vli@es generally
decreased. Differences ia0 values between the August and September experiments were
statistically significant (P < 0.1) in all but three instances (tte12cm tension interval at plot 1 and

the 15to 10 cm and %0 2 cm tension irdrvals at plot 2).

3.3.6 Effective Porosity

Results from the effective porosity calculations are presented in B&hleAt plots 1 and 2 during
August 2009, and plot 3 during August 2008, the highest effective porosity for pores 0.02 to 1 cm in
diameter was #&ibuted to pores within the 0.03 to 0.15 cm size range. At plot 1, porosity attributable
to pores 0.03 to 0.15 cm in size decreased significantly (P < 0.01) between August 2009 and
September 2009; whereas porosity attributable to pores 0.3 to 1 cne im@igased, although the
difference was not significant (P = 0.24). Between August 2009 and September 2009 at plot 2, the
effective porosity attributable to pores greater than 0.15 cm increased significantly (P < 0.1); whereas
porosity attributable to pes 0.03 to 0.15 cm in size decreased, although the differences were not
significant (P = 0.12 for 0.080.06 cm pores, and P = 0.27 for 0i108.15 cm pores). At both plots 1

and 2, totalhydraulically effective macroporosity decreased between Augué® 2ihd September

2009, although the difference was only statistically significant at plot 1. While the presence of tile
drains was not found to significantly influence the effective porosity distribution at any of the plots
(Figure3.10), intraplot differences were significant (P < 0fbr effective porosity measured ot

3 duringAugust 2008andat plots 1 and 2 during Augug009. In contrast, differences in effective
porosity between plot 1 and 2 under the drier conditions experienced duriigeptember 2009
experiments were not significantMean total effective macroporosity (i.e. pores 0.03 to 1 cm in
diameter) varied froma low of 0.0032% at plot 2 during the September 2009 experimémts high

of 0.0082%at plot 1 during the August 2008periments

The coefficient of variation (CV) for the effective porosity measurements was highly variable among
the different pore size intervals. For pores 0.02 to 0.03 cm, and 0.3 to 1.0 cm in size, the CV was

generally large, and ranged from 50 to 8 %%, and 87 to 158 %or the tworegective size intervajs
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whereas the CV for pores 0.03 to 0.3 cm in size was overall much smaller, and ranged from 22 to
79%.

3.4 Discussion

3.4.1 Tile drain influence on hydraulic properties

The influence of tile drains ol was not consistent among the three plots. At plots 1 and 2, the
respective meaH;s was approximately 50% and 150% higher over the drains, which correlates well
with the observations made Bhipitalo et al (2004) who noted that infiltration rates in a sandy clay

soil in Finland were twice as high above, as opposed to between, the tile drains. Furthermore, at plots
1 and 2, the maximum and minimum individial values were consistently observed in the mw

test areas above the drain, and furthest from the drain, respectivelyever & plot 3, the patta

was reversed and the maximuamd minimumindividual K¢ values were observed in the rofvtest
areadurthest from, and above, the drain respedjivwhile averageKis was 126% lower in the row

above the drain than in the row furthest from the dréirs important to note that the soil in row 1 at

plot 3 was impacted by wheel traffic that potentially influenkgd Once again, it iglsoimportant

to note that the shallow subsurface soil at plot 3 was considerably more permeable than at plot 1 and
2, and would therefore provide relatively effective natural subsurface drainage in that area of the
field. In such a case, the disruption of theurat soil structure and layering during the tile
installation process can reduce soil permeability. This phenomenon has been previously noted by
Bouma et al(1981) who observed that disturbed soil above a tile drain in a Netherlands clay soil had

a K that was half that of the surrounding undisturbed soil.

3.4.2 Visible vs. hydraulically effective macroporosity

The hydraulically effective macroporosity (Tald8) attributed to pores 0.6B0 cm in diameter was
approximately 100 times less than the neafase visible macroporosity (Figur@4). Similarly

large differences have been reported in previous work. In exaBydzko et al(2006) used data

from Trojan and Linder{1998) to show that the hydraulically effective macroporosity in a Minnesota
silt loam was approximately 600 times less than the macropore area identified with soil staining.
Similarly, Bodhinayake and SR2004) found that hydraulically effective macroporosity was 1000
times less than macroporosity calculated from soil core moistteation data. When comparing the
near surface macroporosity values determined with the two methods used in this work it is important

to note some important differences. Firstly, the TI measurements were obtained from the soil surface,
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where raindrop impact can potentially seal macropores up to 0.5 cm in dianteferef al, 1992),

while visible macroporosity was calculated from surfaces that were approximately 2 cm below
ground surface and were therefore not subject to raindrop surface compactiondhsealculating

effective porosityusi ng Poi seuill eds l aw in conjunction
vertical flow through a straight sided cylindrical tube. Such an ideal flewas® is highly unlikely

in near surfacenacroporositywhereworm burrow orientation is not necessarily vertiddckenzie

and Dextey 1993), andnacroporesan routinely host plant rootStewart et al 1999). As a result,

flow efficiency through near surface macropores can be expected to be greatly redetatibim to

ideal conditions; therefore, more macropores would be required to transmit an equivalent flow.

3.4.3 Temporal variability

The assessment of hydraulic property tempwaaaiability demonstrated that the surface soils at both
plots 1 and 2 experienced significant structural modification between the comparably wet August
2009 conditions and the drier conditions experienced during September 2009. Because crop root
growth was negligild during the one month interval between the infiltration tests, it can be expected
that the majority of the variability was the result of wetting and drying processes. The observed
trends in soil variability were consistent between the two plots. Résuitsthe tension infiltration
experiments show that both the piecewise linedy), andK(y) parameters, at applied tensions
greater than 2 cm, decline between August and September; whereas the same two parameters increase
at applied tensions less thagrh. The changes in tta)) relationship indicate that capillary forces
become increasingly important for unsaturated flow processes as soil dries, while gravitational forces
become more important in saturated, or nearly saturatedlitions. K alsoincreased as the soil at

plots 1 and 2 dried, which isonsistent withobservations from previous investigations that
considered antecedesoil moisture content influences on infiltration characterisfian Es et al
1993;Lin et al, 1998;van Es etl., 1999;Zhou et al, 2008) While the increase iK; may seem
counterintuitive since hydraulically effective macroporosity decreased at both plots between August
and September, it is important to note that the reduction in macroporosity was pratteblyted to

a reduction in the number macropores with diameters less than 0.15 cm and 0.3 cm, at plots 1 and 2
respectively, whereas macroporosity attributable to pores larger than 0.3 cm increased by
approximately 85% at both plots. Because the ghilita cylindrical macropore to conduct water
increasesn proportion to the % power of the radiusthe increase in macroporosity attributable to

large macropores was able to facilitate an incread§sieven though total hydraulically effective
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macropaosity decreased. Macroporosity has been noted to increase throughout the growing season
for a number of reasonsStarr (1990) noted that worms can create additional macroporosity as they
move to the surface in response to soil wetting that occurs ifalthehich in turn leads to higher
infiltration rates; whereaMurphy et al (1993) attributed increased late seakqro increased soil

cracks, which idikely more akin to the scenario observed in this work. Because cracks have also
been shown to pmote macropore connectivitySigipitalo et al, 2004), hydraulically effective
macroporosity attributable to pores with diameters greater than 0.3 cniaradues, could have

both increased between August and September as a result of increased macropore network continuity.

3.4.4 Infiltration dynamics T tension vs. double ring infiltrometer

When theK(y) values obtained with the Tl are compared tokhealues it is apparent that at plots 1
(Figure 3.5b,d and Figure3.8b) and 2 (Figure.6b,d and Figure3.9b), K(y) estimates at the low
tension settings are considerably greater thaighestimates, which tend to be more closely aligned
with the K()) values dtained for tension settings in the 3 to &M range. It should be noted that
macropores are not generally hydraulicaltyive at tensions greater tha&rcm Qarvis, 2007), so the

Kis values at plots 1 and 2 agenerally more reflective of the soil mat without macropore
contribution. However, at plot 3 (FiguBerb) this tendency is not evident and the low ten&i(n)

values and th&svalues are generally much closer together, suggesting that macropores are actively

contributing to flow duringhe DR test.

When considering these methddpendent differences in infiltration characteristics, it is also
important to note both the time, and volume of water, involved with the two infiltration methods.
With the TI, quaskteadystateinfiltration conditions were typically achieved after-25 minutes at

each tension setting and the volume of water infiltrated at each setting was in some cases limited by
the reservoir size, which is 1.65 liters. With the DR RBours were required to reach qusisady
stateinfiltration conditions and water volume was not a limiting factor.sdgaon these differences,

guasi steadytate conditions are inherently different between the two methods.

Considering that the soil at each of the three plots contains abundant vertically continuous
macropores, it is to be expected that a significant amount of vertical flow would take place beneath

the TI disk at low applied tensions, and as a result, thigrdtion paternwill be much different than

that predicted with equatio3.2, whi ch i s based -dmensiooab infitretion s hap e

geometry. It can therefore be surmised that equadi@nmay not be entirely appropriate for
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determiningK(y) at low tensions. It is also quite possible that the TI reservoir used in this work did
not hold enough water to bring the soil matrix and macropore regions into equilibrium at the low
tension settings. The DR measurements on the other hand, would bettgriméftration conditions

when the soil matrix and macropores were in hydrostatic equilibrium, and would therefore better
reflect the hydraulic behavior of the bulk soil. Accordingly, highvalues will therefore reflect
conditions where macroporesnceemain hydraulically active over long periods of time, such as the
case observed at plot 3 where macropores were connected to very permeable B horizon deposits.
Conversely, lowKss values reflect conditions where macropores cannot remain active ageloghy
preferential flow conduits because they are essentially-éleddoores, such as the case for the
majority of the macropwosity at plots 1 and.2 However, because the DR method is subject to
influence from processes associated with continuoudiy@mdiead conditions that can potentially
reduce the infiltration rate, such as structure degradation, clay and organic matter swelling, slaking,

eluviaions, and air entrapment, itdgsiite likely thatthe K¢ values aresomewhatinderestimated

Based o observations made in this work, it appears as though the DR tests provide insight on the
ability of the macropores to remain hydraulically active under saturated conditions, at the point when
pressure heads within the matrix and macropore regions haiiémrged. Comparatively, the TI

tests appear to reflect the shtatm capability of the macropores to transmit water during the early
stages of a downward moving wetting front, at which time large hydraulic gradients between the
matrix and macropore gons facilitate high rates of water imbibition into the matrix from the
macropores, which emulates (albeit temporarily) the effect of having an increase in infiltration
surface area. As a result, the Tl method applied here will invariably overestimiatenéarly

saturated conditionsn surfaces underlain by low permeability deposits

3.5 Conclusions

Although tile drains do not appear sgnificantly influence the unsaturated surface soil hydraulic
properties at this site, evidence does suggest thatddeinfluence K. Of the three test plots
investigated, the two with the lowest B horizé, had notably higher surface sdfls values
immediately above the tile draiwhile the plot with the highest B horizdfy, had the lowesK
values observedbove the drain, which is thought to be the result of the tile installation process that

disrupted the natural soil structure.

54



Post cropping season temporal variability caused significant changes in the saturated, and unsaturated
soil hydraulic propertiesas well as the hydraulically effective porosity pore size distribution. In the

drier soil conditionsKss andK(y) wherey 2 - 1cm, were both higher than in the comparably wet

soil conditions. The dry soil also had a greater proportiomydfaulically effective macroporosity
attributed to large macropores> (0.3 cm in diameter), while overall hydraulically effective
macroporosity decreases the soil dried Changesn the piecewise lineaad y) parameter values
between wet and dry cortiins support the observed changes in the hydraulically effective
macropore distribution. In drier soil, the reductiorailif ywheny is approximately less tha cm
indicates that capillary forces become more significant within the smaller poresthehifeerease in

a yat highery values indicates that gravitational forces become more significant in the larger
pores. These results suggest that soil shrinkage associated with datisgs a decrease in the size of
small macropores that is concurravith an increase in the size of large macropores (i.e. cracks may

appear or enlarge).

The results from this work support the hypothesis that the application of high rates of liquid manure
on dry soil may in fact increase the risk of nutrient lossléodiains and shallow groundwater, as
compared to soil that is slightly wetter. Because the post growing season surface soil hydraulic
property variability was found to be so significant in this work, it is apparent that conceptual models
of vadose zoneldw and transport processes will become more physically realistic if soil temporal

variability can be taken into account.
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3.6 Figures and Tables
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Figure 3.1. Relative location of the three experimdmikots with respect tdile drain positions,

topographyand the field boundary.
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Figure 3.2. Plan view ofthe rowwise orientation oinfiltration test areasafative tothetile drain

location at the three experimental plots.
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Table 3.1. Physicalcharacteristics of th& horizonsoil at the three experimental plgftsom chapter
2).

Plot Sand Silt Clay Gravel Bulk Density Organic Matter  LogKiht
[%] [%] [%] [%0] [g cni’] (%] [cm d']

1 499 (1.5) 304 (15 13.2(0.7) 6.5(1.7) 1.2 (0.0) 6.3 (0.3) 1.9 (0.3)
2 47.4 (1.7) 35.4(1.0) 14.2(1.0) 2.9(1.0) 1.4 (0.1) 3.2(0.1) 1.1 (0.5)
3 29.5(1.2) 47.2(1.2) 20.1(1.1) 3.2(2.7) 1.1(0.2) 5.3(0.2) 2.4 (0.5)

Values in parentheses denote standard deviation

Number of samples (n) eqegaalsd2 6 except where A indicates

Table 3.2. Physicalcharacteristics of the B horizon soil at the three experimental(fiots chapter
2).

Plot  Sand[%]  Silt [%] Clay [%] Gravel [%] Bulk Density [gcif]  LogoKsae[cm d']

MW 28.8(3.9) 483(3.1) 14.6(1.2) 8.3(3.2) 1.9 (0.1) -0.6 (1.1)
2 51.8(5.7) 383(44) 55(L7) 43(3.1) 1.9 (0.2) 0.1 (0.7)
3  51.9(21.5) 29(15.8) 9.4(6.4) 9.7 (11.9) 1.7 (0.1) 1.8 (1.1)

Values in parentheses denote standard deviation

Numberof samples (n) equals 6 except where A indicates n

Table 3.3. Effective porosity attributable to pores with equivalent cylindidéaieter greater than
0.02 cmand the associated coefficient ofiedion (CV).

Plot 1 Plot 2 Plot 3
Effective
Pore Dia. August 2009 September 2009 August 2009 September 2009  August 2008
Porosity CV Porosity CV  Porosity CV Porosity CV Porosity CV
[cm] (%]

0.02-0.03 9.4e04 50 6.3e04 51 9.0e05 1776 3.6e04 190 2.6e04 240
0.03-0.06 1.9e03 42 9.3e04 22 1.3e03 50 7.9e04 31 1.6e03 28
0.06-0.15 4.6e03 66 9.4e04 35 1.6e03 79 1.1e03 78 2.1e03 56
0.15-0.3 1.2e03 48 5.2e04 50 1.9e04 63 4.2e04 74 8.6e04 70
0.3-1.0 4.8e04 94 8.9e04 87 4.6e04 158 8.5e04 115 9.3e04 94

0.03-1.0 8.2e03 47 3.3e03 37 3.6e03 71 3.2e03 56 5.6e03 37
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Chapter 4
Assessing potential nutrient losses in tile drained, macroporous

soils over an annual cycle through conservative tracer tracking.

