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Abstract of a thesis submitted in partial fulfilment of the

requirements for the Degree of Doctor of Philosophy

THE DYNAMIC INTERPLAY OF MECHANISMS GOVERNING INFILTRATION

INTO STRUCTURED AND LAYERED SOIL COLUMNS

by Sam Carrick

Worldwide there is considerable concern over the effects of human activities on the quantity
and quality of freshwater. Measurement of infiltration behaviour will be important for
improving freshwater management. This study identifies that New Zealand has a sporadic
history of measuring soil water movement attributes on a limited number of soil types,
although the current practical demand should be large for management of irrigation, dairy

farm effluent disposal, as well as municipal / domestic waste- and storm-water disposal.

Previous research has demonstrated that infiltration behaviour is governed by the interplay
between numerous mechanisms including hydrophobicity and preferential flow, the latter
being an important mechanism of contaminant leaching for many NZ soils. Future
characterisation will need to recognise the dynamic nature of these interactions, and be able to
reliably characterise the key infiltration mechanisms. Since macropores are responsible for
preferential flow, it is critical that infiltration studies use a representative sample of the
macropore network. The aim of this project was to study the mechanisms governing the
infiltration behaviour of a layered soil in large (50 x 70 cm) monolith lysimeters, where the

connectivity of the macropore network remains undisturbed.

Four lysimeters of the Gorge silt loam were collected, a structured soil with four distinct
layers. On each lysimeter there were four separate infiltration experiments, with water applied
under suctions of 0, 0.5, 1, and 1.5 kPa by a custom-built tension infiltrometer. Each lysimeter
was instrumented with 30 tensiometers, located in arrays at the layer boundaries. There was

also a field experiment using ponded dye infiltration to visually define preferential flowpaths.

Analysis of dye patterns, temporal variability in soil matric potential (¥,,), and solute
breakthrough curves all show that preferential flow is an important infiltration mechanism.

Preferential flowpaths were activated when ¥,, was above -1.5 kPa. During saturated

il



infiltration, at least 97% of drainage was through the ‘mobile’ pore volume of the lysimeter

(6,,), estimated among the lysimeters at 5.4 — 8.7 % of the lysimeter volume.

Early-time infiltration behaviour did not show the classical square-root of time behaviour,
indicating sorptivity was not the governing mechanism. This was consistent across the four
lysimeters, and during infiltration under different surface imposed suctions. The most likely
mechanism restricting sorptivity is weak hydrophobicity, which appears to restrict infiltration
for the first 5 — 10 mm of infiltration. Overall, the Gorge soil’s early-time infiltration
behaviour is governed by the dynamic interaction between sorptivity, hydrophobicity, the

network of air-filled pores, preferential flow and air encapsulation.

Long-time infiltration behaviour was intimately linked to the temporal dynamics of ¥,,, which
was in turn controlled by preferential flow and soil layer interactions. Preferential flowpaths
created strong inter-layer connectivity by allowing an irregular wetting front to reach lower
layers within 2 — 15 mm of infiltration. Thereafter, layer interactions dominate infiltration for
long-time periods, as ¥, in soil layers with different K(¥,,) relationships self-adjusts to try to
maintain a constant Darcy velocity. An important finding was that ¥, rarely attained the
value set by the tension infiltrometer during unsaturated infiltration. The results show that
‘true’ steady-state infiltration is unlikely to occur in layered soils. A quasi-steady state was
identified once the whole column had fully wet and layer interactions had settled to where ¥,
changes occurred in unison through each soil layer. Quasi-steady state was difficult to identify
from just the cumulative infiltration curve, but more robustly identified as when infiltration

matched drainage, and ¥,, measurements showed each layer had a stable hydraulic gradient.

I conclude that the in-situ hydraulic conductivity, K(¥,,), of individual soil layers can be
accurately and meaningfully determined from lysimeter-scale infiltration experiments. My
results show that K(%,,) is different for each soil layer, and that differences are consistent
among the four lysimeters. Under saturated flow the subsoil had the lowest conductivity, and
was the restricting layer. Most interestingly this pattern reversed during unsaturated flow. As
¥,, decreased below -0.5 to -1 kPa, the subsoil was markedly more conductive, and the topsoil
layers became the restricting layers. All four soil layers demonstrate a sharp decline in K(¥,,)
as ¥, decreases, with a break in slope at ~ -1 kPa indicating the dual-permeability nature of

all layers.

Keywords: Infiltration, layered soil, preferential flow, sorptivity, hydraulic conductivity,

hydrophobicity, dual-permeability, mobile water content, lysimeter, tension infiltrometer
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The following terms are defined as follows for this thesis, because they may have multiple or

ambiguous definitions in the research literature.
Antecedent infiltration capacity

The depth (mm) of infiltrating water required to wet the 0 — 5 cm layer from ¥; to the ‘target’

¥,., set by the suction of the tension infiltrometer.

Macropores

The pore network corresponding to ¥, between 0 and -1.5 kPa.
Mesopores

The pore network corresponding to ¥, between -1.5 and -10 kPa.
Micropores

The pore network corresponding to ¥,, less than -10 kPa.
Preferential flow

The non-equilibrium movement of water and solutes through the soil, with flow concentrated
in certain regions of the pore network (i.e. mainly macropores), whilst other regions of the

soil matrix are effectively by-passed.
Suction

Suction is used to describe the water status imposed by the tension infiltrometer at the surface
boundary, or the suction applied to the lower boundary of the soil column. These external

applied suctions are always expressed as positive values.
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Chapter 1

General Introduction

1.1 Background to the study

Worldwide there is considerable concern over the effects of human activities on the
quantity and quality of freshwater. The OECD Environmental Outlook to 2030 identifies
water scarcity, groundwater quality, as well as agricultural water use and pollution as
critical issues over the coming decades (OECD, 2008). In the United States about 13% of
farmland streams and 20% of groundwater wells have nitrate concentrations that exceed
the federal drinking water standard. Chemical contamination (e.g. pesticides) exceeds
benchmarks for aquatic life in 57% of farmland streams and 83% of urban streams (The
Heinz Centre, 2008). Even in lightly populated New Zealand the freshwater resources
show considerable contamination, where 56% of monitored lakes have high to very high
nutrient levels, with 13% classified as having nutrient-saturated hypertrophic status.
Bacterial contamination means that 20% of monitored groundwater wells are unsafe to

drink, whilst 39% show elevated nitrogen levels (Ministry for the Environment, 2007).

There is no doubt that measurement of infiltration behaviour is critical for addressing
these issues. Infiltration characteristics of the soil surface determine whether irrigation or
rainwater move to surface water as runoff, infiltrate into soil storage, or move through the
soil as drainage to groundwater. Likewise, infiltration is a key process determining the
degree to which contaminants interact with the filtering and buffering capability of soil. It
is arguable that efficient use of water for agricultural crops and effective protection of
freshwater from contamination could be greatly enhanced by a better understanding of

soil infiltration dynamics.

Unfortunately, traditional soil resource evaluation has generally not measured soil
hydraulic attributes, resulting in a lack of good quality data, which some argue hinders
progress on some key issues of sustainable land management (McKenzie et al., 2000;
Webb, 2003; 2000). In New Zealand the history of measuring soil water movement
attributes has been sporadic. In the 1970’s the Soil Bureau had a programme to
characterise the unsaturated conductivity at field capacity (i.e. matric potential, ¥, =-10

kPa) for the topsoil and subsoil of 22 soil series, representing six major soil groups



(Gradwell, 1974; Gradwell, 1979). This was followed in the 1980°s by the Soil Water
Assessment and Measurement Programme (SWAMP) (Watt et al., 1982), which
measured the saturated and unsaturated hydraulic conductivity (¥, = -0.4 kPa) of 43

taxonomic and agriculturally significant soils.
There have also been other reasonably extensive regional programmes, for example:

e In the 1960’s — 70’s there was a series of investigations to study both the irrigation
suitability, as well as effects of irrigation on soils in a number of areas of Central
and North Otago. This work focussed on soil physical properties to 30 — 60 cm
depth, including measurements of ponded surface infiltration for soils of the

Arrow, Ida and upper Clutha valleys (Rickard and Cossens, 1966; 1968).

e Gradwell and Rijkse (1988) assessed the irrigation suitability of eight soils in the
Gisborne Plains, and measured the unsaturated conductivity at ¥, of -5, -10, and -

20 kPa for individual soil layers to a depth of 60 — 76 cm.

e Webb et al. (2003; 2000) studied spatial variability of saturated and unsaturated
hydraulic conductivity (¥, = -0.4 kPa) of eight Canterbury soils, measuring the

topsoil and one or two subsoil horizons.

A number of other special purpose surveys have characterised infiltration attributes of the
topsoil only. The temporal change in the ponded surface infiltration rate following
application of dairy shed effluent was studied by Greenwood (1999) for eight Southland
soils. Taylor et al. (2008) compared the effects of landuse (forestry versus pasture) on the
ponded surface infiltration rate of four Waikato soils, whilst Drewry et al. (2000)
compared the effect of sheep or dairy grazing on topsoil (0 — 25 cm depth) saturated
hydraulic conductivity for a number of Southland soils. A number of studies have also
looked at the effects of treading on both saturated and unsaturated hydraulic conductivity

to 25 cm soil depth (Greenwood and McNamara, 1992; Singleton et al., 2000).

Collectively these research programmes appear to have built up a reasonably large
knowledge base. However, the National Soils Database (NSD) has water movement
attributes for only the 43 pedons from the SWAMP programme, yet approximately 2000
soil series have been recognised. Even if the datasets from the other projects were

collated the total characterised soil series would still be < 100. A few key soil types have



been intensively studied (i.e. Horotui, Manawatu, Templeton, and Lismore soils) which
has lead to a comprehensive understanding of their hydraulic behaviour. However, there
is presently no ongoing measurement programme to fill the wider knowledge gap, despite

the NSD being recognised as a nationally significant database by central government.

Research continues to demonstrate that infiltration behaviour is truly dynamic, and
governed by the interplay between numerous mechanisms such as hydrophobicity and
preferential flow, as well as the strong influence of land management practices. Clearly
future characterisation will need to recognise this dynamic nature, and be able to reliably
measure the key infiltration mechanisms. In particular, evidence is building that
preferential flow is an important mechanism of contaminant leaching for many New
Zealand soils (McLeod et al., 2008). Conditions leading to preferential flow, and the

processes by which it occurs, should be seen as critical avenues for future research.

In a review of the literature, Jarvis (2007) identified that preferential flowpaths are
consistently activated in areas of soil wetted to matric potentials above -1 kPa. Reliable
characterisation of preferential flow therefore requires measurement of infiltration and
water movement attributes over at least this range of matric potentials. New Zealand
studies have typically focussed on just two matric potentials, 0 and -0.4 kPa, often using
small cores (e.g. 10 cm diameter x 4 cm deep). Serious doubt has been raised about the
suitability of small cores for measuring water-movement attributes, due to their potential
to provide an unrealistic representation of the abundance and connectivity of macropores.
Since macropores are responsible for preferential flow, it follows that measurements must

use a representative sample of the macropore network.

Large monolith lysimeters provide both a potentially representative volume and intact
layering, ensuring vertical continuity in the pore network. Lysimeters have become a
standard sampling volume in New Zealand, particularly for research into contaminant
leaching, with 50 cm diameter by 70 cm depth commonly used. One exciting option is to
extend the scope of lysimeter research to characterisation of infiltration and water
movement attributes. Durner et al. (2008) recently simulated water movement in layered
monoliths and explored the potential for using lysimeter experiments to calculate the in-
situ hydraulic attributes of each soil layer. This project applies this approach to a real soil,
as well as studying how mechanisms such as preferential flow influence the infiltration

behaviour.



1.2 Aims and objectives of the study

The main aims of this project were as follows:

To study the mechanisms governing the infiltration behaviour of an undisturbed

layered soil, particularly preferential flow.

To characterise the in-situ hydraulic conductivity of individual soil layers.

To achieve these goals, the main objectives of this study were as follows:

1.

To obtain experimental results enabling comparison of different methods of

characterising the preferential flow behaviour.

To determine the key mechanisms that govern early-time infiltration behaviour,

and their potential effect on deriving hydraulic attributes from early-time data.

To determine the key mechanisms governing long-time infiltration behaviour, and
to test if the in-situ hydraulic conductivity of individual soil layers can be reliably

determined.

The following secondary objectives establish the practical relevance of this study:

4. To review the practical demand in New Zealand for measurement of soil

infiltration attributes

To review what mechanisms could influence the reliability of these

measurements.

To design and construct a tension infiltrometer — lysimeter system that minimises

measurement errors.

1.3 Layout of the thesis

This thesis comprises eight chapters including this general introduction and the

conclusions chapters. Chapter 2 is the literature review, and specifically addresses

objectives 4 and 5. Chapter 3 describes the experimental methods, and addresses

objective 6. Chapter 4 provides a background overview, for the soil studied, of the

environmental, chemical and physical attributes that could influence the infiltration

behaviour observed in the following chapters. Chapters 5, 6, and 7 focus on each of the

objectives 1 to 3, respectively.



Chapter 2

Literature Review

2.1 Introduction

The previous chapter raised the question of whether measurement of soil infiltration and
water movement attributes is relevant to sustainable land management in New Zealand.

This key question is addressed in the first section of this review. The following sections

look at technical aspects of soil hydraulic characterisation, including the applicability of
tension infiltrometers, and what mechanisms influence variability, and hence the

accuracy, of these measurements.

2.2 What is the practical demand for attributes derivable
from infiltration studies?

The primary legislation governing sustainable land management in New Zealand is the
Resource Management Act 1991 (RMA). The RMA defines sustainable management in
terms of sustaining the potential of natural and physical resources to meet the reasonably
foreseeable needs of future generations; safeguarding the life-supporting capacity of
water, soil and ecosystems; and avoiding, remedying or mitigating any adverse effects of
activities on the environment. Local government is primarily responsible for
implementation of the RMA, with an Environment Court as an independent arbitrator.
This is supposed to be under the guidance of central government, although it has been
criticised for providing little statutory guidance in the form of national standards and
policy statements to local authorities regarding implementation of the RMA and

environmental monitoring (OECD, 2007).

Local government has made good progress in managing point sources of pollution, but
diffuse pollution of freshwater from land activities remains a significant challenge
(Ministry for the Environment, 2007; OECD, 2007). Central government is slowly
responding and has agreed to a strategy to improve freshwater management, protect our
freshwater resources into the future, and acknowledge the fundamental importance of
water to all New Zealanders. As a result, the Ministry for the Environment is currently

developing a series of national environmental standards (NES) to improve the



management of freshwater. An NES is a legally enforceable regulation, under section 43
of the RMA, with the NES for sources of human drinking water now in force (Ministry
for the Environment, 2007). Other freshwater related NES’s being developed are for on-
site waste water disposal, measurement of water takes, and ecological flows and water

levels (Ministry for the Environment, 2008).

At the implementation level, the new NES’s provide greater clarity over the expected
environmental standards, and identify where work needs to be done. Inevitably this will
result in tighter regulation and monitoring, which in turn require more detailed
measurement to test whether or not standards are being met by a certain land activity. The
following sections review the major issues where soil infiltration studies are relevant,

some of the research that has been done, and highlight the potential for future research.

Irrigation

Irrigation is the major user of freshwater resources in New Zealand, accounting for 80%
of all allocated water (Statistics New Zealand, 2007). Irrigation development has been
rapid, roughly doubling in area every 12 years since the late 1970s (Irrigation New
Zealand, 2007). In 2007 about four percent of farmland was irrigated (Statistics New
Zealand, 2007), mostly for pastoral land uses, with Irrigation New Zealand (2009)
predicting that the irrigated area could double to reach one million hectares by 2020.
Spray irrigation accounts for 74% of the irrigated area, with 18% irrigated by flood
irrigation, and 7% by micro systems (Statistics New Zealand, 2007). In general irrigation
has been highly successful, with the irrigated areas producing about three times as much
as an equivalent area farmed under dryland systems (Irrigation New Zealand, 2007).
However, increasing pressure has been placed on improving the efficiency of irrigation

systems in order to maintain and improve economic and environmental performance.

In particular, flood irrigation (also called border dyke irrigation) has been linked to
adverse effects on surface and groundwater quality (Carey et al., 2004; Close et al., 2008;
McDowell and Rowley, 2008; Monaghan et al., 2009; Nash and Barlow, 2008).
Monaghan et al. (2009) monitored linkages between land management activities and
stream water quality of a 5230 ha catchment in north Otago, New Zealand. They
concluded that flood irrigation of 1900 ha was a major pollution source, due to excess
irrigation generating surface runoff and entrainment of nitrogen, phosphorus, and faecal

bacteria. The research also highlighted the importance of the infiltration characteristics of
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different soil types; for example the mean runoff was 52% of the applied volume on the
poorly drained Temuka soils. This dropped to 25% on the free draining Eyre and Paparua
soils, although the total water loss is generally higher on free draining soils due to soil
drainage (Nash and Barlow, 2008), with some studies measuring significant contaminant

leaching (Close et al., 2008; Jiang et al., 2008; Toor et al., 2004).

Theoretically, water use efficiency is much higher under spray irrigation because the
lower application rates reduce runoff and drainage (Di et al., 1998; Nash and Barlow,
2008). On free draining soils significant reductions in contaminant leaching have been
measured when switching from flood to spray irrigation (Jiang et al., 2008; Toor et al.,
2004). Close et al. (2008) note that groundwater studies have found very low microbial
contamination under dairy farms using spray irrigation (centre pivots) compared to the
high levels in their flood irrigated study area. However, Nash and Barlow (2008)
highlight that spray irrigation efficiency can vary markedly according to different
irrigator types and operator practice. Non-uniform spray patterns and even minor surface
undulations can easily lead to localised ponding, even if the paddock-averaged
application rate appears to be quite low. Spray irrigation can also be applied over a much
wider range of slopes, but unless the application rate can be adjusted to different areas the

varying infiltration rates can lead to generation of surface runoff and subsoil lateral flow.

In response to concerns over the economic and environmental efficiency of current
systems, an irrigation code of practice has been developed to provide guidance on
acceptable irrigation design (Irrigation New Zealand, 2007). The code of practice
identifies key performance indicators (KPI’s) that are necessary to obtain a quantifiable
measure of the system efficiency. Matching the irrigation system to the soil infiltration
rate and water holding capacity are identified as necessary to assess the water use
efficiency KPI, whilst drainage and runoff losses are important for the system efficiency
KPI. The code of practice recommends either making on-site measurements (no methods
specified), or using previously measured values specific to the soil type, or using general
values based on the soil texture. It is highlighted that the infiltration rate is temporally
variable, according to the antecedent wetness and the duration of the irrigation event.
Guidelines on the maximum application rates are provided according to soil texture, with

values adjusted depending on the land slope and duration of the irrigation event. For



example, the maximum recommended application rate for a silt loam is 15 — 20 mm hr’'

for a 10 minute irrigation, decreasing to 5 — 10 mm hr' for a 60 minute irrigation.

Dairy farm effluent disposal

Dairy products are New Zealand’s largest export earner (Statistics New Zealand, 2007),
with considerable expansion in the intensity and area farmed over the last 15 years.
Between 1994 and 2002 the dairy farming area increased by 12% and the average
stocking rate by 19% (Ritchie et al., 2006b). This expansion and intensification has
caused degradation of surface and groundwater quality (Close et al., 2008; Flemmer and
Flemmer, 2008; Monaghan et al., 2008b; Monaghan et al., 2007b). The dairy industry has
recognised the importance of this issue and prepared the Dairy Industry Strategy for
Sustainable Environmental Management (DairyNZ, 2006). The strategy identifies
reducing nitrogen and phosphate loss to water, and microbial contamination of surface

water as priorities for the next 10 years.