4.1 Introduction

Tile drains are a significant component of the drainage enhancements required to [zapipctive
agricultureon soils with poor natural drainage, and eoenmonfeatures of the modern agricultural
landscape. Although tile drains are often perceived as environmental risks because of their ability to
rapidly transmit nutrients and other potential contaminants to surface wateSkaggs et al 1994),

these conerns are capitulated by global food demand that necesstatdguous increases in
agricultural output In North America, it is estimated that 62Mha, or 25% of the arable and
permanent crop area, has undergone drainage improvemasteidtional Commigon on Irrigation

and Drainage2010). Agriculture in humid, mithtitude climate regions is particularly depentdan

tile drains to help regulate the water table position during the growing season; and to ezoesse

soil moistureduringthe typically cool, wet winters, when a limited number of large precipitation and
melt events can often dominate the hydrologic cycle. As a result, tile drain discharge is subject to
large interseasonal, and int&vent, variability. An abundance of observationdatience exists to
support the fact that a disproportionately large amount of the annual water and -mogssenfiux
through tile drains can occur in a relatively small amount of time (@rgry et al, 1996;
Cambardella et a] 1999;Tomer et al 2003;Kladivko et al, 2004;Royer et al 2006;Udawatta et

al., 2006;Macrae et al, 2007). While such evidence is valuable, a thorough understanding of the
physical flow and transport processes at swork

required to optimize nutrient management practices on tile drained agricultural land.

In addition to seasonal and event based variability, flow and transport in tile drained soil is further
complicated by the common presence of macropore featureaswedrthworm burrows, root holes

and cracks and fissure¥hHomas and Phillips1979;Beven and Germanri982;Jarvis 2007)that

can facilitate predrential water flow and solute transport through the soil profilgdr&ulic activity

within the macropa networks is not ubiquitous however, and the occurrence of preferentiasflow
heavily dependent on factors such as antecedent moisture content, rainfall intensity, and pore
continuity Beven and Germanri982;Jarvis, 2007). In relatively dry soils,dht precipitation does

not typically induce macropore flow and incident water infiltrates and redistributes within the matrix
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(e.g.Coles and Trudgill 1985;Kéhne and Gerke2005), whereas in relatively wet soil, even light
precipitation can initiate magpore flow (e.g.Coles and Trudgill 1985; Villholth et al, 1998).
Macropore flow camccur in dy soil for a number of reasons, includirtigh precipitation rates (e.g.
Edwards et al 1992, low permeability Gerke and K6hne2002) and/or hydrophobie.g.Edwards

et al, 1992) macropore wall linirggthat impede imbibition into the soil matrix, and localized low
permeability layers that induce localized water pressure increasesMeilgr and Naaf 2003).
When macropores are hydraulically activeytitan transmit a large proportion of the total flow (e.g.
Dunn and Phillips 1991;Mohanty et al 1996;Lin et al, 1997);however because they are discrete
features with a finite length, their hydraulic efficacy is largely governed by recéptorthe
surrounding soil matrixonductivity. Consequently, when macropores are effectively drained by
underlying permeable soil layers or tile drains they will impart a greater influence on flow and
transport processes within the soil profile than mvhieey are effectively dead end pores surrounded
by a low permeability soil matrixBouma 1982;Shipitalo and Gibhs2000;Weiler and Nagf2003).

The interaction between macropores and tile drains has been a popular research subject. Past studies
haveshown that macroporesn transmit substances suchragrients (e.gLaubel et al, 1999;Cook

and Bakeyr 2001;Ball Coelho et al 2007), pesticides (e.¥illholth et al 2000;Kladivko et al,

2001), pharmaceuticals (elgapen et al 2008a), and lwderia (e.gCook and Baker2001;Lapen et

al., 2008b), to tile drains. Because macropores beneath the top soil layer are predominantly vertical
features (e.gSteenhuis et g11988;Shipitalo and Gibbs 2 000) , the tile drain
gererally narrow in relation to tile spacingFor example,Shipitalo and Gibbg2000) found that

surface connected macropores withincs@ of a tile drain installed in a silt loam soil in Ohio were

most likely to have a direct connection with the drain.

Efforts to characterize flow and transport processes in tile drained, macropoiigybave utilized
irrigation along with surface applied conservative tracers to quantify breakthrough, and dye tracers to
identify active flowpaths, (e.g/illholth et al, 1998;Larsson et al 1999;Zehe and Fluhler2001;

Stamm et a) 2002). Rapid arrival of the tracer at the tile draia umifying theme amongst many of

the past studies (e.Richard and Steenhyi$988;Villholth et al, 1998,Lennartz et al 1999;Jaynes

et al, 2001;Zehe and Fluhler2001;Stamm et aJ 2002;Gish et al, 2004);however low antecedent

soil moisture contentoupled withlow irrigation rates (e.gGish et al, 2004;Kéhne and Gerke

2005) can reduce the likelihood of preferenflalv. Although counteintuitive, it hasalso been

demonstrated that preferential flow can induce tile discharge even when the¢abbkads well below
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the drain elevation because hydraulically active macropores can be connected to the tile drain (e.g.
Seenhuis et a) 1988;Villholth et al, 1998).

While it is well understood that macropores tite drainedagricultural soils can facilitate rapid
movement of water and solutes énwide variety of hydrologic condition#)e current understanding
of how macropores influenceolute partitioning between groundwater ssutface water in tile
drained soils is limited. Becaus®e late fall to early spring time frame can often account for a large
proportion @ the annual nutrienthovement to surface water agricultural settings, and post harvest
manure application is a common farming practice, consideratioreagosal influences otile
drainage igspecially important However past research in this area hagédy avoided the topic of
tile drain dynamis duringextreme hydrologic eventsuch as winter and spring meltsileTdrainage
researchduring extremely wet soil conditiontbat are common throughout the late fall to early spring
time frameis complicated by the realism thi@e drain monitoring $ challenging during periods of
high flow, and freezehaw activity. To facilitate further scientific development in this field, new and

innovative methodology is required.

Theintention of thiscomponent of the resear@lork is to address the issueflifiw and transporin
macroporous, tile drainedyacultural soil over arannual cyclejn the humid continental climate of
southwestern Ontario. Because nutrimatvement to surface waternstably higher from late fall to
early spring in this regionlarge precipitation and melt events that occur within this period of

increased hydrologic activity are given specific attention. Kdyeobjectives are as follows:

1) To determine the inflence of macroporosity on shéerm and longerm solute transport to
tile drains.

2) Evaluate the relative significance of large; fall, winter, and spring, hydrologic events on the
movement of soluble nutrients derived from late fall liquid manure application to surface
water (via tile drains) and groundwater.

3) Quantify the carelation between groundwater levels and tile drainage, and demonstrate how
such relationships can be used to predict tile drain discharge rates with high temporal

resolution.

To achieve these objectives, an experiment was conducted at a tile draineldusgriteid that has
had extensive characterization of its soil hydraulic properties and macroporosity distribution. As part
of the experimentiwo different conservative tracers were applied to the field surface in parallel

bands adjacent to a tile dnain early November, on wet soilAfter tracer application, a three year
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return period rainfall was simulategith irrigation in order to generate soil conditions that pose a
high risk for tile water contamination from liquid managplication The movenent of the tracers to

both groundwater, anthe tile drain was monitoredor one year following application. Near the end

of the one year monitoring period, detailed measurements of residual tracer distribution within the

soil profile were made.
4.2 Study site and methods

4.2.1 Site description
The experiment was conducted on an actively cropped lfietated atN4 3 A0 OWS 5A0 16080,

near the town of Kintore in southwestern Ontario, Carfgire 4.1). Soils at the site are mapped

as poorly drained, darkrgy Gleisolic, Maplewood silt loam series, which is underlain by clay, and
clay loam till (Experimental Farms Servic&987). Beneath the surface soils is a complex layering

of Quaternary sediments consisting of subglacial diamictons and glacifluviagitgfiRudolph and
Parkin, 1998) that extend to a depth of approximatelyn#BSado and Vagnerd975) Perforated

plastic tile drains, 10 cm in diameter, were installed at the field in 1985. The tiles are systematically
spaced 125 m apart and are |aeal at depths of 0:6 m.

Minimum tillage practices have been utilized at the site since 1995. P200t#both liquid swine
manure and commercial fertilizers were alternately used as soil nutrient amendments; however,
between2004and 2008 only commmeial fertilizer was used. In May, 2007, the field was planted in
soybean Glycine max L) that were harvested in late September. Following soybean harvest, the field
was planted in winter wheaTifjticum aestivurmi.) that was harvested in mid July 2008lourly
measurements of air temperature, precipitation, relative humidity, wind speed, and solar radiation
were collected at the site between June 2007 and October 2@3%.reBearch on nitrate flux in
agricultural settings and riparian zone denitriiiza has been conducted at the same (§¥y et al
1998;Cey et al 1999.

4.2.2 Plot characterization

4.2.2.1 Soil physical properties

The tracer test was conductiedthe vicinity of an individual tile line locateat the south area of the
field (Figure4.2) where the surface slopes gently (1.6 % grade) to a perennial steam that runs along

the southern edge. Physical properties of the soil at the site were characterized with soil cores that
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were collectedduring September 2009 from an area located aloagdéme tile drain but 40 mup
gradient from where the tracer experiment was conducted. From the A horizon, there were six, 5 cm
diameter by 10 cm long soil cores, extracted from the 5 cm to 15 cm depth interval, on an evenly
spaced 2 m by 3 m grid thatdhane long edge positioned above the tile drain. The B horizon was
characterized with fouselectively spaced3 cm diameter by 10 cm long, soil cores that were
extracted at depths of MO cm.

Organic matter content in the A horizon cores was detedmising the WalkleyBlack (Walkley and
Black, 1934)acid digestion method, particle size distribution for all of the cores was determined with
the pipette methodGee and Or, 20023nd bulk density was determined by assuming that the soil
volume containedvithin the cores was undisturbed. Hydraulic conductividy,) of the B horizon
cores was determined with a falling head permeameter prior to the physical prope(fragstdds,
2008)

4.2.2.2 Surface soil hydraulic properties

The saturated and unsaturateiraulic properties of the surface soil were measured in November
2008 with a series of six tension (T1) and six doubitg (DR) infiltration tests. The infiltration tests

were conducted along the same tile drain as the tracer test but 5 ngdwlientfrom where the

tracers were actually appliéd avoid heavily trafficked sail The individual infiltration test locations

were positioned on an evenly spaced 2 m by 3 m grid that had one long edge positioned above the tile
drain. During the infiltratiortests the soil was relatively wet, which is typical of late fall conditions

at the site.

A tension infiltrometer (TI) witha 20 cm diameter disk and a 1.65 liter reservoir (Soil Measurement
Systems model SW80B) was usedo characterize the unsaturategtiraulic properties of the soail.
Decreasing tension settings of 10, 512and0 cm were used during each testhe Tl disk was
placed on soil surfaces that werarefully preparedby cutting any vegetation down ggound level

and smoothld to the extat thatall surface iiregularities were masked by3sb mm layer of finesand

that was emplad to provide a level surface for the Tl disk to sit and to engioed hydraulic
conrection between thdisk and the soil. Care was taken to minimize smearirtgeofoil surface
andto avoidareas withsigns ofwheel traffic At each tension settingpfiltration rates wereisually
measured in fiveninute intervalaintil quasisteadystate conditions werebservedefore the applied
tension was reduced to thexhsetting. At each individual tension setting, the duration of the Tl tests

was potentially limited by the volume of water in the reservoir. In the few cases where very high
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infiltration rates wer@bserved and reservoir volume appeared to be therlgrigictor,measurement
time intervals were reduced accordinglfpuring each Tl experimenta 10 cm long time domain
reflectometer (TDR) probe wanastalled below thalisk at approximately a 30 degree anfylam
horizontaland water content wamonitored ontinuouslyin 10 second intervals with a Campbell
Scientificinc. TDR100 system

As per the methodology described in section 2, tension infiltrometer (TI) data was analyzed
according to the method presentedRsynold{2008, which isagainbriefly defined as follows:

X, x+1 Wherey ¢0 4.1
x (yx - yx+1) ( )
Ga',,..Q,
K o1 = — 19 5 (4.2)
a(l+ Ga x,x+1ﬂ)(Qx /Qx+1)

K — |.le—1,>< exp(alx—l,xy x)+ KI><|><+1 exp(alx,xﬂy X)J

.= > x =2,3,..AL (4.3)
K(yx) = K'x,x+1 exp(a'x,xﬂyx) fOf X= 1 (44)
Ky ,)= le—l,x exp(a'x_lyxyx) forx =n (45)

where x represents the applied pressure hgadsdttings (L); G is a shape factor which was set

constant at 0.2379is the observed quasi steady state flow rafel{); a is the disk radius (L); and
P=y Iv,-y,).

Following each TI test, the contact sand was vacuumed off the soil sarfdce double ring (DR)

infiltration test was conducted at the same position, \ki¢hdbjective of obtainingstimates of field
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saturated hydraulic conductivi{¥;). Both the30 cm diametemner ands5 cm diameteouter rings
were pressed approximateédycm into the soil. A constant water level of approximately 10 cm was
maintained in both the inner and outigrgs with separatelO liter mariotte bottles. Infiltration rate
were monitored until quassteadystate conditions were observadthe innerring, which usually
required two to three hoursEstimates of field saturated hydraulic conductivity were obtained from
the DR infiltration data using the method prescribe®bynoldset al.,(2002)as follows.