The disposal of dairy shed effluent (DSE) is a major sustainable management issue.
Between 1997 and 2000, 960 million cubic metres of DSE was produced (Flemmer and
Flemmer, 2008). In response, the dairy industry has produced a comprehensive guide to
the management of DSE (Ritchie et al., 2006a). Considerable focus is given to land
treatment of DSE because it has become the preferred treatment option of Regional
Councils (Houlbrooke et al., 2004). Ritchie et al. (2006a) set out a number of best
management practices (BMP’s) which are encouraged by regional councils. A key BMP
is to avoid both surface ponding and DSE infiltrating below the topsoil (200 mm soil
depth). Ideally DSE is only applied once the topsoil has dried to 50% of its water holding
capacity, with a maximum application depth of 25 mm. Guidelines on the maximum
application rates are provided according to soil texture, ranging from 32 mm hr”' for sand
and pumice soils, down to 10 mm hr”' for silt loam and clay soils. An optimum BMP of
10 mm hr' or less is generally recommended by Regional Councils, with application rates

>20 — 30 mm hr”' considered risky.

There is considerable ongoing research on the effectiveness of land treatment of DSE,
with a comprehensive review of the literature by Houlbrooke et al. (2004). This research
indicates that there is still much progress to be made. Management of DSE applications
on poorly drained soils, and soils that exhibit preferential flow behaviour is proving to be

a major challenge, as is managing losses of total P and pathogens (Collins et al., 2007;



Houlbrooke et al., 2004; Houlbrooke et al., 2008; Monaghan et al., 2007b). Monaghan et
al. (2008b) argue that there are a range of technologies that can deliver substantial
improvements, but it is important that they are matched to the physical resources. Collins
et al. (2007) specify soil type as a key factor in the transfer of faecal microbes to water,
whilst Hawke and Summers (2006) raise concern that the majority of studies have been
on only a few ‘keystone’ soil types. Increased knowledge of soil infiltration dynamics
would be of high practical value to successful BMP implementation, particularly the
interlinkage between infiltration and water storage attributes, and the activation of
preferential flowpaths. The use of general ‘rule of thumb’ values, such as saturated

infiltration rates based on soil texture, may no longer be appropriate.

Municipal and domestic sewage disposal

Municipal and domestic sewage disposal is an important issue for sustainable
management in New Zealand, where approximately 1.5 billion litres of municipal and
domestic wastewater are discharged every day. Most wastewater is treated by public
wastewater treatment plants, although there are about 270,000 domestic on-site systems
in New Zealand, disposing of wastewater for 15 —20% of the population. In total, about

30 — 35% of wastewater is disposed of to land (Ministry for the Environment., 2007).

Concern about the performance of on-site disposal systems has prompted the National
Environmental Standard for On-site Waste Water Systems to be proposed (Ministry for
the Environment, 2008). The Ministry for the Environment estimates that the failure rates
of onsite systems range from 15 — 50 %, which equates to between 40,000 and 130,000
systems nationally. Of particular concern is aging septic tanks, which represent the
majority of domestic systems. Septic tanks are a ‘primary’ treatment system, with the
majority of the wastewater treatment occurring in the soil of the disposal field. The
primary reason for failure is that the hydraulic load does not match the drainage
properties of the soil in the disposal field (Leonard and Gilpin, 2006; Ministry for the
Environment, 2008). Run-off to surface water can occur if the hydraulic conductivity of
the disposal field soil is exceeded, or rapid transfer to groundwater can occur if the

hydraulic conductivity of the disposal field is too great.

All on-site systems require a land treatment disposal field, following the design criteria of
Australia/New Zealand Standard 1547: 2000 (AS/NZS, 2000). The design options for the

disposal field depend on the soil category determined by the soil texture. Measurement of
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saturated hydraulic conductivity is recognised as a useful tool to confirm the soil
category, but a morphology based soil description is seen as generally adequate. The soil
category is matched to the best estimate of effluent infiltration capacity known as the
long-term acceptance rate (LTAR). LTAR is always less than the saturated hydraulic

conductivity, due to the effects of ‘clogging mechanisms’.

Importantly, it is recognised that there is a limited LTAR database, which is extrapolated
to other soils based on properties such as texture, structure, and permeability (AS/NZS,
2000). Improved knowledge of soil infiltration and water movement attributes would
greatly benefit the LTAR database. This was demonstrated in a four year study of
wastewater application to four different soil types (Barton et al., 2005; Sparling et al.,
2006). Leaching losses varied significantly between soil types, and were not necessarily
related to soil texture. The Pumice and Allophanic soils had the lowest losses, which were
attributed to a porous soil structure promoting matrix flow, whereas the Gley soil had
significantly larger losses attributed to strong preferential flow and a low-porosity matrix.
There was also evidence that wastewater application sometimes resulted in a temporal
change in soil hydraulic attributes, which has also been observed in other research (Cook
et al., 1994b; Menneer et al., 2001; Vogeler, 2009). Although not mandatory in terms of
regulations, the New Zealand Guidelines for Utilisation of Sewage Effluent on Land also
clearly identifies the value of site-specific measurement of soil chemical and physical
attributes, including infiltration rates, hydraulic conductivity and water-holding capacity

(Whitehouse et al., 2000).

Municipal stormwater disposal

Disposal of urban stormwater to land has become an integral component of urban
development in New Zealand (Christchurch City Council, 2008; NZWERF, 2004; Selwyn
District Council, 2009). An example is the integrated catchment management plan for
Lincoln township where 4 — 5% of the urban catchment is allocated to stormwater
treatment (Selwyn District Council, 2008). Stormwater systems aim to act as both a
storage mechanism to control the rate of discharge, and also as a contaminant filtering
and buffering mechanism to remove contaminated particulate matter, reduce dissolved
contaminant concentrations, and reduce the bioavailability of residual dissolved

contaminants (Christchurch City Council, 2003). Stormwater contaminants may include
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suspended solids, hydrocarbons, nutrients (e.g. nitrogen and phosphorus), heavy metals,

micro-organisms and various chemicals.

Ground soakage facilities include soakage chambers, vegetated swales, rain gardens,
infiltration basins, wetlands and riparian plantings. The specific design is strongly
influenced by the likely contaminant level, soil type, and groundwater characteristics.
Approval of any ground soakage area requires measurement of any soil limitations to
absorb the discharge. This includes measurement of the site infiltration and water holding
capacity, assessment of the soil’s ability to treat contaminants in the discharge, as well as
the potential effects of contaminant accumulation in the soil (Canterbury Regional
Council, 2002). A critical function of these facilities is to have the capacity to absorb the

“first flush’ stormwater (15 — 20 mm) which typically has the highest contaminant levels.

The soil infiltration rate (i,) is the only soil attribute that has specific guidelines.
Guidelines use steady-state ponded i, derived from either a double-ring infiltrometer or
subsoil percolation from a soakage pit (Christchurch City Council, 2003). Environment
Canterbury argues that soakage pits give more accurate results than double ring
infiltrometers, which tend to overestimate i, by ~40%. In Canterbury, the maximum i, of
ground soakage areas is set at 50 mm hr’', with a minimum of 1 mm hr’', although the
preferred minimum is 20 mm hr'. (Canterbury Regional Council, 2009; Christchurch
City Council, 2003). In Auckland the minimum i is 3 mm hr’', or 30 mm hr™' for areas of

fractured basalt and associated highly permeable soils (NZWERF, 2004).

Despite the increasing use of ground soakage there appears to be little published research
on its effectiveness under New Zealand conditions. Stormwater management guides
provide only generalised treatment efficiencies, ranging from 10 — 80% depending on the
type of soakage facility and pollutant (Christchurch City Council, 2003; NZWERF, 2004;
Selwyn District Council, 2008). There has been some site-specific research, but this
appears to be mostly confined to the Auckland region. Measurement of grassed swale
infiltration characteristics found that they had poor physical condition for both plant
growth and stormwater treatment (McLaren et al., 2005; Simcock et al., 2005).
Infiltration followed preferential flowpaths, with compacted and low permeability layers
at shallow depth leading to waterlogging and lateral flow. Research has also found the
type of soil material affects the treatment efficiency of raingardens, where a layered soil

(at least 1 m deep) is constructed to absorb and filter stormwater. Trowsdale and Simcock
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(2008) found that a raingarden constructed using soil overburden from a limestone quarry
was able to remove the majority of contaminants. Simcock et al. (2006) found that
Allophanic soil material maintained a higher infiltration rate and treatment efficiency than

the Ultic soil material typical of the Auckland area.

Research into soil contaminant management

Over the last 20 years New Zealand has seen considerable research investment into soil
contaminant levels, transfer mechanisms, and potential mitigation techniques. There are a
number of thorough reviews of the research into contaminant transfer from land activities.
Cameron et al. (1997) provide an overall review of waste streams in New Zealand and the
effects of land application of wastes on plant production, soil quality, and the
environment. Contaminant transfer from pastoral agriculture has had substantial research,
particularly with regard to nitrogen, phosphorus, and pathogen losses from dairy farming
(Collins et al., 2007; Gillingham and Thorrold, 2000; Monaghan, 2008; Monaghan et al.,
2008b; Monaghan et al., 2007). Considerable research has also been carried out on the

fate and behaviour of pesticides (see Sarmah et al. (2004) for a review).

A recurring theme in contaminant transport research is the important influence of soil
type (Collins et al., 2007; Monaghan, 2008). For example, in Canterbury much greater
nitrogen leaching has been measured from stony Lismore soils compared to the deep
stone-free Templeton soil (Di and Cameron, 2002a; Silva et al., 1999). A soil’s winter-
time drainage characteristics has been identified as critical for nitrogen leaching,
particularly in cool-temperate regions where there is little winter-time plant growth
(Monaghan, 2008). Two key soil mechanisms that are regularly identified are runoff and
preferential flow, particularly in the studies of phosphorus, pathogen, and pesticides
(Collins et al., 2007; Monaghan et al., 2007; Sarmah et al., 2004). These two mechanisms
are directly driven by a particular soil’s infiltration and water movement dynamics. For
example, heavy textured and poorly drained soils are often more susceptible to runoff, as
well as preferential flow where artificial drainage networks have been installed
(Monaghan et al., 2007b; Wilcock et al., 2006). McLeod et al. (2008) found that although
Allophanic and Pumice soils have a high infiltration capacity and conductivity (low
runoff potential) they also have a high microbe retention capacity (low preferential flow
potential). This was attributed to the high storage porosity of the fine structure, which has

strong connectivity to infiltrating water due the extensive inter-aggregate pore network.
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Environmental modelling

Environmental modelling is increasingly becoming an important tool for sustainable land
management. Models that have implicit soil water movement algorithms tend to be
applied at the pedon scale, usually to simulate specific experiments. The GLEAMS,
LEACHM, HYDRUS, and SPASMO models are commonly used in New Zealand to
simulate leaching of contaminants such as pesticides (Close et al., 2003; Sarmah et al.,
2005; Sarmabh et al., 2006); nitrate (Lilburne and Webb, 2002; Lilburne et al., 2003;
Webb et al., 2001); faecal coliforms (Jiang et al., 2008; Pang et al., 2008); and heavy
metals (Clothier et al., 2006). There are also examples of using these models to simulate
contaminant transport at larger scales. HYDRUS has been used at the paddock scale to
simulate pesticide transport (Pang et al., 2000) and the movement of a contaminant plume
from septic tanks (Pang et al., 2006). The SPASMO model has also been used to simulate
potential contaminant transfer from land application of municipal wastewater (Green,

2007) and future nitrate leaching from a disused sheep feedlot (Rosen et al., 2004).

Models used at farm to national scales tend not to use soil water movement functions per
se, but use more general mass balances (Di et al., 2005; Elliot et al., 2008; Parfitt et al.,
2008; Saggar et al., 2007). For example, the widely used OVERSEER model predicts
phosphorus and nitrogen losses at the farm scale by using soil parameters such as soil
type, depth, organic matter, texture, and drainage class to model drainage / runoff
generated from the mean annual rainfall surplus (rainfall in excess of evapo-transpiration)
(McDowell et al., 2005; Power et al., 2002; Thomas et al., 2005). The mass balance
approach is justified on the grounds that large scale simulations are coarser in their
predictive accuracy, with factors such as land-use pattern and climate variables tending to
swamp the effect of profile-scale water movement processes. A criticism of water
movement models is that they have a complex array of parameters, for which data are

typically not available.

Future development of environmental models is likely to be within an integrated
modelling platform, where models operating at different scales are nested. An example of
this approach is the CLUES decision support system which integrates a number of models
such as SPASMO and OVERSEER to predict the effects of land-use change at the
catchment to national scale (Elliot et al., 2008). Within this type of framework soil water

movement models such as SPASMO have a number of potential functions, such as
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predicting contaminant transfer from specific high load sites (e.g. municipal stormwater
disposal). These models will also continue to have an important role in exploring the
interactions of various mechanisms driving experimental results, which will provide
understanding that can be fed into models operating at coarser scales. As such, further
research into infiltration and water movement dynamics can only enhance the predictive
capabilities of models operating at all scales, particularly when there is characterisation of
new soil types. An example of this knowledge transfer is the inclusion of hydrophobicity
in the OVERSEER model. OVERSEER has also been used to demonstrate how better
accuracy in estimates of nitrogen leaching could greatly improve estimates of national

N,O emissions (Clough et al., 2007; Thomas et al., 2005).

2.3 The demand for infiltration attributes: some key
research gaps

It is clear from this review that the need for infiltration studies exists, driven by legislative
requirements and industry best management practices. The review has highlighted the

following research gaps:

1. A wider range of soil types needs to be characterised. Historically, research has
been largely centred on a few key soil types (i.e. Te Kowhai, Horotui, Manawatu,

Tokomaru, Templeton, and Lismore soils).

2. Preferential flow is a key transport process that needs to be an integral component

of soil hydraulic characterisation.

3. Soil texture class is the most commonly used basis for predicting hydraulic
attributes. The reliability of this approach should be determined, particularly
because pedotransfer modelling results often show poor predictions when solely

using texture.

4. Measurements should not just be confined to steady-state saturated infiltration, but
also encompass near-saturated infiltration. Spray irrigation is widespread and
should result in unsaturated infiltration. Land treatment of the ‘first flush’
stormwater will at least in part include unsaturated infiltration, and be influenced

by soil attributes such as sorptivity, hydrophobicity, and preferential flow.

This study specifically addresses research gaps 2 and 4.
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2.4 The use of tension infiltrometers in infiltration
studies

Tension infiltrometers are the standard apparatus for measuring unsaturated infiltration
(Cook, 2008; McKenzie and Cresswell, 2002b; Reynolds, 2008). A thorough review of
the benefits and limitations of different infiltration measurement methods is provided by
Clothier (2001), and methods to measure unsaturated conductivity are reviewed by
Dirksen (2001). For field measurement of saturated infiltration, the use of ponded
infiltration from a ring is still recommended (McKenzie and Cresswell, 2002b), primarily
because of the low cost, ease of use, low skill requirement, and ease of data analysis
(Clothier, 2001). It is for these reasons that ponded ring infiltration is generally how the
land management industry quantifies soil infiltration behaviour (refer to previous
section). However, a number of studies have shown that measuring just the saturated
infiltration is not sufficient to understand a soil’s infiltration behaviour, particularly
because unsaturated infiltration is the norm in most soils (Jarvis, 2007). Also the
abundance and connectivity of the macropore network can vary greatly, meaning near-
saturated infiltration behaviour may not easily be predicted from just saturated infiltration

measurements (Bagarello et al., 2000; White et al., 1992).

Clothier (2001) argues that tension infiltrometers have the highest overall utility,
primarily because of the information content in the measurements. The value arises from
quantifying infiltration behaviour under a range of surface imposed suctions, usually
between 0 to 2 kPa. The cumulative infiltration curve is typically used to derive
information about the transmission properties of a soil, in particular the hydraulic
conductivity at matric potentials set by the suction of the infiltrometer (Lin and McInnes,
1995; McKenzie et al., 2001; Messing and Jarvis, 1993; Thony et al., 1991). The
hydraulic conductivity function, K(7,,), can then be constructed from infiltration
experiments at a range of suctions. Together with the soil water characteristic, 6,(¥,,), the
K(¥,,) or the soil water diffusivity function, D(6,), are vital to understanding a soil’s
hydraulic behaviour, and are necessary for solving Richards’ equation, which is the basis

for many environmental models (Clothier and Scotter, 2002).

There has also been substantial research on the theory used to derive hydraulic attributes
from infiltrometer data, particularly on deriving K(7,,) from three dimensional

infiltration, with a number of thorough reviews in the literature (Angulo-Jaramillo et al.,
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2000; Clothier and Scotter, 2002; Clothier, 2001; Logsdon and Jaynes, 1993; McKenzie
et al., 2002d). The method of Reynolds and Elrick (1991) is recommended as the most
robust by McKenzie et al. (2002d) and Reynolds (2008), where K(¥,,) is derived from a
sequence of steady-state measurements made at decreasing suctions at a single location.
Derivation of K(¥,,) is straight forward for one dimensional infiltration, such as in soil
cores, where under steady-state flow K(¥,,) is derived using Darcy’s law. For laboratory
measurements on soil cores the standard method is to apply the same suction as the
infiltrometer to the core base, and then K(%,,) is simply equal to the steady-state
infiltration rate (Cook, 2008; McKenzie et al., 2002¢).

Another hydraulic parameter often characterised by tension infiltrometers is soil
sorptivity (Clothier and White, 1981; Minasny and McBratney, 2000). Sorptivity
describes the rate at which soil capillary forces (i.e. matric potential, ¥,,) draw water into
the soil during the initial stages of infiltration. Sorptivity has been shown to be
particularly important for estimating the time to ponding, and thus the initiation of
macropore flow and then surface runoff (Clothier et al., 1981; Kumke and Mullins, 1997).
Methods to derive sorptivity from infiltration data are reviewed by Minasny and
McBratney (2000). Effort has also been focussed on developing methods to use sorptivity
measurements to derive other hydraulic attributes such as K(¥,,), with a review of
methods by Angulo-Jaramillo (2000) and Vandervaere et al. (2000). This research is
driven by recognition that steady-state can often take a long time to attain and therefore
may not be practically achievable, as well as that early-time infiltration contains

considerable valuable information on other attributes (Angulo-Jaramillo et al., 2000).

Tension infiltrometer data have also been used to derive information about a number of
other attributes, such as the mobile water content (6,,) and the mass exchange coefficient
(o), which determine the pattern of solute transport in soils with macropore networks
(AnguloJaramillo et al., 1997; Casey et al., 1997; Casey et al., 1998; Clothier et al., 1995;
Langner et al., 1999). Infiltration data are also used to characterise soil structural
parameters, such as the characteristic mean pore size (4,,), which can be used to quantify
changes in soil structure resulting from perturbations such as rainstorms (White and
Perroux, 1989), or soil tillage (AnguloJaramillo et al., 1997; Bodner et al., 2008;
Reynolds et al., 1995; White et al., 1992).
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The value of tension infiltrometers was demonstrated in the classic study of Clothier and
White (1981), who showed that controlling the surface suction in order to exclude large
macropores resulted in a sorptivity less than half that of saturated infiltration, when
macropores were active. A review of preferential flow by Jarvis (2007) identifies that
experimental evidence consistently shows preferential flow becoming increasingly
important when ¥,, wets to above -1 kPa. Tension infiltrometers allow researchers to
isolate the macropore network which is responsible for preferential flow, and thereby

study factors and processes which influence contaminant transport.

2.5 What mechanisms may influence the reliability of
infiltration measurements?

Despite the widespread use of tension infiltrometers to study unsaturated infiltration
behaviour, there are also a number of research articles that highlight the potential for
uncertainty. Most of the sources of uncertainty are generic and could confound results
regardless of the infiltration method (White et al., 1992). Examples of generic
uncertainties are the effects of sample volume, hydrophobicity, and pore network
instability, whilst instrument artefacts such as the effect of contact material are more

specific to tension infiltrometers.