1 (%]

Ag h g e
K fs = qs /%0 ot €. l;l
260.3160d +0.184cal  &a * (0.316ud +0.18408)

Q
+19 (4.6)

Wheregsis the observed quasieadystateinfiltration rate(L® T%), his depth of ponded watér), d
is the ring insertion deptfL), a is the inner ring radiuf.), anda* is the calculated value for the

1-0 cm tension interval of the Tl expewent that was conducted at the same test(arda

4.2.2.3 Macropore characterization

Extensive macropore characterization at the test plot was conducted during August 2009 at the same
up-gradientiocation where thgix A horizon soil cores were obtained. Tiacropore related work is
described in greater detail within the context of a large scale macropdrdsyigraulic property

spatial variability assessment at the field site (Chapters 2 and 3). In total, macroporosity was
quantified on fortyeight 0.25 rfi horizontal soil surfaces positioned at depths ranging from 0.02 to
0.76 m from surface, and located at distances between 0 and 3 m from the tile @m@ach
excavated surface, the number of macropores irb im, 58 mm, 810 mm, and 142 mm
diametic size intervals were manually counted. Total cylindrical macropore surface area was
calculated by multiplying the mean area of each size interval by the number of macropores observed
within that interval. Fracture area was estimated by measuringttiidetogth of fractures on each
surface and then multiplying the result by 0.5 mm, which is an approximate average fracture width.
Total macroporosity is the sum of the cylindrical and fracture macropore afeasr to the
macropore characterization, ditional Tl and DR infiltration tests were conducted on the field
surface (Chapter 3) above each subsurface area where macroporosity was characterized. Between the
infiltration tests and macropore characterization at each individual infiltration teibtgc20 liters

of blue dye solutioriBrilliant Blue FCF)was applied to the soil under positive pressure, from within

a 50 cm by 50 cm square reservoir.
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4.2.3 Plot instrumentation

The experiment site (Figure3) washeavilyinstrumented Water levels were amitored in5 shallow
piezometersvith 33 mm outside diametetisathad 06 m long screens centerati1.5 mdepth(W1i

WS5), with pressure transducers recording wégels onl5 minute intervatsand2 deep piezometers

of the same desigfW6, W7) thathadscreens centereat depths 0f2.5 m and4.5 mrespectively

that also containedressure transducetisat recordedwater level flctuation in 15 minute intervals.
Atmospheric pressure was measured with a barometeotizetd atmospherigressure in 1minute
intervals. Soil moisture content was measured wittuldilevel TDR system (Environmental Sensors
Inc.) positioned 1.5 m from the tile drain and midway along the irrigated section, to measure soil
water content in 15 to 30 cm intervals over a deptige of approximately 5 to 120 cm. Irrigation
water was applied with sprinkler system capable of supplying 13 mm difwater to the 9 m by 9 m

plot area. Tle dischargevas monitored at the down gradient end of the test plot using an electronic
flow-meterwith approximately 800 | Arpeak capacityhat wasconfigured to measure tiléstharge

in 15 minute intervals. Tile drain water samples were obtained withutomatic water sampler
installed in an insulated enclosure at the tile discharge monitoring statiogranttwater samples
were obtained fron® sets of multilevel sampling weltbat were eaclcreened at depths of 1.5 m,
2.5 m and 3.5 mA meteorologtal monitoring station that recorded air temperature and precipitation

on an hourly basis was in operation at the site between July 2007 and October 2009.

4.2.4 Hydraulic response / tracer test

Two preliminaryirrigation tests were conducted to assesshydraulic response of the tile drain at

the plot to surface irrigation. The first test was conducted on October 22, 2007 when soil conditions
were relatively dry and the second test was conducted two days later, after 15 mm of rain fell at the
site, wherthe soil was wetter. Both of the preliminary tests involved 3 hours of irrigation waiieg
application rates of 8.4nd 8.3 mm ht, for the firstand second tests respectively. Local municipal

tap water was used for both of the preliminary tests.

The main tracer experiment began on November 7, 2007, with the application of 250af m
bromide (Br) to a 2.3 m by 6.1 m patch of soil adjacent to the tile drain, and the application of 250 g
m? of chloride (Cl) to a 2.3 m by 6.1 m patch of soil adjaderthe Br zone (Figurd.3). Both ions

were manually applied in dissolved form with garden variety watering cans at concentrations of 125 g
I, over a 25 minute period. The source material for the two tracer ions was NaBr and NaCl.

Although Na ions carause flocculation of some clay mineralse relatively high background Na
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concentrations (approximately 2 to 30 ni)y in the groundwater at the Kintore site infers that the
clay minerals in the soil have been previously exposed to Na and were tharefdikely tobe
significantly influenced by Na in the tracer soluticFhe irrigation system was activated immediately
after tracer application and 5 mm'tof water was applied to the plot for 9 hrs, using water pumped
from the stream. The applicati rate is an approximate representation of a 3 year return period, 9
hour rain event at the si{frodanovic and Simonovi€004) Minimal surface runoff was observed
during the irrigation tests.

4.2.5 Tile discharge monitoring

Tile flow rates at the plot wereontinuously measured from October 10 to November 28, 2007, at
which time the monitoring system pump was destroyed by sediment buildup in the submerged
reservoir that it was housed. The pump was replaced in early January 2008 in preparation for a winter
t haw; however, during the actual Wi nt er t haw ev
800 | hi* capacity. During select peak flow periods, manual tile discharge measurements were taken
using a rudimentary bucket/stopwatch method to supplethertile flow dataset. The pump had to

be replaced because of excessive sediment buildup on three additional occasions during January
2008; as a result, thmeasuredile flow data for the month of January is somewhat sporadic. The
measured tile dischge record ends at the end of January when the 180 liter plastic barrel that was
serving as the pump reservoir imploded under pressure from the surrounding wetMsaoiél
estimates (described below) of tile discharge at the site were made for the eydiae fieriod

following tracer application.

4.2.6 Chemical analysis

Chemical tacer monitoring in the tile water and groundwdiegan immediately after the tracers
were appliedand continued for 1 year after the tracers were appli€de sampling interval was
initially every 15 minutes at the tile and every 2 to 6 hours in the monitoring wells, with the
shallowest wells sampled #te highest frequency. h& sampling frequencies were progressively
decreased to once per day at the tile drain and approximatedypenecnonth at the monitoring wells.
Tile water sampling was unaffected by the problems that plagued the tile flow monitoring sBation.
and CI concentrations in tiveatersamples were measured with an-@momatograph (IC) (Dionex
ICS-3000) that was alibrated against Br and Cl standards that ranged from 01DQong [* in

concentration. When individual samples had tracer concentrations that exceeded 1)Gheyg |
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were diluted by an appropriate factor and theamalyzed. Background concentrations of Br and Cl

in the tile drain discharge and the monitoring wells were measured prior to tracer application.

4.2.7 Hydrograph separation

Hydrograph separation was conducted with the objective of isolating tile discharge that edeatigi
within the experimental plot area, from total tile discharge measured at the monitoring station during
the 48 hour interval surrounding each irrigation event. Baseflow contribution to tile discharge during
each event was estimated by linearly intdaiing tile flow between the beginning and end points of
the discharg@eakinduced by irrigation. Additional tile discharge that is assumed thdéeesult of

localized irrigation is estimated as total discharge minus interpolated tile baseflow.

Becaus the land surface area contributing to tile flow at the monitoring station is large in relation to
the irrigated test plot, and there was notable tile baseflow at the time of the Novethber 7
experiments, measured tracer concentrations are diluted itiometa the actual concentrations
transmitted to the tile from the tracer application area. The dilution masks the temporal dynamics of
tracer transport to the tile drain. By combining tracer mass flux with the irrigation induced tile
discharge obtainethrough hydrograph separation, a tracer breakthrough curve that better reflects
flow and transport processes beneath the tracer application area can be obtained. Estimates of
undiluted tracer concentration (M*.are made by dividing mass flux (M"Y by irrigation induced

tile discharge (ET).

4.2.8 Residual tracer analysis

To determine the amount of residual tracer retaingld soilnear the end of the year long tracer,test
sixteen, 5 cm diameter by 2 m (theoretical) long, soil cores were extfemtethe 6 m by 6 m area
adjacent to the tile drain where the tracers were originally applémie extraction was conducted
during September 2008n total, 134 sbsamples wereemovedfrom the cores in 10 cm increments

and soil pore water from eachbsample was extracted and analyzed for Br and Cl. Because core
recovery varied from 50 to 100 %, the relative position of each subsample from within the obtained
core was used testimate the actudepth that each subsample would represent at the exgreniot
according to Z= Z\L/L,, where Zis theoretical sample depth, B sample depth in the actual soil
core, and Land Ly are the theoretical and actual core lengthspectively. The core analysis results
were assembled into a thrdamensionhdataset that was spatially interpolatesing krigingin order

to generate three dimensional Br and Cl concentration and mass distribution profiles. Estimates of
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residual Br and Cl mass in the soil profile were obtained by numerical integration e$ithéat mass

distribution profiles.

4.2.9 Water level i tile drain discharge correlation

In order to estimate tile drain discharged cumulative tracer fluat the plot after the monitoring
station was rendered inoperable, an empirical model was developeatiict fite dischargever the

one year period of interegsing groundwater level data. Prior to the application of parametric data
analysis technique® test for correlation between tile discharge and groundwater |evaier level

and tile dischargeata distribution was assessed using normal probability graphs to determine if data
transformation would improve the normality of the data sets. During model development, cross
correlation between groundwater levels in each of the seven piezanzatdrde discharge was
determined. Through an intuitive trial and error process, the n@@delA[Zs + Z4(n)] + B, was
derived to predict tile discharg€, in units of liters / 15 minas a function of two empirical fitting
coefficients (A and B), and watével in one shallow piezometeZy, and one deep piezometeg)(

that had been smoothed with a centered moving averageno®&rminute, time intervals. It was
intended that th&s term would incorporate the high frequency tile drain response to precipitation and
melt events, and th&,(n) term would incorporate the low frequency seasonal variation in tile drain
baseflow. The model was implemented into a simple FORTRAN progrdrogimal values for A,

B, andn were determined by coupling the model witlte PEST parameter estimation software
package(Doherty, 2004). The performance of the model was assessedigyally comparing
predicted tile flow rates against tile flow ratésitt were measured while the flow monitoring station
was in operation, and by comparing predicted vs. measured cumulative Br flux between NoYember 7

and November 28

4.2.10 Short term and long term bromide mass discharge estimates

Estimates of bromide mas#y) discharged through the tile drain were determined according to

n
M, = a QGC, ; whereQj, andC; are tile flow rate, and Br concentration respectively, for each 15
i=1

minute time stepi). Measured, and modet values of), were used to estimate Br mass flux over
the respective three week € 2016), and one yeam (= 35136) periods that followed tracer
application. When the time interval between sampling was more than fifteen minutesy |

interpolation between measurdalta points was used to estimtle effluent Br concentrations
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4.3 Results

4.3.1 Plot characterization

Results from the A and B horizon physical soil characterization are presented irt TabBased on
grain size distribution, the A horizon soil is clasgifeess a sandy loam which ishminor disagreement
with the regional soil survefExperimental Farms Service, 1987) that classifiedsthéace soil at the
test plot as a silt loam. The A horizon soil extends to a depth of approximately 25 c¢cm, where a
hard@n layer is encountered at the top of the silt loam B horizon soil. The B heditaxtends to
tile depth, andyeometriomeanksyis 0.25cm d*. The saturatedk¢) and unsaturatedy,) hydraulic
conductivity of the surface soil (Tabk2) is considerably higher than the B horizkg,, which
reflects both the contribution of macropores to vertical flow in suchsaitconditions, and the
differences in soil composition and bulk denshtyith the exception oKq., mean values of surface
soil hydraulic conductivity areamsistently higher in théfiltration test areas located immediately
above the tile drain. Higher hydraulic conductivity above the tile dindlicatesthat macropores that
are effectively drained (i.e. connected witle tdrains or underlain by high permeability deposits)
have the greatest potential to influesteadystateinfiltration rates.

Mean nacroporosity distribution at the plot is presented in Figide The highest proportion of
macroporosity was observegar surface where it amounts to approximately 0.35 % of the soil area.
Macroporosity progressively declines with increasing depth, and accounts for approximately 0.06 %
of the soil area at tile drain level. Cylindrical pores less than 5 mm in dianeteose most of the
macroporosity within the entire depth range investigated. Macropores larger than 5 mm are most
abundant near the top of the B horizon where they compose approximately 35 % of the total
macroporosity. Fracture area also peaked at theofothe B horizon where it accounted for

approximately 15 % of the total macroporosity.

Dye staining patterns indicated that dye movement occurred within all sizes of macropores and
fractures. The soil matrix in the A horizon was extensively staimaglever, the only staining in the

B horizon soil matrix was observed in areas surrounding macropores that had obviously transmitted
dye. The hardpan layer at the top of the B horizon appeared to have promoted lateral dye spreading,
and vertical dye movemeninto the B horizon was limited to macropores that were continuous
through the hardpan. The depth of dye penetration was dependent on the penetration depth of those

macropores that were able to move dye through the hardpan layer. The primary meamstdor dy
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reach the tile draiwas through cylindrical macropores and structural cracks that were located within
and along the edges of relic, tile drain installation scars that extended from the top of the B horizon to
tile depth.

4.3.2 Tile drain response to irrigation

Although the magnitude and duration of irrigation was similar during both the OctdBemeR24'

tile drain hydraulic response tests (Figut®a), there was considerably greater increase in tile
discharge for the later of the two testSimilar to the October J4test, frigation during the
November 7th tracer experiment also caused a noticeable increase in tile discharge4®igure
During both theOctober 24 and November irrigation eventstile flow started to increase within 1
hour of irrigation, and continued to increase throughout the irrigation interval. Tile flow began to
decline as soon as irrigation ceased on both Octotfea2d November . Hydrograph separation
conducted for the October ®4and November 7 irrigation events shows that the amount of
additional tile discharge induced by irrigation is small in relation to the amount of water applied.
Approximately 17%, and 14%, of the applied water volume was recovered within 24 hours for the
irrigation events conduet! on October 2% and November" respectively.

Initial soil moisture conditions were notably different between the two October tests. In the 7 day
period leading up to October ¥2only 5 mm of precipitation was received at the site, whereas
betweerthe 22° and the 24, there was 16 mm of precipitation received, not including irrigation. As

a result of drier soil conditions, there was an additional 10 mm of water storage capacity in the soil
profile prior to irrigation on October 22 as comparetb October 24. While the near surface soil
moisture content increased substantially during both October tests (Ei§arand4.6b), there was
minimal increase at a depth of 23 ctop( of hardpapon October 2%, whereas on October 24

water contehat 23 cm depth approached saturation. In the 24 hours prior to irrigation on November
7" there was 10 mm of rain received at the site; as a result, soil conditions were also quite wet in
advance of tracer application. The magnitude and rate of sa#tur® increase in response to
irrigation on November "7 was similar to October 34(Figure 4.6b and4.6c), and peak moisture
contents in the A horizon were achieved within 3 hours from the start of irrigation. Soil drainage
characteristics were alsavslar between the October 24nd November 7tests: h both cases rapid

near surface sodrainagebegarnvery soon after irrigation stopped, asmil moisture conterdt 23 cm

depthdeclined at slightly fasteratethan at 7.5 cm depth.
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Results fromthe irrigation tests suggest that soil moisture content at the base of the A horizon is a
good indicator of tile discharge temporal response to water application on the field surface. During
both the October 24and November irrigation events, tilelischarge begins to increase at the same
time that soil moisture content at a depth of 23 (twp of hardpanjncreases. Upon cessation of
irrigation on both October 34and November ', soil moisture content at 23 cm begins to decline at
roughly thesame time that tile discharge starts to decline. During the Octoldrrfation event,
neither soil moisture content at a depth 23 cm nor tile discharge increased noticeably.

During all three irrigation events, the amount of water stored in thpradile increased substantially
between the beginning and end (Figdré). At the point during each irrigation test where the soil
moisture peaks, the additional water in the soil profile represents 75%, 149%, and 84 %, of the total
volume of water appd during the October 22, 24, and November 7 tests, respectivelis
important to note that the somewhat erratic nature of the soil moisture increatskemgiparially an

artifact of interpolation error because soil moisture content was onlyuneeidsy the TDRat 4

locations between the surface and tile depth.