Despite hydraulic conductivity being one of the most variable soil attributes (Dirksen,
2001; Hillel, 1998; McKenzie and Cresswell, 2002b; Warrick and Nielsen, 1980), few
studies include consideration of the magnitude and sources of uncertainty (Dirksen,
2001). This large variability means that a large number of samples are required to
estimate the spatial mean with an acceptable level of confidence. This in turn equates to a
high measurement cost, which is why there have been few surveys of soil infiltration and

water transmission attributes.

The above factors not only contribute to the spatial variability, they also affect the quality
of hydraulic attributes that are interpreted from the measurements. This is because
interpretation of hydraulic behaviour is typically based on Richards’ equation, which
assumes that unique and definable K(¥,,) and 6,(¥,,) functions exist (Clothier and Scotter,
2002; Hopmans et al., 2002; White et al., 1992). For this assumption to be valid, any
effects of mechanisms such as temperature, entrapped air, water repellency, and non-

uniform wetting due to preferential flow would have to be negligible. Further, the soil
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pore network is also assumed to be temporally stable, so dynamic mechanisms such as
swelling, biological activity, and cultivation should have negligible effect (Clothier and

Scotter, 2002; Hopmans et al., 2002).

It has been suggested that a substantial proportion of the variability that has been
measured for hydraulic conductivity may be due to uncertainty arising from the
measurement technique, such as inappropriate sample volumes (McKenzie and Cresswell,
2002b). This following section reviews potential sources of uncertainty in tension

infiltrometer measurements.

2.5.1 Instrument error

Tension infiltrometer errors

Tension infiltrometers are generally constructed and operated according to the criteria of
Perroux and White (1988). They specified criteria designed to avoid errors introduced by
the conductivity of the infiltrometer membrane, and the size of the air-entry pipe from the
bubble tower to the disk. Criteria were also provided for the sorptivity and conductivity of
the contact material (discussed in the following section), as well as the design of the

bubble tower used to set the suction imposed by the infiltrometer.

Since this original design, there have been a number of proposed modifications. Some
have been minor, such as the design of Ankeny et al. (1988) where the bubble tower has
multiple air-entry tubes at pre-set depths corresponding to suctions of interest, with a
particular suction simply selected by opening and shutting of inlet valves on each tube.
Close et al. (1998) argue that tension infiltrometer measurements are sensitive to small
variations in experimental procedures. They emphasise great care should be taken to seal
the edges of the infiltration membrane to the disk to prevent air leaks when under suction.
They further recommend that pre-soaking the disk before experiments also improves the
membrane’s ability to hold the applied suction. It is also recommended that the tension
infiltrometer should be pre-tested for air leaks, as well as to calibrate the correct water
level in the bubble tower to achieve the desired surface-imposed suction (Ankeny, 1992;

McKenzie et al., 2002d; Reynolds, 2008).

A number of authors emphasise the importance of having the capability to use different
sized water reservoirs, as suggested by Perroux and White (1988). This capability means

the reservoir diameter can be matched to the expected flow rate, with a small diameter

18



used for increased accuracy of measuring slow infiltration rates (Ankeny et al., 1988;
Walker et al., 2006). Pressure transducers are also being increasingly used to
automatically measure the changes in reservoir water height as infiltration proceeds.
Casey and Derby (2002) show that the best method is to use a differential pressure
transducer, which has a very high precision in measuring the water height (standard
deviation = 0.05 mm), and virtually eliminates problems in measuring water height
caused by bubbling. A number of other advantages have been identified, such as
increasing the measurement speed and resolution, particularly during early-time and
under high infiltration rates. Likewise, automatic measurement is particularly useful
under slow infiltration, allowing longer experiment duration (e.g. overnight), as well as
improving the capability for simultaneous operation of multiple infiltrometers, and
improving the ease of data management for analysis (Ankeny, 1992; Ankeny et al., 1988;
Casey and Derby, 2002; Johnson et al., 2005; White et al., 1992). However, there are
some reservations over the reliability of automated systems, mostly over the sensitivity of
pressure transducers under field conditions (Ankeny, 1992; McKenzie and Cresswell,

2002b).

It has also become common to use a two piece infiltrometer, where the water reservoir is
mounted separate to the disk, and connected by a flexible supply tube (Casey and Derby,
2002; Walker et al., 2006). The primary reason for this is to minimise compaction of the
soil surface by the weight of infiltrometer, as well as minimising disruption to the
infiltrometer contact caused through small movements of the reservoir by the wind or the
operator (McKenzie et al., 2002d). However, Walker et al. (2006) have shown that the
size of water supply pipe can affect the infiltrometer suction. Under high flow rates (>200
cm’ min™') the frictional resistance of the standard 12.7 mm diameter supply tube caused
the infiltrometer suction to increase by up to 0.15 kPa. An alternative approach has been
proposed where a single-piece infiltrometer is used with a supporting tripod that clamps
around the reservoir. The tripod acts to hold the infiltrometer steady, as well as supporting

the infiltrometer weight (Ankeny, 1992; Prieksat et al., 1992).

Temperature-induced pressure fluctuations within the air-space of the water reservoir and
bubble tower are another source of error (Castiglione et al., 2005b; Castiglione et al.,
2005). Pressure fluctuations are caused by air-pockets being confined and not completely

free to expand or contract in response to temperature variations. This effect only becomes
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strong under slow infiltration where the bubble rate is low (Castiglione et al., 2005b). On
field soils the infiltration rate is usually sufficiently fast that the high bubble rate and
decreasing reservoir water level tend to mitigate any temperature-induced pressure
fluctuations. These experiments also tend to be of short-duration which often reduces the

scale of temperature fluctuations (Castiglione et al., 2005b).

Poor soil surface contact

Good contact between the infiltrometer base and the soil is essential when using tension
infiltrometers (Perroux and White, 1988). To ensure good contact a smooth layer of
contact material must be placed on the soil surface (Clothier, 2001; McKenzie et al.,
2000; Minasny and McBratney, 2000; Reynolds, 2006; Reynolds, 2008; Reynolds and
Zebchuk, 1996). Despite its importance, most researchers have paid little attention to the

potential effect of the contact material on their results (Reynolds and Zebchuk, 1996).

It is well recognised that the initial wetting of the contact material can limit the use of
early-time infiltration data. This is because the high sorptivity of the contact material can
mask the response of the soil and make it difficult to identify when infiltration into the
soil begins. To overcome this problem a number of methods have been developed to
identify the initial period of contact material wetting in the cumulative infiltration data
(Cook, 2008; Minasny and McBratney, 2000; Reynolds, 2008). Minasny and McBratney
(2000) have also found that, even after accounting for the effect of the initial contact
material wetting, early-time infiltration was always faster when contact material was
used, and attributed this to better contact with the soil surface. In other experiments using
the same material as the present study, no difference was found in the saturated long-time
i; between the tension infiltrometer and ponded infiltration (Bagarello et al., 2000),
whereas during unsaturated infiltration long-time i, was 30% greater (Bagarello et al.,
2001). In contrast, Everts and Kanwar (1993) found that the use of a medium sand contact
material significantly reduced the saturated #,, compared to ponded infiltration. However,
Bagarello et al. (2000) repeated their experiment and found no effect on the saturated i,

when using two different contact materials.

Additional research has also shown that the suction applied by the tension infiltrometer is
‘offset’ by the contact material, resulting in a lower suction applied at the soil surface
(Reynolds and Zebchuk, 1996). This loss of suction was found to vary according to flow

rate and the contact material thickness. Reynolds (2006) shows that this discrepancy can
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affect the accuracy of derived hydraulic attributes, particularly in the macropore range

where small changes in soil matric potential can result in large changes in conductivity.

Close et al. (1998) used an iodide dye to visually map the infiltration pattern from a
tension infiltrometer through the contact sand and into the soil. For repeat experiments
under the same unsaturated suction (0.3 kPa) i, was positively correlated with the dyed
area. The pattern of flowpaths in the soil also generally followed the wetting pattern of
the contact material. Unfortunately, the physical and hydraulic attributes of the silica
sand contact material were not specified. Experience at Lincoln University has shown that
it is difficult to achieve reliable contact using fine to medium silica sand (Neil Smith,
pers. comm.). Also the experiments of Close et al. (1998) used dry soil columns (4.6%
moisture by weight), which raises the possibility that hydrophobicity may have been

present.

To address these issues it has been suggested that greater attention be paid to both the
type and preparation of contact material (Bagarello et al., 2001; Reynolds and Zebchuk,
1996). In the original design specifications for the tension infiltrometer, Perroux and
White (1988) specified that the contact material should be of minimal thickness (3 — 5
mm), have a sorptivity and conductivity that is higher than the soil’s, and that these
attributes should change minimally as the suction applied by the infiltrometer increases.
Reynolds and Zebchuk (1996) identified a glass bead material which met these criteria,
with additional benefits of chemical inertness, reusability, and low variability in hydraulic
attributes. A modified form of Darcy’s law was proposed to allow calculation of the
offset in surface suction caused by the contact material. It has also been recommended
that a membrane be placed between the contact material and the soil surface to prevent
the contact material infilling macropores (Bagarello et al., 2001; Reynolds, 2008;
Reynolds and Zebchuk, 1996). Close et al. (1998) also developed a preparation technique

to improve the contact uniformity between the infiltrometer and the contact material.