4.3.3 Tracer breakthrough to tile: days 0 - 21

Irrigation, precipitation, and tile discharge, (Figdr8a) are closely related to the concentration and
cumulative mass flux of Br in the tile effluent (Figu4eb) during the 3 weeks following tracer
application; whereas, CI concentration shows little variation during the same time period. The
presence of Bin the tile effluent within 1 hour of application indicates that preferential fias
influenceal tracer movement during the experiment. Br concentrations in the tile effluent rise
continuously throughout the irrigation interval and peak 1 hour afigafion stops. Following the
initial peak, Br concentrations rapidly decline to less than 25 % of the maximum value within 24
hours, and generally undergo a more gradual decline in the following 20 days. While numerous small
precipitation events do ndiave significant influence on tile effluent Br concentration during the 3
weeks following tracer application, relatively high intensity events on NovemBearilNovember
27" both induce temporary increases in Br concentration and tile discharge Bassd on the
various precipitation events at the site during the latter part of November, in order for precipitation to
notably influence Br breakthrough characteristics, rainfall intensity needs to exceed 2! mvhibh
is very close to the mean unsaied hydraulic conductivity values obtainiedm the TI tests for the
5 cm tensionsetting (Table 4.2). Becauseprevious work has suggested that macropores become
hydraulically active within this tension ranggafvis 2007), it can be surmised that ppé@tion in
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excess of 2 mm Hrwithin 3 weeks of tracer application was able to flush Br from the near surface
soil matrix into macropores that were connected to the tile drain, thereby inducing temporary

concentration increases.

Although Br concentratits in the tile effluent rise quickly after tracer application, and the wet sail
conditions reflect O6high riskd conditions for
via preferential flow, the amount of Br mass captured by the tile wi®inours of tracer application

is only 8 % of the applied mass (Figyr8b). A similar amount of Br was captured by the tile within

48 hours of the large precipitation event that began on NovemBewBgre 23 mm of rainfall was
received over 24 hours After 3 weeks of relatively wet soil/hydrologic conditions, the Br mass
captured by the tile drain accounts for 27 % of the total amount applied.

While Figure4.8b clearly shows that Br reaches the tile drain quickly, the short term temporal
dynamics btracer transport at the site become clearer after the effects of baseflow dilution have been
removed. The modified Br breakthrough curve (Figd&® shows that tile flow from outside the
irrigation area has a significant impact on tmmcentration oBr in the tile drain. Instead of peak
concentrations arriving one hour after irrigation stopped as shown in FHdlve the modified
breakthrough curve sh@ithat Br concentration in the water draining from the test plot actually
peaked one hour afterrigation began, and concentrations declined rapidly as tile discharge
increased. The high Br concentrations observed soon after tracer application are the result of
preferential movement of tracer laden water to the tile drain prior to significant diliutn post
tracerapplication irrigation water. Br concentration remains low while irrigation induced tile
discharge remains elevated; however, Br concentration increases again as discharge rates decline

upon the cessation of irrigation

4.3.4 Residual tracer distribution

Tracer concentrations in the soil pore wasergel from 0 to 113 mg't for Br, and 5 to 194 mg'lfor

Cl, in the 16 soil cores that were extracted in September 2088 low concentrationsthe tracer
distribution throughout the sampled soil volume is quite diffuse, and difficult to visualize. To enable
easier comparison, and to clearly shown where the majority of the tracer mass is retained, both the Br
and Cl residual concentration plumase delineated by a 50 mg Isosurface (Figure4.10).
Estimates of residual mass suggest less than 2 % of the original Br mass is retained in the soil, of
which the majority is localized in the dovgnadient end of the plot, within the A horizon. The

maximum soil pore water Br concentration in the immediate vicinity of the tile drain was
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approximately 20 mg'and was also localized in the dowradient end of the plot. The amount of
residual ClI tracer in the soil was difficult to determine becadigheopresence of legacy CI from

many years of liquid swine manure application at the site; however, if the Sbisuglirface is used

to approximate the position of the CI tracer plume, it is apparent that the majority of the mass is
retained between ¢hsurface and tile drain depth. Plan view perspective of Hgl@eshows that the
centroid of the residual Cl plume has shifted down the topographic gradient and towards the tile drain,
in relation to the position of the original Cl application surfaégen though CI concentrations in the

tile effluent did not appear to rise significantly over the 10 month period between tracer application
and core extraction, pore water analysis results show that the Cl plume from the tracer experiment had
reached théle drain by midSeptember 2008.

4.3.5 Tile discharge i water level correlation

Normal probability plots of tile discharge and water level in the piezometers are shown in Figure

4.11. The normality of the raw tile discharge data (Figutda) was consideby improved (Figure
411b) by applying a power transform of the for@,(/)=(Qexp/ - 1)// where Q(/)is

transformed tile discharg€) is raw tile discharge, anflis the power parameterin this case, the
optimal value of/ is -0.3423. Although thetransformed tile discharge data does not perfectly follow

a normal distribution, it does display distribution characteristics that are similari@atidevel data
(Figure 4.11ch), with the midrange data tending to be aligned more closely to the horma
distribution than the tail data which tends to diverge away from the normal distribution, in the

direction of the mean value.

Waterlevel fluctuation is strongly correlated with transformed tile discharge for all six of the
piezometers that were assekgeigure4.12), with crosscorrelation coefficients ranging from 0.74 to

0.88. Lag time between watlavel fluctuation and tile discharge is minimal for the 4 shallow
piezometers, W1, W2, W4, and W5; however, wiggel fluctuation in W6 (screened a5 m), and

W7 (screened at 4.5 m), lags tile discharge by 12, and 15 hours, respectively. The hydraulic response
of W3 to precipitation and irrigation was muted because of its close proximity to the tile drain.
Accordingly, there was very little watéevel fluctuation in W3 during all but the most intense
hydrologic events. As a result, the W3 wa#arel dataset was not ideally suited for croesrelation

analysis.
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Waterlevel measured in relation to tile drain elevation for all seven piezometéngdmeOctober

27, 2007 and January 28, 2008, is shown in Fidut8a. With the exception of W3, all of the
shallow piezometers exhibit relatively high frequency wigeel fluctuations that correspond to the
high frequency variability observed in thietdischarge rates. Compared to the shallow piezometers,
the high frequency water level fluctuations in W6 and &&'somewhat muted; however, the deeper
wells appear to contain low frequency signals that becomes more obvious after the data has been
smoohed (Figure4.13b). The low frequency watégvel variation in the deep wells closely resembles
the tile drain baseflow variability that is apparent in Fighile3c, whereas the base walevel in the
shallow piezometers is relatively constant. The Imgfiency watelevel fluctuation in W6 and W7
indicates that the magnitude of the vertical hydraulic gradient within the shallow groundwater flow
system at the site undergoes seasonal variation that coincides with variation in tile drain baseflow.

The strmgest correlation between modelled and measured tile discharge was achieved by coupling
the raw watetevel in W1 with wateflevel from W7 that had been smoothed using a 1550 day
centered moving average (Figutd3b). The combination of high frequencytertable fluctuation,

with the low frequency deep watkavel fluctuation, yielded an empirical model, of the form
described in sectio.9, that can accurately replicate both the high frequency variability in tile
discharge associated with individual gipatation events and the low frequency variability in tile base

flow (Figure 413c). The A and B fitting parameters for the model were 2.374 -artb7
respectively. The crossorrelation coefficient for the motled vs. measured transformed tile
dischage relationship is 0.93, with less than 1 hour of lag (Figutd). The strong correlation
between modelled and measured discharge demonstrates that predicting tile discharge as a function of
waterlevels is a viable alternative to long term continudiles monitoring. Although the fitting
parameters defined here are site specific, the general approach is readily transferable and easily
applied.

4.3.6 One year tracer movement

Following tracer application, Br concentrations (Figdr&5a) in the tile effluent tend to decline
logarithmically with respect to a linear time scale; however, numerous short duration melt, (Figure
4.15b) and/or precipitation, (Figure4.15c) events can cause temporary concentration
increases/decreases. Becatit® discharge rates increase in the late fall and remain elevated
throughout the winter months, the tile drddn mass capture raté-igure 4.15d) tends to remain
relatively stable over the first two and a half months following tracer application, aoeght
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concentrations decline; although once again, short duration climactic events can induce temporary
variability. It is not until after a major winter melt event in mid JanuaryttieBr mass captureate
declines appreciably, at which point over %bof the applied Br (Figurd.15e) has already been
accounted for in the tile effluent. The next most significant decline imd&&s captureate occurred
following the spring melt that occurred at the end of March, when both tile flow rates and Br
concetrations experienced significant concurrent declines. By the end of March, almost 100 % of
the applied Br mass was accounted for in the tile effluent. Significant precipitation events in early
May and early June both induce temporary increases in bathri8entration andchass captureate;
however, neither parameter reaches levels obtained during the winter, or spring, melt events.
Bromide concentrations dropped beldwl mg ' at the beginning of August and remained
undetectable until heavy precipitat in mid September caused concentrations to rise to
approximately 1 mg'. Concentrations dropped bel®d mg I* again by early October, where they

remained until tile monitoring ceased.

Results of cumulative magsaptureestimation that utilizedthe modelled tile dischargehows the

relative importance of late fall precipitation, winter precipitation and melts, and spring melt events, on
tracer movement. The single most significant event with respectmaBs captureccurred over a

ten day witer melt event in early January (Figdr&6). During this period, the average temperature
was 3 °C, 62 mm of precipitation was received at the site, and approximately 20 % of the total
applied Br mass was discharged through the tile drain. In compagpproximately 50 % of the

total Br was discharged through the tile drain during the entire two month time frame that preceded
the January melt. By the beginning of May, Br captimgthe tile had risen to approximately 110 %,

and between May and Novéer, an additional 4 % of the Br mass is discharged. When the amount
of residual mass in the soil profile is also considered, 116 % of the original Br mass is ultimately

accounted for within one year of application.

Chloride concentrations in the tilélaent remained quite stable throughout the one year monitoring
period and generallyremained within the bounds of background leuelsasured prior to tracer
application Tile drain sampling during September 2007 at the site established that backgtound C
concentrations ranged from 4 to 11 my lIn the one year period following tracer application,
concentrations only exceeded 11 ritgoh three very wet occasions (early December, mid January,
and early May), when maximum concentrations of 15 gére reached. Cl concentrations also

experienced significant (albeit temporary) declines to as low as 1'ndyring extremely wet
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conditions on numerous occasions, such as the melt events in mid January, mid February, and the end
of March. Br concentratits declined in conjunction with the declines in ClI concentrations; however,

the magnitude of the declines was always greater for Br.

The performance of the approach used to predict one year cumulative Brcapassecan be
partially assessed mpmparing the model based prediction for the NovemBeo 28" time interval

with the masscaptureestimate obtained by using tile discharge data obtained from the monitoring
station (i.e. comparing Figure@sl5e and4.8b). Such a comparison shows tkeatimating Br mass
capturewith the tile discharge model underestimates cativgé mass by approximately 7 ®t, the

end of the 21 day time intervabnsidered These results indicate that although the model based
estimates are not exact, cumulative meagulated using modelled tile flow will give a relatively

accurateperspective on solute loading to surface water via tile drains.

4.4 Discussion

The close relationship between iherease irsoil moisture content at a depth of 23 cm and rapid tile
dischage response to precipitation/irrigation is consistent with the dye infiltration tests that showed
that macropore flow into the B horizon was initiated at the top of the hardpan layer. When the soil
matrix at the base of the topsoil layer nears saturati@noppoutnity for localized pondingt the top

of the hardpan increases, and as a result, there is increased likelihood that whttarallil disperse

until vertically continuous macroporese encounterethat facilitate B horizon preferential fio

When these vertically continuous B horizon macrop@eend into the soil surroundirthe tile

drain, they become effective conduits for water from the A horizon to be rapidly transmitted to the
tile by bypassing the B horizon soil matrix. When timdire soil profile is nearly saturated, it is
reasonable to expect diminished hydraulic activity within macroporesatkaenveloped byow
permeabilitysoil. In such situationst can be envisioned that water will disperse laterally across the
top d the hardpamuntil macroporesare encounterethatcanremain hydraulically active because of
effective subsurface drainage. Conversely, when the soil profile is not saturated, water application
rates do not exceed the imbibition capacity of the topsa@r|agnd there is adequate storage capacity

in the topsoil layer for all the incident water, thyportunity forlateral water movement across the

top of the hardpamill be reduced In such asituation, incident water distribution within the soil
profile will be largely controlled by matrix flow processasid the dynamic response of tile discharge

to precipitation/irrigation will be muted.
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The highest tracer concentrations in the tile effluent were observed shortly after tracer application
because prefential flow processes were able to transmit tracer laden incident water directly to the
tile drain with minimal interaction with soil matrix pore water and minimal dilution from irrigation
water. Although high solute concentrations can be toxic to ieqlife, and should not be
disregarded, very little of the applied tracer reached the tile as a result of direct preferential flow. In
actuality, the majority of the tracer mass was transmitted to the tile in response to large precipitation
and/or melt egnts that occurred throughout the late fall and early winter time frame. During these
significant but infrequenhydrologic events, tile drain baseflow was much higher; and as a result,
dilution of surface derived solutes is enhanced, and concentratensdaiced accordingly. Results

from this work show that even though concentrations are lower, total solute mass loadingct surfa
water during significant hydrological everits exceeds the immediate pagiplication periodeven
when the post application period reflects Owors
wet soil with tiles flowing and followed by heavy precipitation).

During major melt events, such as the axperienced during mid January, tracencentrations in

the tile effluent tend to slowly rise (Figurkel6a) in response to increasing temperatures (Figure
4.16b), and light precipitation (Figukel6c). As melting continues, the water content at 23 cm depth
increases (Figuréd.16d) until sturation, at which point extensive macropore flow from the top of the
hardpan layer to the tile drain can be expected. At the point when soil at 23 cm depth becomes
saturated there is a concurrent decrease in tile effluent tracer concentrations, dic&tesnthat

tracer laden water leaching from the soil matrix is being diluted from incident water transmitted

directly to the tile via macropore flow.

The magnitude of the hydraulic gradient measured perpendicular to the tile also relates to flactuation
in tracer concentration in the tile effluent. As shown in Figut&e, thegradient between the W3

and W5 piezometers begins to increase at the same time that Br concentrations increase during the
January melt event, which suggests that the soil iwvittirity of the tile drain underwent increased

solute leaching during the early stages ofritedt. However, as hydrologic activity increased during

the January melt event, tracer concentrations began to drop shérie point when concentrations

drop, water levels in the piezometer closest to the tile drain (W3) rise sharply, and as a result, lateral
hydraulic gradients towards the drain decline substantially. With lateral gradients essentially absent
during thesebrief periods whermydrologic actvity is most intenseflow through the soil matrix

essentially becomes a one dimensional process; and therefore, the majority of the water that is
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transmitted to the tile drain through the soil profile is transmitted through an area immediately above
the dain. As a result, the soil above the tile drain will be subject to increased solute leaching

compared to soil away from the drain.

Macropore characterization identified that macroporosity was approximately 7 times higher near
surface than at tile depthSuch a macropore spatial distribution indicates that the majority of
macropores terminate above tile depth, and as a result, the majority of macropore flow in will occur in
dead end pores that terminate far enough above the tile drain to precluderdoticatitribution to

tile discharge. When the primarily vertical orientation of the B horizon macropores is considered in
conjunction their spatial distribution, it becomes evident that the ability of macropores to transmit
solutes rapidly to tile drainis limited to relatively few B horizon macropores in close vicinity to the
tile. Because there is limited opportunity for lateral solute transport through the macropores, the
permeability of the soil matrix coupled with the magnitude of Ilteral hydradic gradient exerts

major influence on solute movement to the tile drain. In this experiment, the cumulative Br flux
patternlargelyreflects the importance of matrix flow procesbesaus®nly a small proportion of the

total Br was preferentially transtied to the tile drain relatively soon after application, even though
the soil and hydrologic conditions at the time of tracer application represented an ideal scenario for

macropore flow to occur.

Despite the limited preferential movement of soluteshi tile drain immediately after surface
application, a significant portion of the total applied mass can be captured by the tiles over longer
periods of time. As was demonstrated at this site in southwestern Ontario, when solutes are applied to
the land arface posharvest it can be expected that the majority of the mass applied within 2 m of the
tile will be leached from the soil profile prior to the next growing season. When it is considered that
tile drains are often spacedill® m apart, upwards 062 of soluble nutrients applied pdsirvest

will be potentially become surface water contaminants in settings with similar hydrogeological and

climate conditions.

In addition to soil characteristics, shallow groundwater flow direction also influenceas #oduand
distribution. Because the vertical component of groundwater flow is directed upwards at this site
(which is not uncharacteristic of tile drained sites in southwestern Ontario), the tidceot migrate

deep into the soil profile In such settings, local groundwater is at relatively low risk of
contamination from solutes applied at the field surface, and tile drains/surface water serve as the

primary receptors for solutes exported from the soil profile.
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4.5 Conclusions

In general, solute flux and distribution at any site with macroporous, tile drained soil, will be
governed by many factors, including: antecedent moisture content, macropore extent and anisotropy,
permeability of soil layers, hydraulic gradients induced bmth the tile drains and shallow
groundwater flow, and climate variability. For a proper understanding of nutrient fluxes in such

complex settings, each of these factors must be given adequate consideration.

The results from this work demonstrate thegpémance of the regional shallegvoundwater flow
system on water and solute flux in tile drained agricultural settings. At sites similar sitehe
investigated here, where shallgroundwater is moving towards the surface, the hydraulic gradients
act @& a protective barrier that inhibits surface applied solutes from migrating deep into the soll
profile. In these settings, tile drains, and ultimately surface water bodies, are the primary receptors
for water and solutes that leach from the soil profile.

Although it has been shown that solutes can be rapidly transmitted to tile drains after surface
application during high risk environmental conditions (i.e. initially wet, macroporous soil, where
heavy precipitation succeeds application), the initial sdiweakthrough to the tile accounts for a
small proportion of the applied mass. The low initial mass capture ratio can be attributed to the
primarily vertical orientation of the B horizon macropores that direct preferential flow in a downward
direction. As a result, the permeability and hydraulic conditiohtghe soil matrix ultimately govern

the lateral movement for the majority of the solutes transmitted into the B horizon via preferential

flow paths that do not terminate in close proximity to tile msai

The most important factors controlling the temporal pattern of solute flux in the tile drain were
climate related, with the magnitude of ghecipitation and/or mektvent being directly proportional

to the mass flux rate. As an example, approxe@ma®?0% of the solute mass applied within 2 m of

the tile was discharged in response to a single winter melt event that spanned a 10 day interval in mid
January. During the late fall/early winter time frame, smaller precipitation events also causesl notabl

increases in the solute mass capture rate

Tile drain flow rates can be exceptionally difficult to monitor over an annual cycle because of the
wide measurement range required. While sensitive flow meters may be applicable during periods of
relatively low flow, these types of devices do not withstand long term deployment in high flow

conditions. Because the majority of tile drainage solute flux occurs in response to major hydrologic

84



events, accurate tile discharge measurements during high flow coaddi@n imperative for
guantifying water/solute/nutrient budgets in agricultural settings over annual cycles. To alleviate the
need to constantly maintain flow monitoring equipment during peak flow conditions, the relationship
between groundwater levels atig flow rates can be utilized. In this work, knowledge of water
table position, along with watéevel in a 4.5 m deep monitoring well was effectively usedeteelop

an empirical model thatstimate tile flow rates over a wide range of hydrologic diions.
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4.6 Figures and Tables

Figure 4.1. General location of the research site in southwestern Ontario, Canadified from
http://atlas.gc.ca)

_ Topographic contour (masl)
O Experiment Plot

Tile drain

<@— Stream

Figure 4.2. Experimental plot location relative to the field topography and boundaries.
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Figure 4.3. Experimental plot configuration showing the location of the bromide and chloride tracer
application areas rdige to the: irrigation area, shallow (W1, W2, W3, W4, W5) and deep (W6, W7)
piezometers, and tile drain monitoring station.
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Figure 4.9. Tile discharge, bromide (Br) concentration, and irrigation, for the first 20 hours of the
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Figure 4.10. Residual bromide and chloride distribution in the tracer application area, as observed in

mid September of 2008, relative to the initial application areas identified on top surface.
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Figure 4.12. Crosscorrelation between tile discharge and water levels in piezometers W1, W2, W4,
W5, W6, and W7.
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Table 4.1. Mean values for selected physical properties of the A and B horizon soils as determined

with core analysis, and for B horizon hydraulic conductivity.

Soll Sand Silt Clay Gravel Bulk Density cli/rlgf;g'rc LogioKsat
Horizon  [%)] [90] [%0] [%0] [g cm™] (%] [cm d]
AA 499 (1.5) 30.4(1.5) 13.2(0.7) 6.5(1.7) 1.2 (0.0) 6.3 (0.3) -

BY 28.8(3.9) 48.3(3.1) 14.6(1.2) 8.3(3.2 1.9(0.1) - -0.6 (1.1)
A n = &6
y n = 4

Values in parentheses denote standard deviation

Table 4.2. Meaninitial (g) and final @) moisture contents, arsdirface soil unsaturate(,), and
saturatedis) hydraulic conductivity. Row 1, and row 2, are located above, and 2 m away, from the

tile drain, respectively.

LogsoKy,y(cm d)

Log1oKss
Row Q a Tension [cm] [Cr?]l&li

5 2 1 0

1*  0.34(0.02) 0.42 (0.01) 0.68(0.11) 1.26(0.33) 1.60(0.34) 2.25(0.27) 2.01 (0.39)
A 0.35(0.02) 0.43(0.01) 0.43(0.16) 0.98(0.13) 1.33(0.10) 2.56 (0.42) 0.87 (0.48)
A n = 3

Values in parentheses denote standard deviation
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Chapter 5
Viscosity dependant, two-dimensional, dual-permeability numerical
modelling of liquid swine manure flow in a layered, macroporous,

and tile drained soil

5.1 Introduction

Liquid swine manure (LSM) is a larg®urce ohon-pointpollution across the agricultural landscape.

In 2006 it was estimated that over 15 million swine in Canada produced approximately 16 million
tonnes of manureHofmann,2008), ofwhich approximately 85%Statistics Canada&2002) could be
expected to have been in liquid form. Primarily because of economies of scale, the current trend in
livestock farming is progressing towards larger confined animal feeding operations, which is als
leading to a greater geographical concentration of agricultural land recelSMgsoil amendments.

While the nutrients contained in the LS{d.g. nitrogen, phosphorubpve appreciable agronomic
value if they can be utilized for crop growth, they giese significant risk to water resources, which

is exemplified in the numerous studies that have shown that nutrient constituents of LSM are often
detected in tile drainage relatively soon after applicatlleniing and Bradshawl992; Hoorman

and Shipitab, 2006;Ball-Coelho et al 2007). The release of excess nutrients to the environment can
result in eutrophication of surface waters and elevated levels of pdtertaimful nitrate in
groundwater. In addition to nutrients, LSM is also known to conpathogens, heavy metals,
antibiotics, and hormone8iadford et al, 2008), for which the environmental risks are not yet fully

understood.

In order to continue to increase our level of understanding of the environmental risks associated with
the land application of LSM, we must increase our level of knowledge regarding the processes that
control the movement of LSM through the soil. ThisIgeacomplicated by the large number of
interacting factors that affect the movement of LSM, including the method and rate of LSM
application, fluid properties of the LSM, physical properties of the soil, soil structural features,
antecedent soil moistumntent, and subsurface drainage status. These factors are considered in the
currentcomponent of the research warkich specifically addresses the issue of LSM movement in

structured soils, with specific focus given to the following:
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i) Modification of anexisting dualpermeability model to account for variable viscosity as a
function ofsoluteconcentration, and apply it to field based LSM flow and transport scenarios
based on conceptual models that include: soil crusts, plowpans, directionally variable
(anisotropic) macropore permeability, and numerical boundary conditions specific to LSM
application methods.

i) Demonstrate parameterization of the new model using pedotransfer functions in conjunction
with, bulk soil composition and hydraulic conductivity infation, and literature data.

iii) Determine the relative sensitivity of the simulated tigin discharge rates and nutrient
concentrations to variations in LSM viscosity, and the presence or absence of soil crust and
plowpan layers.

The numerical experimentare based on field data and soil hydraulic parameter measurements
collected during a series of LSlkpplication experiments performed an agricultural field near
Sebringville, in southwestern Ontario, Canada, for which additional details are provided GOdie

primary goal of the work is to enhance the modelling tools that can be used to investigate the fate of
LSM in shallow agricultural soils and to determine the signifieaand sensitivity o£SM, and

subsurface properties, in controllingtrient novement in the soil profile
5.2 Background

5.2.1 Preferential flow

In shallow watettable, tiledrained agricultural settings, preferential flow pathways (macropores)
such as biopores, root holes and desiccation creke and Germani982) in the soil profilean

serve as conduitkr rapid downward movement of LSMsKipitalo and Gibbhs2000). Although
hydraulically active macropores occupy a very small proportion of total porosity in structured field
soils, they can transmit more than 75% of the water flodeusaturated conditionphanty et al
1996;Lin et al, 1997). Because macropores are not typically hydraulically active until soil water
pressure head exceeds the rangel6fto-6 cm Qarvis 2007), it might be concluded that LSM
application on retively dry soil does not pose an environmental risk with respect to preferential
flow. In practice however, LSM is applied at such high rates that localized ponding often develops on
the application surfaces, which can readily initiate macropore flomadroporeventin the vicinity

of the pond. Once LSM enters a macropore its movement back into the soil matrix can be impeded

by low permeability skin layers that line the walls of the macropdBeske and Kéhne2002).
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While the greatest proportion afacroporosity in shallow waté¢able agricultural soils is commonly
observed near surface, features such as worm burrows and root holes are routinely observed to reach
tile drain depths Shipitalo and Gibbs2000; Nuutinen and Butt2003; Shipitalo et al, 2004), and

facilitatethe rapid transmission of LSM ggroundwater, and tsurfacewater via tile drain didtarge

It has been well established that doahtinuum numerical models are superior to their single
continuum counterparts for modelling floand transport through macroporous s®bgel et al,

2000; Gardenas et a) 2006;Gerke et al 2007). Comprehensive reviews of preferential flow and
transport modelling methodologies and past work on the subject are giuedhbg et al (2009;

Gerke (2009; andSimunek et al(2003. One of the more widely used dual continuum modelling
approaches was initially presented Ggrke and van Genuchtgd993a). In theGerke and van
Genuchten(1993a) formulation, volumetrically proportioned soil matrix andcropore zones are
considered to be superimposed within the same model space, for which a coupled pair of Richards
equations are used to describe flow processes, and a coupled pair of cordispgosion equations

are used to describe transport proesswhile first order water and solute exchange terms are used to
control interactionsbetween the two continuum. Application of tkerke and van Genuchten
(1993a) formulation to field based modelling scenarios is complicated by the parameter inteasivene
of the governing equationSifmunek et al 2003), and by the impracticality of obtaining estimates for

some of the most critical parameters at the plot and field scale.

The predominantly vertical nature of macropore featuBesiifha et a| 1982;Edwards et al, 1988;
Mohanty et al 1998;Cey and Rudolph2009) infers that vertical fluxes will be much greater than
horizontal fluxes inmacropore networks. deent past workGerke et al 2007) has utilizedwo-
dimensional (2D)dualpermeability models 6r analysis of preferential flow anttansport in
macroporous soils; howevethe directional nature of macropore networks, and the associated
influence on bulk flow direction, has not yet been carefully considered in-dnmiénsionalduat
permeabilitymodels. Because results from past field experiments have found that preferential flow
intercepted by tile drains has originated at the surface and in close proximity to thevidriaémty et

al., 1998; Shipitalo and Gibbs2000), the anisotropic nature dfet macropores can be considered
important for governing the lateral distribution of infiltrating water and solutes within the soil profile.
The concept of an anisotropic macropore network is further supported by previous work that has
documented that mampores are not always vertical featur@erfet et al, 1999;Shipitalo and Gibbs

2000) and may in fact be inclined. Failure to properly account for macropore flow direction will
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restrict the ability of a model to acately predict the horizontalistribution of water and solutes, and
poses a conceptual problem for nuditmensional models that are used for purposes such as
estimating time dependant tile drain capture, and determining the residence time of chemicals in the

soil profile.

The use of multdimensional models is particularly important for investigating water and nutrient
movement in fields with subsurface (tile) drainage. While tile drainage systems can act to integrate
the effects of spatial variability in soil composition and structurd, @low tile drained fields to
effectively serve as field scale lysimeteRidhard and Steenhyisl988), they can also induce
relatively steep localized hydraulic gradients that necessitate the u&B ofodels for realistic
preferential flow and transpoainalysis Kaws et al, 2005;Kdéhne and Gerke2005).

5.2.2 Soil crust and plowpan layers

Shallow wateitable, tile drained, agricultural soils typically contain distinct morphological layers
such assoil crusts and plowpanghat collectively govern infiltration processes that will act on both
liquid manure and water. Soil crusts can readily form at the soil surface as result of raindrop or
irrigation water impact forces which cause slaking of soil aggregates and dispesiameatation of

the finer soil particles.Mclintyre (1957) found that soil crusts formed through simulated raindrops
impacting on the surface of fine sandy loam soil had hydraulic conductivities that were approximately
4 orders of magnitude lower tharetinderlying soil. It has also been demonstrated that simulated
raindrops can effectively seal macropores up to 5 mm in diankgtee{ al 1992).