The use of tensiometers with tension infiltrometers

It is clear that there are a number of areas in the design and operation of tension
infiltrometers where the suction applied by the infiltrometer may be compromised. This
supports the argument by Dirksen (2001) that measurements of K(%,,) should not rely on
the externally applied hydraulic gradient, but that the hydraulic gradient within the soil

should be directly measured with tensiometers. Unfortunately, this is not the standard
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practice with tension infiltrometers, as almost all published research implicitly assumes
that the infiltrometer suction sets the ¥, of the soil. In two of the few experiments that
have measured ¥, under a tension infiltrometer, both Wang et al. (1998b) and Silva et al.
(1999) observed that ¥, did not match the applied surface suction. In these studies, ¥,
was 1 to 7 kPa more negative than the applied infiltrometer suction. Importantly, the
study of Wang et al. (1998b) shows that this discrepancy can occur at shallow depth (2.5
and 5 cm depth), whilst in the leaching study of Silva et al. (1999) ¥,, was consistently
more negative at all depths of a 70 cm deep lysimeter, and over long-time periods of 2 to

10 weeks.

However, tensiometers require careful calibration and installation to minimise errors,
particularly where there is a small hydraulic gradient or small flux (Dirksen, 2001;
Fluhler et al., 1976; Mohrath et al., 1997; Schwarzel et al., 2006; Tamari et al., 1993).
Tensiometer error largely arises from the accuracy in the pressure calibration and in
defining the depth of installation. It is important to note that most of these studies use an
evaporation method to determine K(¥,,), where the flux is small and there are small depth
increments (2 — 10 mm) between tensiometers. Both of these increase the sensitivity to
tensiometer errors. Dirksen (2001) also recommends increasing the number of

tensiometers at a particular depth, in order to reduce relative error.

2.5.2 Identification of steady-state flow

Interpretation of tension infiltrometer data relies on the shape of the cumulative
infiltration curve. The most common model used to represent infiltration behaviour is that
of Philip (1957), which predicts that at early-time sorptivity should dominate and
cumulative infiltration (/) should be linear with the square root of time, whilst at long-
time, gravity should dominate and / will be linear with time, and reflect the soil hydraulic

conductivity.

In general, steady-state analysis is the preferred method to interpret K(¥,,) as it is seen to
be more accurate, but steady-state can take a long time to reach, making measurements
more costly (Dirksen, 2001; White et al., 1992). The time to reach steady-state can vary
greatly among soils. White et al. (1992) generalise that steady-state flow usually takes
under six hours for field measurements with a 200 mm diameter disk, but may be much

longer for heavy textured soils. Thony et al. (1991) found that the early-time phase lasted
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for 5 hours for a heavy clay soil, but only 8 seconds for a loam. Cook and Broeren (1994)
observed that for the same soil type the time to reach steady-state varied greatly between
1 and 69 hours, depending on the disk radii and the suction applied. In a review of
infiltration studies, White and Sully (1987) calculated that steady-state took between 1
and 34 hours, with a geometric mean of ~ 2 hours. They proposed that under saturated

infiltration, steady-state is achieved in the order of 1 — 10 hours.

Recognising steady-state requires subjective judgement and patience (Clothier, 2001;
Wang et al., 1998b; White et al., 1992). Vandervaere et al. (2000) argues that it is often
questionable to assume that a real steady-state has been reached at the end of an
experiment. In theory, steady-state flow is achieved when the cumulative infiltration
curve becomes linear. As a guide, McKenzie et al. (2002d) recommend the linear slope
should be constant for a minimum of five consecutive measurements. The standard
laboratory method for cores or columns is to identify when drainage matches infiltration
(Cook, 2008; Dirksen, 1999). If the flux at both ends of the column is equal, then it is
assumed that the hydraulic gradient must also be constant. Dirksen (2001) recommends
that the most robust method to determine steady state is to measure directly the hydraulic
gradient, where a time-constant water flux and hydraulic gradient equates to steady state
conditions. Where previous knowledge of the likely magnitudes of hydraulic attributes
are available, then the expected time to steady state can be estimated using the following

equation (White and Sully, 1987),

2
toray = M Equation 2-1
K,-K,

where § is the soil sorptivity (a function of the supply water potential ¥, and the
antecedent soil matric potential ¥;); Ky is the conductivity at the supply water potential
and K; is the conductivity at the antecedent soil matric potential. Philip (1969) defines #g4,
as the time at which the effect of gravity on flow equals that of capillarity.

Where it takes prohibitively long to reach steady-state, it has been suggested that it may
be best to focus on early-time data from which much useful information can be extracted
(Cook and Broeren, 1994; White et al., 1992). However, in practice, the early-time phase
is often short and difficult to identify, particularly when obscured by the initial infiltration
into the contact material (Clothier, 2001).
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2.5.3 Sample volume

Sample volume is an important source of variability for measurements of hydraulic
conductivity at ¥, between -10 to 0 kPa (i.e. field capacity to saturation), where the
majority of water transmission occurs through macropores (Iwata et al., 1995; McKenzie
and Cresswell, 2002¢; Miyazaki, 2006). Determination of an appropriate sample volume
is often based on the concept of a representative elementary volume (REV), which is
defined by Bear (1972) as the smallest volume that contains a representation of the

variation in all element forms and proportions present in a system.

The REV will be dependent on both the nature of the process under investigation, and the
scale at which the process is being studied (Iwata et al., 1995; Miyazaki, 2006; van Es,
2002). For example, an REV for studying water movement is likely to be much larger for
saturated macropore flow, than unsaturated flow through mesopores at field capacity. The
REV for saturated infiltration into a soil with macropores has been proposed as at least
0.5 metres length, increasing to > 5 metres at the paddock scale (Miyazaki, 2006). Lauren
et al. (1988) estimated a representative area of 0.5 m? for their structured clay soil, whilst
McKenzie et al. (2002b) recommend laboratory measurements should use cores 22 cm
diameter and 20 cm deep. As a general indication it has been proposed that a REV should

contain at least 20 structural units (McKenzie and Cresswell, 2002c; van Es, 2002).

Effect on hydraulic conductivity measurement

Research has generally focussed on the effect of sample volume on a horizon’s saturated
hydraulic conductivity (K,,). Whilst variability consistently decreases as sample height
and area increase, the mean may increase or decrease, depending on the spatial
distribution of macropores. The classic study is by Anderson and Bouma (1973), who
used dye to show that the vertical continuity of macropores was artificially enhanced in
the shorter cores. They concluded that as sample height increased, the vertical continuity
in macropores decreased and their effect on water flow became less significant and K,

decreased.

Similar results were obtained by Lauren et al. (1988), who measured the effect of sample
area on the K, of a clayey textured horizon in situ at 37 locations using five different
sized columns, with successively smaller columns constructed within the previous

column. Iversen et al. (2001) concluded that the REV was different among types of soil.
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Three horizons from each of two structured clay loam soils and two structureless sandy
soils were compared. The structured soils had more variable K, values, with different
core sizes leading to statistically different K, in four of the six horizons, as well as the
profile average of the three combined horizons. For the unstructured soils there was no
significant difference between the profile average K, values, although a sample volume
effect was observed for three of the six horizons. Fuentes and Flury (2005) is the only
study that includes the effect of sample volume on unsaturated hydraulic conductivity.
Hydraulic conductivity varied considerably with core length, and showed a strong volume
effect when ¥, was wetter than -1.2 kPa. However, the usefulness of the study is limited

because only a single, small 9 cm diameter core was used.

Effect on solute transport

Despite the large amount of research published on solute transport, there appears to be
little research on the effect of sample volume on the measurement of solute transport
processes such as preferential flow. The effect of sample volume on water and solute
transport was researched by Parker and Albrecht (1987) for the A and B horizons of a
clayey textured soil. For both horizons it was observed that the mean Kj,, and solute
dispersivity increased as sample volume increased. The breakthrough curves of solute
concentration in drainage water were similar for the small and medium cores, whereas the
breakthrough curve of the large cores was markedly different for both soil horizons.
However, the reliability of the research may be limited as the core sizes are still small
compared to the potential REV, as indicated by other research on clayey textured soils

(Davis et al., 1999; Lauren et al., 1988).

Effect on spatial variability

The effect of using three different sample volumes to measure the spatial variability in
K4 along a transect for a sandy loam soil was studied by Mallants et al. (1997). It was
observed that as the sample volume increased the mean and variability of Ky, values
decreased, and it was concluded that the changes in variability were most likely a
reflection of the degree to which the soil macro-pore network was represented. Haws et
al. (2004) observed a similar pattern of decreasing spatial variability as the sample area
increased when measuring the saturated surface infiltration of one soil type at the
hillslope scale, as well as at the landscape scale, which combined three different soil

types. At both scales an infiltration area of 20 x 20 cm could not reveal the spatial
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structure because local scale heterogeneities dominated, whereas the spatial structure
became clearer using sample areas of 60 x 60 and 100 x 100 cm. In contrast to Mallants et

al. (1997), the mean values increased as the sample area increased.

Relevance for modelling

Despite the sensitivity of water and solute transport models to the accuracy and precision
of soil hydraulic parameters (Walker et al., 2000; Zavattaro and Grignani, 2001), little
research has focussed on validating models using parameters derived at different sample
volume scales. The sensitivity of a catchment water yield model to laboratory measured
K. using different-sized cores from a clayey textured soil was researched by Davis et al.
(1999). Model outputs produced good predictions using data from the large cores (22.3 x
30 cm core), but were extremely poor when using the small cores (6.3 x 7.3 cm), which
had measured K, values one to three orders of magnitude lower. It was concluded that
the small cores were not of sufficient size to incorporate macropores, and therefore
represented properties of matrix flow. Significant changes in the macropore network were
observed to occur with depth, and indicated that the REV would not necessarily be the

same for all layers of a soil.

Sample volumes used in New Zealand research

In the national SWAMP study the surface soil K, was measured in-situ using ponded
infiltration from dual rings of different sizes (10 to 50 cm diameter), whilst the K, and
unsaturated hydraulic conductivity of subsoil horizons was measured using small cores
(98 mm diameter by 65 mm high) (Joe and Watt, 1984; Watt and Vincent, 1991; Watt et
al., 1992). A number of other studies have also used similar-sized small cores to measure
saturated and unsaturated hydraulic conductivity (Drewry and Paton, 2000b; Drewry et
al., 2000; Greenwood, 1999; Greenwood and McNamara, 1992; Singleton et al., 2000;
Webb, 2003; Webb et al., 2000). Slightly smaller cores have been used to measured
unsaturated conductivity near field capacity (Gradwell, 1974; Gradwell, 1979; Gradwell
and Rijkse, 1988). The in-situ field measurements of ponded surface infiltration rate have
tended to use dual rings of similar size to the SWAMP study (Greenwood, 1999; Taylor
et al., 2008), whilst Cook and Broeren (1994) measured in-situ unsaturated surface

infiltration from 5 and 10 cm diameter tension infiltrometers.