In conventionally tilled soils, dense, low permeability plowpan layers often exist which restrict
verticd infiltration through the soil matrix. In dye infiltration studies, plowpans have been observed
to restrict the vertical migration of dyed water through the soil matrix and tend to cause the dye to
spread laterally until it encountengertically continuas macropores that can facilitatéurther
downward movementShipitalo et al, 2004). In past numerical modelling wokbbaspour et al

(2000) concluded that a plowpan layer, with hydraulic conductivity of approximately 0.001 and 0.018
times that of theoverlying and underlying soil respectively, needed toirtiduded in order to
accurately simulate pressure heads and water contents observed during plot scale irrigation
experiments. SimilarlyRosenbom et a{2009) found that inclusion of a plowpan layéthin their

model domain improved the ability of the model to match field observations. In tile drained soils,

cracks have been observed to be more abundant above as opposed to below the plowpan layer
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(Shipitalo et al, 2004), which suggests that ploavplayers are located at an interface between two

regions with different structural characteristics.

Although the importance of soil crusts and plowpan layers in controlling infiltration processes are
generally well known, these features are not yetrnomy incorporated into the numerical models
that are used to simulate infiltration processes. In order to accurately simulate infiltration in
agricultural solil, the inherent physical complexities of the layered soil profile need to be incorporated
into the model domain.

5.2.3 Liquid swine manure fluid properties

When investigating movement of LSM through soil it is important to note that the viscosity of LSM

is well correlated with its dry matter contebht(dry et al, 2004;Keener et al 2006). Analyzig the
movement of LSM through partially saturated porous media using a Richards equation based
approach is supported by past work that showed manure slurries with less than 5% total solids behave
as Newtonian fluidsumar et al, 1972). Keener et al (2006) found that a 5% LSM dry matter
content resulted in approximately a one order of magnitude increase in the viscosity of the LSM,
which would result in a one order of magnitude reduction in hydraulic conductjitgdacording to

K =krg/ m; wherek (L?) is intrinsic permeabilitys (M L°) is fluid density,g (L T?) is acceleration

due to gravity, andn(M L™ T is fluid dynamic viscosity. While previous work has demonstrated
the importance ofconsideringviscosity influences when simulating variablysaturated flow of
saltwater through omdimensional columnsFHorkel and Celia 1992), and saturated flow through
density stratifieddeepgeologi@l crosssections Qphori, 1998), little progress has been made on
understanding the inflieee of viscosity on the flow of LSM through macroporous soil, even though

it is quite clear that the movement of LSM through soil will be impeded in comparison to water.
Because nutrients are often applied in the form of liquid manussespecially inportant to consider
viscosity effects when predicting how nutrients and other manure constituents infiltrate and

redistribute within the soil profile.

To providesomeinsight on 7 influences on LSM movement through macroporous soil, appendix J
contains acursory numerical investigation of density effects on flow and transport in saturated,

macroporous soil columns.
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5.3 Methods

5.3.1 Field Experiments

This numerical experimentation is based on field experiments that were designed to evaluate the
effects of LSM apptation methods and loading rates on corn yield, nitrogen recovery, and tile
effluent water quality Ball-Coelho et al 2005). These studies were conducted in late Jwaly

July of 2000, 2001, and 2002, at a generally-lflatg agricultural field nar Sebringville, i
southwestern Ontario, Canad&oil at the site is classified as Huron silt loam, for which selected
properties are provided in Taliel. Tile drains atthe siteweer i nst al l ed in the ear
10 cm in diameter, systemadity spaced approximately 9 m apart, and positioned at a depth of about

70 cm.

During the experiments, LSM was applied to standing corn using either surface banding (SB) or
subsurface injection (INJ) application methods. Following LSM application,-NHhereafter
referred to as N and total phosphorus (P) were monitored in the tile effluent. Of the three years
when field experiments were conducted, data from 2002 has the greatest temporal resolution for
nutrient breakthrough at the tile drain; as alte$ield data from 2002 is used as a basis for this work.

In 2002, the LSM contained 2.5 % dry matter and was applied between corn rows at rates of: 0, 37.4,
and 56.1 mha' with the SB method; and 0, 28.1, 37.4, 56.1, and 74.Bahwith the INJ mefod.

For INJ, the application depth was targeted at 10 to 15 cm below surface. Two replicates of each
application method loading rate combination were applied to individual plots that were 9.0 m wide
(12 corn rows) by 206 m long, and centered ovewiddal tiles. Not all tile drains were flowing at

the time of the experiments in 2002; therefore, concentration data does not exist for all application
methodi loading rate scenarios. Because of considerable rainfall prior to the 2002 field experiments,

there was an agronomically significant soil crust present.

5.3.2 Model Description
The numerical model utilized in this study was HydroGeoSphere (HB®)rien et al, 2009). HGS

is an integrated surface subsurface flow and transport model that includesraedimensional

extension of the original ordimensional, dugbermeability model ofGerke and van Genuchten
(1993a). For realistic simulation of flow and transport in gheameability media with directionally
dependant hydraulic conductivity, HGS a#® individual hydraulic conductivity values to be

specified for the X, Y and Z directions for batbntinwg, therefore making the model well suited for
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the conjunctive simulation of flow and transport within the predominantly vertical soil macropores
and he relatively isotropic soil matrix. For the purpose of this study, where the infiltrating fluid is
known to have a viscosity that is dependent on the concentration of a specific component (which in
this case is the dry matter content of LSM), HGS has eadified to include continuously variable
relative viscosity as a function of the concentration of a specific solute. The relative viscosity term is
subsequently used as an adjustment factor for the relative permeability of each node in the domain. A
conceptual overview of the modified model and the associated partial differential equations which
govern flow and transport is given below. For further information on the HGS model, and the
numerical solution of thelualpermeabilityflow and transport garning equations, the reader is
referred toTherrien et al (2009).

5.3.2.1 Flow

Dualpermeability porous mediare considered to be a superposition of primary and secondary pore
systems over the same volume. In the description that follows, the subsgraosf, are used to
denote the respective primary (soil matrix), and secondary (macropore), pore systemsluaiThe
permeability variably saturated flow solution is obtained by simultaneously solving two Richards
equations for each gridode in the modé domain that contains macropores in addition to the

ubiquitous soil matrix. The pair of coupled equations is defined as follows:

: . . . G _H (5.
D¢<m&r,mon,m®cﬁhm+z)]+ (1_ Wf) _E( m) 1)
. . .. y ] &:E (5.
D¢<f &r,f On,f®cﬁ1f+z)] Wf }.[t( f) 2)

whereb is the gradient operatok (LO™) is the saturatehydraulic conductivity tensoh (L) is the
pressure head; (L) is the elevation heady; is the macroporosity volumetric fractipg, and ¢ are
the water contents in the matrix and macropores, respectaetyk, (-) is relative permeability
described with thean Genuchte(i1980) unsaturated soil hydraulic property model as follows:

e 18
kr = Seo.sél-' %' 8668
e ¢ -

(5.3)

[« ] Q o
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avgh‘n)m. S.(-) is effective

whereS, =(q- ¢.)/(g,- ¢,), m=1- ¥n, andg=g, +(q, - qr)(l+

saturation,g (L L) is water contentg (L* L) is residual water contergs (L* L) is saturated
water contenta,g (L™ andn (-) are soil specific empirical fitting coefficients. The saturafion

pressure head relationshipcisnsidered to be nelmysteretic.

A simultaneous solution to the set of flow equations is obtained by coupling the two equati@ns via
(T which is a water transfer termGérke and van Genuchteri993b) and is defined as
G, =é¢v;vKa(hf - hm) wherea. (L) is a firstorder mass transfer coefficient for water &adL G

1) is the effective hydraulic conductivity of the matiixmacropore interface, which is defined as
K, =0.9K,(h,) +K_(h,)] whereK,(h) is also described with thean Genuchter(1980) model.

Although a., has previously been defined @&, =/, b/a® (Gerke and van Genuchtef993a)
wherebis a geometry factora is the distance from the center of a fictitious soil matrix block to the
fracture edge and,, is an empirical coefficient; the difficulty in quantifying these parameters led to
the decision that it would be prudent in this work to considgras an empirical fitting coefficient

that can be adjusted during the model calibration process.

Viscosity dependence is incorporated into the flow governing equations througi, the) and /77

(-) terms, which represent the respective matrix and macropore viscosity adjustment factors. The
method employed here to incorporate variable fluid viscosity is generally applicable for any solute
that has a predictable concentratiomiscosity relationkip. In our case, where LSM is the fluid of
interest, the viscosity adjustment terms are based omdigturecontenti viscosity relationships

presented iKeener et al(2006) which are approximated as follows:

1

Mim = exp(0.437¢T,, ..) (54)

1 (55)

e = exp(0.437('ii:DM | )

where Cpy is the concentration of manure dry matter con{@®il) obtained from the transport

solution described below.
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For the scenario considered here, fluid exchange between the surface and soil matrix flow domains is
controlled with &first-order relationship that assumes the existence of a thin boundary layer to allow

calculation of a vertical gradient. The exchange equation can be given as:

G=- kfﬂ?,me,zM (5.6)
exch
where G (Ld™) is exchange fluxk. (-) is relative permeability/m,, (-) is soil matrix viscosity
adjustment facto,,, , (LO™) is soil matrix vertical saturated hydraulic conductivitygndh, (L) are
the soil matrix pressure head and water depth in the surface domain respectively, @nds the
thickness of the boundary layer, which is set to 0.1 cm.

5.3.2.2 Transport

The dualpermeability transport solution utilized by HGS solves a pair ofectibidispersion
equations that are coupled by an exchange term that accounts for solute mass flux between the
primary and secondary porosity continuddvectiveand dispersivéransport controls the mass flux
between the surface and ssilirface domainsThe governing equations for subsurface transport are

based on the description given Ggrke and van Genuchtéh993a), and are given as follows:

- q.C.)- G _H
D(qum[x:m qum) qm/ mcm +W) UI (qumRm) (5.7)

D(QfoDCf : quf)' q./C; - ng ut(qfc R, ) (5.8)

whereC (M@7) is solute concentratior, (T™) is a first order decay coefficient(LJ™) is the Darcy

flux, R(-) is a retardation factors which is defined as:

ryKy
+
q

R=1 (5.9)

wherer, (M@ is bulk density andy (L°®™) is a lineardistributioncoefficient. D (LG™) is the
hydrodynamic dispersion coefficient and is definedlwar(1972) as:

g =(a, - ) q +a,|ql +q By (5.10)
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whereg, (L) and & (L) are the longitudinal and transverse dispersivities, | is the identity mBg,
(LG is the freesolution diffusion coefficient, and ( is jhe tortuosity which is defined by
Millington and Quirk(1961) as:

,
3
t= ‘7_2 (5.11)

s

In equations5.7 and5.8, G (MQ3F™) is a solute mass transfer term definedGsrke and van
Genuchter{1993a) as:

G =(1- d)GW,C, +dGW,C,, +a.[1- w, Jg.(C, - C,) (5.12)

whered (-) determines the transfer direction according to:

(5.13)
subject toG, , O

andW,, (-) andW (-) are solute concentration relation terms defined as:

W, =(1- w, )

bulk
and (5.14)
Wf = Wf q_f

bulk

where g,y is the water content of the bulk soil. In the solute mass transfer equat{@r) is a

solute mass transfer coefficient definedas- Dy, b/a®. Similar to the approach taken Wil ,
as is treated as an empirical fitting coefficient that is adjusted during the model calibration process.

In this work, NH, and P are subject to first order decay and linear sorption, respgctivdle DM is

considered to be a conservative species in the transport solution.

5.3.2.3 Soil Matrix - Macropores - Bulk Soil Relationships
A set of relationships has been defined3srke and van Genucht€h993a), andserke et al (2007),

which relate compsite properties of the bulk soil with those of the soil matrix and macropore
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continuain duaktpermeability models of the form used in this worRonstitutive equations for bulk
porosity (f puk ); water contentd,,); saturated hydraulic conductivitiK{,); Darcy flux Qpux); and

solute concentratiorCy,,) are defined as follows:

Fouc =W, i +(1- w, )F,, (5.15)
Gour =W Gy +(1- W, g, (5.16)
Koue =W, K, +(1- w; K, (5.17)
Churc = W; G +{1- W, Ja, (5.18)
Courc = (WG, Cr + (1= W, Jgr.Conl/ G (5.19)

5.3.3 Domain Configuration i Boundary Conditions i Initial Conditions

The simulation domains (Figugel) represent twalimensional, unit thicknessros sections of the

INJ and SBLSM application field test plots. The 150 cm high soil profiles have been subdivided into
five distinct layers (Figureb.la) that consist of: (1) a nenacroporous soil crust layer, (2) a
macroporous A horizon, (3) a macroporous plowpan layer, (4) sop@aus B horizon, and (5) a
norrmacroporous B horizon. Both the INJ (Figbr&éb) and SB (Figur&.1c) domains represent one

half of the symmetrical, 900 cm wide, field test plots. Both sides and the bottom of the domains are
considered ndlow boundares. A constant head boundary condition with the head fixed at
atmospheric pressure was assigned to the exterior nodes located at a depth of 70 cm on the right side

of the domain to represent the tile drains.

Steadystate initial conditions were develapby applying a constant water flux of 0.007 cirtal the

top surfaces, resulting in a steastate water table that gently slopes towards the tile drain with about
2 cm of vertical relief across the width of the domain, and a constant tile discharge34te cmd

! When the simulaticdomain / fieldexperiment surface area ratio is takeroimccount, the
simulated steadgtate tile discharge is within the same order of magnitude as the discharge rates

measured in the tiles that were flowing attinge of the field experiments.

LSM is applied to the simulation domain via surfaegter zones that allow for advective flux of
LSM into the soil matrix to vary as a function of both surfa@ger depth, and soil matrix pressure

head. The surfaemater zones are not directly coupled to the macropore zones in either of the
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application method scenarios. In SB, the soil crust was assumed to seal the macropores at the surface
(Ela et al, 1992). In INJ, tillag action is assumed to minimizke direct conection between
macropores and the LSM(rpin et al, 2007b). Both the INJ and SB domains contain 6 individual
surfacewater zones, spaced 75 cm apart, that are specifically configured to reflect the physical reality
of the two application methods. FJ (Figure5.1b), the surfacevater zones are each 10 cm wide

and recessed 10 cm into the top surface of the domain; whereas for SB fFiglréhey are each 50

cm wide and located on the top surface of the domain. Initial depth of LSM in the sudtsre

zones is proportional to the manure application rate. For INJ application rates of 28.1, 37.4, 56.1, and
74.8 nt ha', the initial LSM depth was 2.1, 2.8, 4.3, and 5.7 cm, respectively; and for SB application
rates of 56.1 and 74.8%ha", the initial LSM depth was 0.9 and 1.1 cm, respectively. To reflect the
maximum possible distance between a LSM applicator and a tile drain during the field experiments,
the horizontal distance between the tile drains and the vertical centerlines of thewatfsicnes

located nearest to the tile drains is 37.5 cm.

The control volumefinite difference method was used to solve the flow and transport governing
equations. Vertical grid spacing was 1 cm above the tile drain elevation and graded from 1 to 15 cm,
from tile drain elevation to the base of the domain. Horizontal grid speaited from 2.5 cm along

the right side of the domain, to 5 cm throughout the middle of the domain, to 7.5 cm along the left
side of the domain. The INJ and SB grids consisted of 13712 and 13832 nodes respectively, of which
6401 and 6496 were macropoiedes located within the 1 to 70 cm depth interval.

5.3.4 Hydraulic Property Derivation

Soil hydraulic properties required for the parameterization of thepwateability numerical model

were primarily derived using a combination of: (1) field measured bulkaljid conductivity
measured with a single ring pressure infiltrometBalllCoelho et al 2007) (2) soil physical
properties in conjunction with the Rosetta pedotrarfsiiection based hydraulic property estimation
program Gchaap et a] 2001), (3) mawporeareafraction estimates reported for Plot 2 at the
Kintore macroporosity characterization experiments (see chapter 2) where the soil has similar
composition to Sebringville, (4) the constitutive relationship described in equati@n and (5)

modelcalibration.
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5.3.4.1 Soil Matrix

Soil composition and bulk density data given for th200and 2040 cm depth intervals in Tabfel

were used in conjunction with Rosetfachaap et al2001) to derive the A and B layer soil matrix
hydraulic properties. Fahe soil crust and plowpan layers, the hydraulic conductivikgswere
determined during model calibration, while the residual and saturated soil moisture contents, and the
a.q andn,g empirical coefficients of thean Genuchtef1980) soil water retention function, were set

equivalent to those of the the A layer.

5.3.4.2 Macropores

The macroporosity weighting factor coefficiemi)(was held constant at 0.006 for the A and B layers
of the SB scenario, and the B layer of the INJ scendBecause tillage associated with subsurface
manure injection creates additional macroporodityrfin et al, 2007a)w; for the A layer of the INJ

scenario was determined during model calibration.

The vertical, saturated hydraulic conductivik § for macropores in the A and B layers of both the
INJ and SB scenarios was individually calculated using equé&tibn in combination with the
following: (1) bulk field saturated hydraulic conductiviti() values given in Tabl&.1, where
values from the @20 cm and 2@10 cm depth intervals are used to represkatA and B layers
respectivelyy(2) estimated soil matrix saturated hydraulic conductivitie} @nd (3)w; . For the A
layer of the INJ scenario, a new valuekgf,was calculated for each v ofw; that was tested in the

model calibration process.

The vertical/horizontal macropore saturated hydraulic conductivity r&igég Ks,) were determined
during model calibration. While it was assumed Wat/ K., for the macropores in the layer of
both LSM application scenarios would be equal, application scenario spegifi,  ratios were

determined for the A layers.

Based on the assumption that the majority of the macropore zone is open poreapeated water
contents &) were set to 0.9 for all of the macropore flow zones. Residual water caoiggntsre all
set to 0.05, which in combination with the respective values foatfendn,, coefficients of 0.m’*
and 2.0, lead to relatively dry macropores in the sitedigoil profile when it is in a freely drained

state.

The water(a*,) and solute &) exchange parameters for the A and B layers were determined

individually for both the INJ and SB scenarios during model calibratibhe saturated hydraulic
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conductivity of the matrixmacropore interfacekf) was set to 0.08 times that of the soil matrix in the
corresponding layer. The 0.08 factor is based on work conduct€aite and K6hn€2002) that

found K, was reduced in comparison to the hydraulic conductivitthe soil matrix by a factor of
approximately 12 at a soil water pressure hea@®f17 cm, which is very close to the average soil
water pressure head observed in the 0 to 70 cm depth interval of the model domains here, in the initial
condition prior toLSM application.

5.3.5 Transport Parameters

The value forg, was set to 0.07 cm and was taken from data presented by Neuman (1990) for tracer
tests conducted on a size scale similar to this work. altalue was set to 0.007 cm and is based on
the work bySudicky (1986) that showed dispersion in the direction perpendicular tasfigenerally

small when compared to dispersion parallel to flow.

5.3.6 Model Calibration

Models for the two application scenarios were primarily calibrated tg, Whtd P field data irsg

results from the 74 Prha® LSM injection, and 56 Ama® LSM surface banding experiments. Tile
discharge was of limited focus during deb calibration because of spafsdd data. The calibration
process involved successive iterations of manualnpeber updating followed by model execution

and results analysis. The objective of the calibration process was to enable the models for both the
INJ and SB scenarios to predict the shape of the &ftd P breakthrough curves (BTC) at the tile
drain outlet vith respect to: arrival time, peak concentration, and late time4&24rs after
application) concentration. At the point when the field observed BTC shapes were simulated
reasonably well for both the INJ and SB scenarios it was concluded that the wmeetgalistically
emulating the physical processes controlling the LSM infiltration. By concurrently calibrating two
models with different LSM application surface configurations that both share similar soil hydraulic

properties, it is hoped that uncentyi surrounding parameter equifinality can be reduced.
5.4 Results and discussion

5.4.1 Parameter estimation / model calibration

Although the calibrated INJ model does a somewhat better job than the calibrated SB model (Figure
5.2), both models are generally alitereproduce the observed h&hd P concentrations to within an

order of magnitude, and the peak concentration arrival times to within approximately 1 hour.
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Inclusion of a first ordedlecay coefficient 00.4d* for NH, transport, and an equilibrium ditktution
coefficient of 03 cnt® kg for P transport, greatly improved the late time match between field data

and model estimates of nutrient concentrations at the tile drain.

5.4.1.1 Soil Matrix

The final set of calibrated hydraulic parameters for the soil matrix zones are presented B.2lable
Using RosettaK, is estimated to be 13.4 and 4.4 cinfor the respective A and B soil layers. During
model calibrationKs of the soil crust was reded by a factor of 8 relative # of the underlying A

layer soil matrix. Ks of the 10 cm thick plowpan layer, with its base located at a depth of 30 cm, was

reduced by a factor of 335 and 110, relative to the soil mi&tiaf the A and B layersrespetively.

5.4.1.2 Macropores

The final set of calibrated hydraulic parameters for the macropore zones are presented 5BTable
Using the method describedsection 53.4.2,K; ,values rangérom 13600to 69700cm d*. While it

may seem that the$g ,valuesare quite large, it is important to note that tbsultingflow velocities

are generally within an order of magnitude of those reported in past field studies; <teh asd
Rudolph (2009) who report that flow velocity in partially saturated verticalchopores was
approximately 4000 cm i andNimmo(2007) who calculated that the field experiment&ohg et

al. (2000 that were conducted under relatively wet conditions on a tile drained loam soil, yielded

preferential flow velocities of 10000 cntd

While acceptable model calibration for the SB scenario was achieved by usingwmealues
obtained from similar soils 25 km away, calibration of the INJ scenario model was improved by
accounting for local tillage effects on soil structure, which resulted in the Avaymring increased

by a factor of 4 relative to that of the SB sadma The B layem; in the INJ scenario did not require
compensation, which highlights the obvious fact that tillage influences on soil structure are strongest

in the A layer.

During model calibrationk; « of the B layer macropores in both applicatioersrios were reduced
by a factor of 50 relative t&s, For the macropores in the A layer of the SB scen&ijgwas
reduced by a factor of 10 relativeKg, while Ksxwas equal td, ,in the A layer of the INJ scenario.
Consideration of macroperanisotropy was imperative for acceptable simulation of theg aid P
peak concentrations, and the peak concentration arrival time at the tile drairKs g , ratios

obtained here correspond well with field observations that have shown wormhaemebe
113



increasingly vertical with increased deptickenzie and Dexterl993), and that fractures and root
holes (which could both readily facilitate lateral flow) tend to be greater near su@ageafd
Rudolph 2009). Different anisotropy ratios for theo LSM application methods highlight the fact

that tillage can disrupt existing macropores while at the same time also create new fractures in the A

layer (Turpin et al, 2007a).

5.4.1.3 Water and solute exchange coefficients

Individual &a*, and as parameter values were determined for the A and B layers of both the INJ and
SB scenarios. Optimal values af,, in the A layers were 8m? and5 cm?, for the INJ and SB
scenariogrespectively; while in the B layer, a value of 0.00%62 for a*,, worked well for both
scenarios. Theas parameter was finalized at values ofi8 and 0.01d™, in the A layers of the
respective INJ and SB scenarios, while in the B layers, valuesddfahd 0.1d*, led to optimal

model calibration.

Although &', and as have both been treated as empirical fitting coefficients, some insight on water
and solute exchange processes between the soil matrix and macropore zones in layered macroporous
soils can be obtained by assessing the relative magnitudes of the finadtedl values§chwartz et

al., 2000) because larger valuesayf, promote greater water exchange and related advective mass
flux, and larger values ofs promote greater diffusive maa flux, between the 2 continudt can also

be noted that',, has a psitive correlation withK,, so the same simulation results could have been
obtained by adjusting(,; thus highlightingjust one of the parameter equifinality issues currently

surrounding duapermeability model application.

The final value ofa',, for the A layer is three orders of magnitude greater than the value obtained for
the B layer for both the INJ and the SB scenarios. The difference i, thalues between the A and

B layers may reflect on the differences in the soil structure betvieetwb layers as suggested by
Schwartz et al(2000). While the A layer consists of features that could be expected to undergo
annual cycles of generation and destruction, such as: preexisting fractures, root holes, worm burrows,
and tillage induced fragtes; macropore features in the B layer primarily consist of root holes and
worm burrows that could be expected to survive over a number of annual cycles, and develop dense,
organic rich linings that inhibit exchang&drke and Khne 2002). Also, fracts are often more
abundant in the A layerCgy and Rudolph2009) and fractures could potentially provide more
surface area for exchange to occur than cylindrical macropore features of equivalent volume.
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The relatively lowa ,, value obtained for the B lays facilitates the development of nequilibrium
conditions between the macropores and the soil matrix that exist for up to a day aftef Rd'8 m

LSM application, and lead to steep lateral preshes gradients within the macropores in the
vicinity of the tile (Figures.3). These gradients exist because macropores near the tile are in effect
freely drained by the tile whereas away from the tile, macropore drainage occurs via lateral flow
towards the tile (which is a controlled by macropKe), ard through water movement into the soil
matrix (which is restricted by relatively low matrix hydraulic conductivity anglvalues). It is the

steep gradients in the macropores that allow the model to simulate the rapid movement of water and
solutes, throgh a continuum with strong anisotropy, to the tile drain from a surface position that is

horizontally displaced relative to the tile drain.

In comparison to the B layer, the relatively large values obtained fdn the A layer reduce both

the magnitudeand the duration of the presstivead norequilibrium conditions in the A layer.
Because the conceptual model assumes that LSM first moves from the -svafaceone into the

soil matrix, and then from the soil matrix into the macropores, easydatdnuum exchange of

water and solutes near the LSM application surface increases infiltration rates by reducing pressure
head buildup in the soil matrix.

While there is not a clear layer dependant trend in the valug fidr the two LSM application
scenaios, the A layelas is two orders of magnitude larger for INJ as opposed to SB, which can be at
least partially explained by the presence of new, tillage induced fracture surfaces that could promote
more diffusive mass exchange between the macroporeshargbil matrix than the surfaces of the
preexisting macropore features in the SB scenario, which may have developed surface skins that

restrict diffusive mass exchangedhne et al 2002).

5.4.2 Evaluation of model performance

The performance of theodels wasvaluatedy using the parameters derived during the calibration
process in simulations using different LSM application rates and comparing the results with
associated field data. For the INJ scenari@luationsimulations were conducted using 28, 37d a

56 n? ha' LSM application rates, for which the results are shown in Fi§udre From thesvaluation
results it is apparent that the ability of the model to predict results from the INJ field experiments
decreases as application rate decreases. WikeiltNJ model predicted NHand P concentrations in

the tile effluent with a reasonable degree of accuracy for the®3@afapplication ratesand to a
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slightly lesser degree for the 37 ha' LSM application ratesit did a poor job of simulating ress

from the 28 mMha® experiments

The SB scenario model wasaluatedusing results from the 37°%ha’ SB field experiments where
neither the model, nor the field data, showed a detectable increase in tile efflugrantiHP

concentrations in respon8eLSM application.

5.4.3 Hydraulic conditions, and nutrient movement to the tile drain

Simulation results from the calibrated models (Figug) show that tile effluent NjHconcentrations

are predicted to peak approximately 0.048d, and 0.208d after LSMatjpii for the 74.8 fhha®

INJ, and 56.1 rhha' SB scenarios, respectivelyjVhen tile concentrations peak, the single LSM
application surfaces located closest to the tile drain are the sole source of the tile efflydot NH

both the INJ (Figuré.3a) and SB (Figures.3b) scenarios, and NHemains centered beneath the
other five application surfaces. From a hydraulic perspective, when the tile effluent NH
concentrations peak, the water table in the macropore zone is near its maximum, at which time water
levels at a position 75 cm from the tile drain have risen by approximately 38 cm in the INJ scenario
(Figure5.3a), and 17 cm in the SB scenario (Figbi@b), relative to the initial position, and are
considerably higher than the water table in the soil matrix zone. The relatively large water table rise
in the macropores induces steep lateral pressure head gradients in the vicinity of the tile drains. When
tile effluent NH, concentrations peak, the lateral gradient in the macropore zone across the 75 cm
interval nearest the tile is 0.52 and 0.23, in the respective INJ and SB scemaditte® concurrent

lateral gradients in the soil matrix are 0.087 arid®9. For both scenarios, lateral gradients in the soll
matrix do not peak until approximately 0.8 d after LSM application, and reach maximum values of
0.166 and 0.143, in the INJ and SB scenarios respectively, across the 75 cm interval nearest the tile.
Pressure heads in the macropore and soil matrix have nearly equilibrated when the soil matrix

hydraulic gradients peak.

Away from the tile drain the lateral hydraulic head gradients in both the soil matrix and macropore
zones remain relatively low throogut the simulation interval. At their peak 0.8 d after LSM
application, the lateral gradients in the soil matrix across the 75 cm horizontal interval located furthest
from the tile drain (Figur&.3) are 0.004 in the INJ scenario, and 0.002 in the SBasite
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5.4.4 Viscosity sensitivity

Sensitivity tests for both the INJ and SB scenarios, using an LSM application rate 9h@% mere
conducted in order to determine the importance of considering thé @&tosity relationship when
predicting LSM movemenn the soil profile. LSM dry matter contents of 0, 1.25, 2.5 and 5%, were
considered in the evaluation, which according to equatihsand 5.5, would lead to relative
permeabilitymultiplication factorsof 1, 0.6, 0.3, and 0.1, respectively. The s&r8&1 dry matter
content values were also used to assess viscosity influences on both resigidadtfiitition within

the soil matrix and LSM infiltration from the soil surface, for both application scenarios. Model

parameters established during the calilbn process were used in all cases.