Although there has been no direct study in NZ on sample volume effects on infiltration

measurements, the research reviewed in this section indicates that small core size used in
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the SWAMP study is not likely to contain an REV for many soils, particularly for

measuring hydraulic conductivity in the macropore range (i.e. at or near saturation).

2.5.4 Soil heterogeneity

Hydrophobicity

Hydrophobicity is a widespread phenomenon in field soils. A detailed bibliography of
worldwide research is given by Dekker et al. (2005). It is generally attributed to organic
coatings on soil particles causing a non-zero contact angle between soil and water. Severe
repellency occurs when the contact angle is larger than 90°, whereas ‘sub-critical’
hydrophobicity occurs when the contact angle is between 0 — 90°. Sub-critical
hydrophobicity is often difficult to observe because wetting does occur, albeit at a
retarded rate, although it is recognised as the most widespread form of hydrophobicity
(Wallis et al., 1991). It has also been claimed that most soils will exhibit some degree of
sub-critical hydrophobicity (Hallett et al., 2001), particularly in uncultivated soils (Doerr
et al., 2006; Jarvis et al., 2008).

Sub-critical hydrophobicity is increasingly recognised as a mechanism that can inhibit
early-time infiltration rates and patterns (Jarvis et al., 2008). Tillman et al. (1989)
observed that sub-critical hydrophobicity lowered the potential topsoil sorptivity by an
order of magnitude, even though there was no visual evidence of hydrophobicity. Wallis
(1991) showed that 14 New Zealand soils from three different regions, with a wide range
of textures, all exhibited varying degrees of hydrophobicity at field moisture conditions.
Even for soils with weak apparent hydrophobicity it was demonstrated that early-time
infiltration could potentially be reduced by approximately one order of magnitude, under
a five minute, high intensity rainfall of 5 year return interval. Clothier et al. (2000; 1996)
observed that the influence of sub-critical hydrophobicity persisted for about 100 minutes.
Concern was raised that many tension-infiltrometer experiments are of similar short
duration, meaning the presence of sub-critical hydrophobicity could easily be missed, and

lead to under-estimates of attributes such as hydraulic conductivity.

Hydrophobicity has also been identified as an important mechanism that generates
preferential flow. Research has observed this phenomenon in sand, loam, heavy clay, and
peat soils, but the majority of work has been in the Netherlands and has focussed on the

generation of preferential ‘finger’ flow in hydrophobic sandy soils (Dekker et al., 2005;
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Jarvis et al., 2008). Although both hydrophobicity and preferential flow have been
observed to have widespread occurrence in NZ soils, only Clothier et al. (2000) studied
the interrelationship. It was concluded that hydrophobicity did generate preferential flow,

which over long-time infiltration weakened as hydrophobicity broke down.

Air encapsulation and entrapment

Infiltration is effectively a two-phase flow system, where infiltrating water also displaces
pore air (Faybishenko, 1999; Hillel, 1998). Generally it is thought that this displacement
occurs readily, and therefore infiltration only needs to be studied purely in terms of the
water phase dynamics. However, studies have shown that the air phase can have a large
influence on infiltration, either as entrapped air ahead of the wetting front, or as
encapsulated air bubbles in the transmission zone (Constantz et al., 1988; Faybishenko,

1999; Wang et al., 1997).

Air encapsulation is thought to occur because the pore velocity varies across different
parts of the pore network, meaning some pore spaces fill before others (Constantz et al.,
1988). During saturated infiltration into different soils it has been shown that
encapsulated air reduced the potential infiltration rate by 0.5 to 2 orders of magnitude
(Constantz et al., 1988; Faybishenko, 1999). Air encapsulation is thought to be greatest in
soils with a large distribution in pore water velocities (e.g. strongly aggregated soils),
although the key factor is not the volume of encapsulated air, but its impact on the
connectivity of the infiltrating pore network. For example, Constantz et al. (1988)
measured during saturated infiltration that encapsulated air was three times greater in a
sand compared to a loam soil, yet the effect on the infiltration rate was the same. The
effects of air encapsulation may also vary during an infiltration event, with Faybishenko
(1999) showing that approximately half of the encapsulated air can be considered mobile
and moves together as bubbles with the infiltrating water, and half is immobile and can
only be slowly removed by dissolution into water. Fayer and Hillel (1986) consider that it
would take at least several days of infiltration before diffusion into water of the immobile

air starts to become important.

Air entrapment occurs where a high water table (within 2 metres of the surface) or slowly
permeable subsoil restricts the displacement of soil air, and has been observed under
flood irrigation or intense sprinkler irrigation (Fayer and Hillel, 1986; Grismer et al.,

1994; Hammecker et al., 2003; Latifi et al., 1994; Navarro et al., 2008). Wang et al.
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(1998) identify that entrapped air can often cause a surging infiltration rate (i;), where i
initially slows as entrapped air restricts wetting front penetration. Entrapped air will then
continue to compress until the air pressure is sufficient that it escapes to the surface,
which causes a sharp drop in air pressure ahead of the wetting front, allowing it to

advance more rapidly and i, to increase.

It is important to note that research seems to have focussed on the effect on saturated
infiltration, even though unsaturated infiltration is more typical in field soils. In terms of
New Zealand research there appears to be no research on the effects of air encapsulation /
entrapment. Air encapsulation / entrapment could also be an important mechanism during
unsaturated infiltration. For example, during near-saturated infiltration air encapsulation
may block a macropore and slow infiltration markedly. Conversely encapsulation in

mesopores may result in localised wetting such that macropore flow is activated.

Preferential flow

The most commonly encountered limitation for deriving soil hydraulic attributes from
infiltration data is the requirement that the soil be uniform and homogeneous (White et
al., 1992). This assumption sees infiltration progressing as a uniform piston-like wetting
front moving downwards sequentially through one soil layer and then the next (Smettem
and Smith, 2002). Typically this assumption is thought to be true when infiltration is
confined to the soil matrix, where variations in pore water velocities are not great, and
capillarity is able to even out local heterogeneities. However, once the flux exceeds the
saturated conductivity of the matrix, water can enter macropores, often greatly increasing
the range of conducting pore water velocities, resulting in preferential flow and non-
uniformity in the wetting pattern (Clothier, 2001). A number of other mechanisms can
also generate preferential flow, such as hydrophobicity, air encapsulation, and textural

layering.

A common characteristic is that preferential flowpaths can cause the wetting front to
initially by-pass large areas of the soil matrix, resulting in a complex array of wetting
fronts progressing both vertically and laterally. Another outcome of activating
preferential flowpaths is that they can considerably shorten the time for the wetting front
to reach lower soil layers. Overall this can affect measurements as the infiltration rate

may not follow the simple two-phase pattern predicted by the Philip model, but rather
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reflect a complex interaction where flow through different parts of the pore network is

dominated by either capillary or gravity forces.

The occurrence and mechanisms of preferential flow behaviour have been widely studied
in the literature, with a number of thorough reviews (Beven and Germann, 1982; Bouma,
1981; Clothier et al., 2008; Hendrickx and Flury, 2001; Jarvis, 2007; Miyazaki, 2006). A
key finding of Jarvis (2007) is that experimental evidence consistently shows that
preferential flow becomes increasingly important as ¥, wets to above -1 kPa. This is the
operational range of tension infiltrometers, and is one of the prime reasons why their use
has become so popular. Despite this, many tension infiltrometer applications assume that
infiltration occurs uniformly, even though research indicates that preferential flow
behaviour is common in many soils. Interestingly, it is also apparent from these reviews
that there has not been much research on the effect of preferential flow behaviour on
tension infiltrometer measurements, and the subsequent derivation of hydraulic attributes,
even though non-uniformity is often attributed as the cause of negative K(¥,,) values

when using steady-state analysis (White et al., 1992).

In the first section of this review it was shown that preferential flow has been identified as
an important mechanism in the transport of a number of contaminants through New
Zealand soils. An initial national survey indicates that the potential for preferential flow is
likely to be widespread in New Zealand soils (McLeod et al., 2008; McLeod et al., 2003),
although this has been limited to only 10 soil types under constant flux irrigation of 5 mm
hr! (McLeod et al., 2004; McLeod et al., 2003; McLeod et al., 2001; Pang et al., 2008).
However, the frequency and mechanisms behind the initiation of preferential flow are not
well understood, except perhaps for a few intensively studied soils such as the Manawatu

fine sandy loam.

Soil layering

A common assumption of infiltration measurements is that there will be sufficient time
for steady-state infiltration to develop before interference from the wetting of lower
layers, which may have distinctly different K(%,,) relationships (McKenzie and Cresswell,
2002b). This assumption is the major weakness of in-situ tension infiltrometry according
to Dirksen (2001). Soil layering can also violate the assumptions that the measurement
volume is homogeneous with a uniform antecedent water content (Vandervaere et al.,

2000). A number of studies have also demonstrated that soil layering can be a key
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phenomenon in instigating preferential flow, particularly fingering, when a layer of fine

texture overlies a coarse textured layer (Hill and Parlange, 1972; Miyazaki, 2006).