Predicted tile effluent Nldconcentrations relative to LSM dry matter content are shown in Figbire

When the viscosity effects associated with a LSM dry matter content of 1.25% are compared to the
scenario whereiscosity is not considered, peak concentrations decrease by 40 and 60%, and arrival
times decrease by 7 and 22 min, for INJ (FidhiE®) and SB (Figuré.5d), respectively. As would

be expected, viscosity influences increase as DM content increases) 3hDM is considered in

the INJ scenario (Figurg5c), viscosity effects are responsible for a 30 minute delay in the arrival of
NH, at the tile drain, and a reduction in peak concentration by a factor of 30. For the SB scenario,
5% DM content (Figur®.5f) induces a 220 minute delay in the arrival of Nttithe tile drain, and a

three order of magnitude reduction in peak concentration.

Simulated residual soil matrix NHlistributions beneath single LSM application surfaces adjacent to

the tile drain, 8 hours after LSM application, are shown in Figh& With LSM dry matter content

of 1.25%, there is very little difference in residual Nistribution between simulations that do, and

do not, consider viscosity effects for both the INJ (Fighi@ab) and the SB (Figurés.6ef)
scenarios. As DM content increases, JN&iprogressively retained higher in the soil profile in both
scenarios; however, the results suggest that increasing viscosity does have a stronger influence on SB
than INJ. With a DM caent of 5%, very little N is predicted to move below the base of the A

layer in the SB scenario (FiguBech), whereas for the INJ scenario (Fig&réd), NH, does move

into the B layer, albeit with lower spatial distribution than in the simulationserdbt content was

lower.

Simulated infiltration rates for LSM to move into the soil profile, from a single application surface,

are shown in Figurés.7. Increased DM content reduces the infiltration rate and extends the

associated infiltration time for botthe INJ (Figurés.7a) and SB (Figur®.7b) scenarios. In the INJ
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scenario, the maximum infiltration rate of LSM with 5% DM is reduced by approximately 50%, and
the time required for infiltration is approximately 3 times longer, than for the simulati@me
viscosity influence is not considered. In the SB scenario, the time required for infiltration of LSM
with 5% DM is again extended by a factor of approximately 3 relative to the simulation where the
influence of viscosity is not considered. Howeke, influence of viscosity on maximum infiltration

rate is slightly less than in the INJ scenario, and viscosity effects associated with 5% DM content
reduce the maximum infiltration rate by approximately 30% relative to the case wheratyiscos
effects ae not considered.

As shown in Figuré.8, slower infiltration rates associated with 5% LSM dry matter content lead to
reduced pressufgeads in the soil matrix below the LSM application surface, and to delayed rise in
pressureneads for both applicatioscenarios; however, the relative reduction in presiseags is
greater for the SB scenario because of the additional dampening effect of the soil crust layer. Lower
soil matrix pressurbead leads to a reduction in the magnitude of pressmad norequiibrium
between the matrix and macropores, which in turn reduces LSM movement into the macropores
(Figure5.9). Because macropore flow is the mechanism for rapid vertical movement of LSM to the
tile drain, a reduction in LSM movement into the A layer ropores alsdeads todelayed arrival of

LSM at the tile drain and lower concentrations of LSM constituents in the tile effluent.

5.4.5 Plowpan and soil crust sensitivity

To determine the influence of the plowpan layer on the movement of LSM in the soil,medilés
from simulations that included a plowpan were compared to results from simuldiéingdid not
include a plowparior both application scenarios. Similarly, to determine the influence of the soil
crust layer on LSM movement, results from a Sfuation that included the soil crust layer were
compared to results from a simulation that did not include the soil crust. LSM movement in the INJ
scenario is not influenced by the presence of a soil crust |&at.hydraulic popertiesestablished
in the model calibration process were used for both the plowpan and the soil crust sensitivity tests;
however, properties of the A layer soil matrix were extended to a depth of 30 cm for the simulations
that did not include the plowpan; and in the simulati@at did not include the soil crust, properties of
both the A layer macropore and soil matrix continua were extended to the surface. An LSM
application rate of 74 frha® was used in all of the plowpan and soil crust sensitivity simulations. In
the reslis, the magnitude of neaquilibrium (NE) between the macropore and soil matrix zones for
pressurenead [y - hy), and NH concentration @; - C,)), are reported for commonly located grid
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nodes that are horizontally centered beneath the leftmost LSM ajplicurfaces (Figurg.3), and
located at depths of 15 and 40 cm, to represent hydraulic conditions in the A and B layers

respectively.

5.4.5.1 Plowpan

Removing the plowpan in the INJ simulation caused a 47% reduction in peak tile discharge (Figure
5.10a), a 73%reduction in peak Niconcentration in the tile effluent (Figu10b), and also
delayed both the hydraulic response, and, Hitival at the tile drain by approximately 15min. The
effect of removing the plowpan is greater for the SB scenario. Reststifie SB simulation with

the plowpan removed show: peak tile discharge is reduced by 57% (Fd0€), peak NH
concentration is reduced by over three orders of magnitude (Fdw0e), the hydraulic response of

the tile drain is delayed by approxirabt 40 min, and Nplarrival at the tile drain is delayed by 120

min.

Removing the plowpan layer also changes characteristics of both the prheadreand N
concentration NE conditions, with more pronounced effects observed for SB as compared to INJ.
When the plowpan is removed from the INJ simulation there is minimal change in the both,the NH
concentration (Figur®.11a), and the pressuhead (Figures.11b) NE conditions in the A layer;
whereas in the B layer, the development of,MBncentration NE conditions is delayed by 15 min
and the magnitude of the peak presdwead NE condition is reduced by 42%. In the A layer of the
SB scenario, removing the plowpan causes a 10% reduction in peagoNéentration NE (Figure
5.11c), and dlays the development of NHoncentration NE conditions by 37 min; whereas
pressurenead equilibrium is not noticeably affected by the removal of the plowpan (Bdd@). In

the B layer of the SB scenario, hNEbncentration NE conditions are effectiveliminated when the

plowpan layer is removed and peak presti@ad NE conditions are reduced by 95%.

The residual NH distribution is also affected because of changes in the hydraulic behavior of the
macroporous soil profile caused by removal of thevplan. For the INJ scenario, removal of the
plowpan causes a slight reduction in the width of the, Nistribution profile (Figures.12ab) and

leads to more retention of Nkh the A layer. The plowpan has a much more pronounced effect on
residual NH distribution in the SB scenario, where practically all of the,detts retained in the A

layer when the plowpan is removed (Figbr&2cd).
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By restricting downward flow in the soil matrix, the plowpan leads to both increased presadre
conditions in theA layer soil matrix during infiltration that promotes increased shallow lateral
distribution of LSM, and increased LSM movement into the A layer macropores. Because the models
consider macropores to be vertically continuous features, increased madtowoire the A layer

also leads to increased macropore flow in the B layer; as a result, inclusion of a plowpan also
increases both the B layer presshead NE conditions, and vertical LSM distribution.

5.4.5.2 Soil Crust

Removing the soil crust layer from th& Scenario approximately doubles the peak tile discharge rate
(Figure5.13a), increases the peak Nebncentration by a factor of 28 (Figusel3b), decreases the
time required for the tile to exhibit a hydraulic response to LSM application by approxim@telin,

and decreases the time required for,Mreach the tile drain by approximately 107 min.

Removing the soil crust layer from the SB simulations also changes thedidentration, and
pressurenead NE conditions between the macropore and soil matrix zones. When the soil crust is
removed, peak NHconcentration NE (Figurb.14a) increases by factors of 4.2 and 10.4 for the A
and B layers respectively; and the asgecidNE conditions are established 65min earlier in the A
layer, and 120min earlier in the B layer. Little change is observed in the A layer piiesadrblE
conditions (Figurés.14b) when the soil crust is removed since preskaeal equilibrium condition

exist for both cases (with and without soil crust) throughout the simulatioratimelepth of 15 cm
below the LSM application surfacéHowever at a depth of 40 cnin the B layer, pressuteead NE
increases by 50%, and presshead NE conditions arestablished approximately 80min earlier,

when the soil crust is removed.

Residual NH distribution in the soil profile also changes in response to removal of the soil crust layer
from the SB simulation. Removal of the crust (Figbr&2e) promotes bothegper movement of

NH, into the soil profile, and B layer Nftoncentrations that are an order of magnitude greater than
when the crust is included (Figukel2c). By slowing down the infiltration rate of LSM from the
surface, the presence of a soil cmestuces the pressure head in the A layer soil matrix which in turn
reduces LSM movement into the macropores and increases LSM retention near surface. When the
soil crust is absent from the SB scenario, the predsead from the LSM application surface is
transmitted directly to the A layer soil matrix which leads to increased movement of LSM into the

macropores and results in greater vertical LSM distribution.
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5.5 Conclusions

Reasonably easy to collect soil physical property data andsildated hydrauliconductivity
estimates from a macroporous silt loam soil were conjunctively used to parameterize a pair of 2D
dualpermeability models that were successfully able to simulate LSM movement to tile drains in a
variably saturated soil profile over a 48 hoione frame after SB, and INJ, application methods. To
reflect the complexity of the both the soil structure and soil layer distribution at the field site, the
models included distinct horizontally continuous layers to represent the soil crust, plowgak, an
and B horizons, and also accounted for macropore orientation by incorporating anisotropy into the
hydraulic conductivity description for the macropore conim Soil crust and plowpan hydraulic
conductivity, macropore anisotropy ratios, ar#M application methodpecific values for the water

and mass exchange coefficients in the A and B layers were established during the model calibration
process. For the INJ scenario model to accurately simulate field observed nutrient breakthrough to
the tile drain, tillage effcts needed to be accounted for by increasing the value of the Awayer
coefficient by a factor of 4 relative to the value used in the SB scenario. To account for the viscosity
related influences on relative permeability associated with liquid reaiy matter content, variable
viscosity as a function of solute concentration was added into thepauadeability numerical

solution.

The complexity of the two models used for thisrkv@lucidates the influences efriable soil
structure and soil layer pregies, LSM viscosity, and LSM application methods on flow and
transport processes in shallow water table, tile drained agricultural soils. Model results suggest that
the macropore anisotropy ratio is considerably different between the A and B layersflessithe
structural differences between predominantly vertical worm burrows and root holes in the B layer,
and the more isotropic macropore features in the A layer. Tillage associated with LSM injection also
influences macropore geometry by furtheducing the anisotropy ratio in the A layer. The
parameters that control exchange between the soil matrix and the macropores vary according to soll
layers and LSM application methods. The exchange coefficients in the B layer are relatively low
comparedad those for the A layer which suggests that the regenerative processes that affect A layer
macroporosityenhances water and solutesvementbetween the soil matrix and the macropores as
compared to the B layer. For the INJ scenario, tillage effectsibstramture also appear to promote
easier exchange of water and solutes between the soil matrix and the macropores. Relatively low

water and solute exchange parameter values in the B layer support the development of large pressure
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head norequilibrium caditions between the soil matrix and the macropores, and lead to large
horizontal hydraulic gradients in the vicinity of the tile within the macropore network as compared to
the gradients in the soil matrix. The large hydraulic gradients near the filatadateral movement

of water and solas within the macropore continuurand define the soil surface area which
contributes preferential flow to the tile drain. Away from the tile drain, horizontal hydraulic gradients

are much lower and macroporevilas primarily vertical.

In order to accurately estimate nutrient breakthrough to the tile drain, models for both LSM
application methods required the inclusion of a macroporous plowpan layer with low matrix
permeability at the basaf the A layer. In addition to a plowpan layer, the SB scenario model also
required a reduced permeability soil crust layer at the surface of the soil profile. In response to LSM
application, the plowpan layer reduces the capability for vertical flahersoil matrix which leads to
increased pressuteads in the A layer soil matrix. The increased soil matrix pressads promote

the exchange of LSM from the A layer soil matrix into the macropore network, which ultimately
leads to rapid vertical mement of LSM and earlier arrival of nutrients at the tile drain, as compared
to scenarios that do not include a plowpan layer. Inclusion of a soil crust layer reduces the infiltration
rate of LSM into the A layer which reduces presdugads in the A layesoil matrix and leads to less

LSM movement from the A layer soil matrix into the macropores, and leads to less vertical LSM

movement and lower nutrient concentrations at the tile drain.

Due to the relationship between LSM dry matter content and visctisityrelative permeability of

LSM flow systems decreases as dry matter content increases, and as a result, increasing the dry matter
content of the LSM has a large influence ouatrient distribution wthin the soil profile and
breakthrough at the tile dra Because LSM is most concentrated near the application surfaces, the
soil matrix near the application surfaces has the greatest reduction in relative permeability and LSM
infiltration rates decline considerably as LSM dry matter contents increaseeaBed infiltration

rates lead to lower presstiieads in the A layer soil matrix which leads to less LSM movement from

the A layer soil matrix into the macropores. As a result, increasing the dry matter content of LSM
causes appreciable reductions inriemt concentrations in the tile drain effluent and leads to greater

LSM retention in the A layer soil matrix near the LSM application surface.

Results from this work emphasize that increasinditjuéd manureviscosity awl/or reducing the
ponding depthduring the application of liquid manure, will reduce nutrient movement to tile drains

over the 2 day time period following manure application. In addition, if manure application within
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approximately /5 m (horizontal distance) of a tile drain can be agdjdhe risk of rapid nutrient
movement to surface water via tile drains will be greatly reduced. Awareness of soil features such as
crusts and plowpans is also important since these characteristics have strong influence on the
subsurface movement of ligumanure and associated nutrients. In cases where uniform soil crusts
exist, liquid manure can potentially be surface banded at higher rates than cases where crusts are
absent, with no significant increase in nutrient movement to tile drhircases \were shallow

subsurface soil horizons with reduced soil matrix permeability are absent, liquid manure may also be
surface bandear injected at higher rates than where these layers are pregiémtio significant

increase irshort ternmutrient movementb tile drains.
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5.6 Figures and Tables

(a) (b) LSM Application Surfaces
Crust v ! l l v l l l l -
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Figure 5.1. Conceptual model of the physical system showing: (a) the subdivisions of the soll
profile, (b) simulation domain geometry for the liquid swine maiiugM) injection scenario, and
(c) simulation domain geometry for the LSM surface banding scenario. Note that the macroporous B

layer extends from the bottom of the macroporous plowpan to tile drain depth.
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Figure 5.2. Simulationresultscomparedo field observations for: tile discharge (a & d), NH
concentration (b & e), and total P concentration (¢ & f); for liquid swine manure application with
injection at a rate of 74 Hna (top row), and surfacebding at a rate of 56%ha (bottom row).
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Figure 5.4. Simulationresultscomparedo field observations for: tile discharge (a, d & g), NH

concentration (b, e & h), and total P concentration (c, f & i)lifprid swine manure injection at a

rate of: 28 mYha (top row), 37 ritha (middle row), and 56 iha (bottom row).
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Figure 5.5. Simulated viscosity/dry matter influences on tile effluent;dbhcentrationsafter liquid
swine manure (LSM) injection (top row), and surface banding (bottom row), with an application rate
of 74 mi/ha. LSM dry matter contenfwith viscosity)of: 1.25% (a & d), 2.5% (b & e), and 5% (c &

f), are each compared to the scenario where LSM visdaa#tyrot been consider@tb viscosity)
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