The expected behaviour of infiltration into layered soils is thoroughly reviewed by Iwata
(1995). In essence, if soil layers have contrasting K(¥,,) curves, then the infiltration
behaviour should be driven by layer interactions as each soil layer attempts to match
Darcy velocities, by adjusting ¥, and thus the layer conductivity. For example, if Kiayera
> KiayerB, then excess water will accumulate at the base of layer A, causing ¥jayes to
increase until the Darcy velocity is in equilibrium (i.e. layer B gets wetter). Conversely, if
Kiayera < Kiayers then the water supply from layer A is limiting, causing ¥jayes to decrease
until the Darcy velocity is in equilibrium (i.e. with layer B drier than layer A). In practice
the response from an individual layer is not instantaneous, and it is likely that feedback
loops occur. For example, if Kiayera < Kiayers then Piayers Will decrease (i.e. drain), but if
the response is slow then at least the lower part of layer A will also drain because Kjayers

is higher, which may further reduce Kjayera and causing Phayers to decrease further.

This behaviour was observed by Silva et al. (1999) who measured ¥, at 3 depths in a
lysimeter during saturated and unsaturated (0.5 kPa surface suction) leaching
experiments, over respective 2 and 10 week time periods. At all depths ¥, was
consistently 1 to 4 kPa more negative than the applied surface suction. This was attributed
to self-adjustment in a vertically layered soil profile, where ¥,, kept adjusting toward an
equilibrium profile, with a local conductivity and hydraulic gradient in each layer that

maintained a constant Darcy velocity through the profile.

There have been both experimental and theoretical studies on infiltration into layered
soils (Chu and Marino, 2005; Smith, 1990; Yang et al., 2006), but Iwata (1995) notes that
overall, experimental data are insufficient. Most studies have been on the effects of
surface crusts (Smith, 1990), fingering, or water storage dynamics in fine over coarse
textured soils. Smettem and Smith (2002) have also identified that there has been no
detailed investigation of the effect of soil layering on surface-measured hydraulic
attributes derived from infiltration studies. This is important, because in practice soil

layering occurs near the soil surface (Vandervaere et al., 2000; White et al., 1992).

The potential problems of soil layer interference is a strong justification for concentrating

on measuring early-time infiltration, where the smaller sample volume is more likely to
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comply with the necessary assumptions of homogeneity and uniform water content
(Clothier and Scotter, 2002). Alternatively, Lin and Mclnnes (1998) measured K(¥,,) of a
clayey subsoil during a single tension infiltrometer experiment by incrementally reducing
the suctions from 1.2 to 0 kPa, with only short equilibration times of 10 to 30 minutes.
They argue that because the soil was pre-wet that quasi-steady infiltration could be
reached in a few minutes, which is as good an estimate of steady infiltration rate that can
be expected under most field conditions, and avoids problems with interference from a
lower layer. Using dye analysis they showed that, when the experiment was limited to
unsaturated infiltration, the wetting front penetrated 0.2 m depth, but when it included
saturated infiltration the front reached 0.4 to 0.5 m. The dye also showed that for all the
experiments infiltration was highly non-uniform and confined to preferential flowpaths,
which raises questions about the assumption of steady-state flow. The New Zealand
National Soils Database also shows that it is not uncommon for layering to occur within

0.2 m depth, which brings into question the universal validity of this approach.

Hysteresis

It is generally recognised that K(¥,,) is hysteretic, usually to the extent that 6,(¥,,) is
hysteretic (Dirksen, 2001). This is important because different methods of determining
water movement attributes use different approaches, such as measuring K(%,,) during
wetting or draining, as well as during downward or upward flow. The likelihood of
hysteresis means that great care should be taken in combining data from different
methods to widen the range over which K(¥,,) is characterised (McKenzie et al., 2001).
Care also needs to be taken in appropriate application of the data, such as only using data

measured during downward wetting to model infiltration behaviour.

The value of tension infiltrometers is that they allow us to study the near-saturated
wetting behaviour of a soil. However, McKenzie et al. (2002b) argue that while most field
experiments measure the wetting curve of K(%,,), most laboratory experiments measure
the desorption curve. Close et al. (1998) also identify that soil is often prewet or even
saturated prior to taking negative head readings. This approach is the basis of the method
proposed by Ankeny (1991) and McKenzie et al. (2002¢), where steady-state saturated
flow is established, then a sequence of steady-state measurements are made as the suction
is progressively increased. However, White et al. (1992) note that whilst this approach

allows rapid measurement, it may be affected by drainage-induced hysteresis.
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McKenzie et al. (2001) measured significant hysteresis in nine different soils when K(¥,,)
was measured by tension infiltrometer in steps of decreasing suction (i.e. wetting) or
increasing suction (i.e. draining). Logsdon et al. (1993b) observed that hysteresis was
more evident at 0.3 kPa suction where differences of 120 — 160% in K(¥,,) were
measured, compared to only 20% difference in values at 1.5 kPa suction. Bargarello et al.
(2005) observed the same pattern, consistent with the claim by McKenzie et al. (2002b)

that hysteresis is only significant at matric potentials very close to saturation.

To overcome the problems of hysteretic behaviour, Dirksen (2001) suggests determining
K(6,), which typically exhibits negligible hysteresis (Dirksen, 2001; McKenzie and
Cresswell, 2002b). However, this involves measurement of 6, in-situ, and assumes that 6,
is uniform with depth. The other problem is the sensitivity of the water content
measurement devices where accuracies of + 1 — 3% are typical. This sensor accuracy may
become quite restrictive in characterising K(6,) of the macropore network, where a only a

small increase in 6, can result in a large increase in conductivity.

Pore network instability

A fundamental assumption when interpreting soil hydraulic attributes from infiltration
data is that the pore network is rigid and stable with time. As previously noted, stability is
particularly important for application of Richards’ equation, which assumes that unique
and definable K(¥,,) and 6,(¥,,) functions exist. However, a number of studies have
shown that this is a tenuous assumption. Temporal dynamics in K(7,,) have been shown
to be particularly strong in soils with shrink / swell characteristics, such as vertic soils
with swelling clays or soils high in organic matter (Bagarello et al., 2006; Dikinya et al.,
2008; McKenzie and Cresswell, 2002b). Excessive exchangeable sodium which can arise
from irrigation and groundwater management practices, can cause structural collapse and
decline in K(¥,,). Although there have been many studies on soils with these attributes,
characterising their hydraulic behaviour remains a substantial challenge (Bagarello et al.,

2006; McKenzie and Cresswell, 2002b; Smiles, 2002).

Changes in K(%,,) due to climatic variation, ranging over time scales from a few hours
following a rainfall event to seasonal changes have been observed (Bodner et al., 2008;
Messing and Jarvis, 1993; White and Perroux, 1989). Temporal dynamics in K(%,,) have
also been associated with land management activities such as: crop type (Bodner et al.,

2008); effluent disposal (Greenwood, 1999); and tillage (Angulo-Jaramillo et al., 2000;
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Moret and Arrue, 2007; Reynolds et al., 1995; Sauer et al., 1990). Of particular interest is
that the strongest temporal dynamics often appear to be in the largest macropores, and
therefore affect infiltration measurements at suctions less than ~0.5 kPa (AnguloJaramillo
et al., 1997; Moret and Arrue, 2007; White et al., 1992). This indicates that preferential
flow behaviour will be strongly affected by temporal dynamics in K(7,,).

Clearly, great care needs to be taken to standardise a number of antecedent conditions if
results between infiltration experiments are to be comparable. A clear relationship
between steady-state infiltration and the antecedent moisture content is often observed for
clay soils (Lin et al., 1998; Reynolds and Zebchuk, 1996b), although Bargarello et al.
(2000) also observed a similar pattern for a sandy loam soil. Bargarello et al. (2000) also
concluded that different site preparation procedures had a significant influence on the
experimental results. Under a surface suction of 1.2 kPa the conductivity values were
always higher when the surface layer of soil (10 mm depth) was removed. In contrast,
Schwarzel and Punzel (2007) attributed surface sealing as the mechanism behind the
lower infiltration rates measured by a tension infiltrometer, when compared to
measurements by a hood infiltrometer. They suggested that disturbance during surface
preparation and establishment of the contact layer resulted in smearing and clogging of

the surface pores.

Biological activity

Temporal variability in infiltration measurements may also be due to soil fauna, micro
organisms, and plant root growth. Earthworms are well recognised as causing variability,
particularly when measuring the macropore network in small cores (McKenzie and
Cresswell, 2002b). Micro organism activity has also been shown to cause temporal
declines in measurements of K(%¥,) over several days (Ragusa et al., 1994; Seki et al.,
1998; Yarwood et al., 2006). There are also other studies that have attributed temporal
variations to microbial activity, though without direct evidence. McKenzie et al. (2001)
observed temporal variation in K(%,,) of cores sampled from sub-humid climates (500 —
600 mm annual rainfall), and attributed this to rapid microbial growth caused by the
unusually wet conditions maintained in the cores during the experiments. Faybishenko
(1999) proposed that micro-organisms can increase infiltration rate by consuming
encapsulated air, whilst also decreasing the infiltration rate by biofilm accumulation

clogging the pore network. Other authors have suggested that root growth in macropores
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can have a large influence on seasonal dynamics of K(¥,,) in cropping soils (Bodner et

al., 2008; McKenzie and Cresswell, 2002b).

Thymol has been recommended as an inhibitor of biological activity (McKenzie et al.,
2002d; Skaggs et al., 2002a). Debate exists about the need for biological inhibitors,
particularly if the purpose is to assess field soil dynamics. However, they are applicable if
measurements create conditions that may not occur in the field, such as wetting the soil to
near-saturation for prolonged periods which may artificially enhance microbial activity. It
is under these sustained wet conditions that pronounced effects of microbial activity have
been observed (McKenzie et al., 2001; Ragusa et al., 1994; Seki et al., 1998). Generally,
biological inhibitors are recommended if the purpose is to study the physical processes of

water flow (McKenzie and Cresswell, 2002b; McKenzie et al., 2001)

Temperature fluctuations

As previously noted, temperature fluctuations can affect the air pressure within tension
infiltrometers, and consequently the suction applied at the soil surface. Temperature
fluctuations also affect the viscosity of both the resident soil water as well as the
infiltrating water from the infiltrometer (White et al., 1992). McKenzie et al. (2002b)
argue that temperature effects on infiltration measurements are rarely considered, even
though they are potentially a large source of error. They observe that in Australia seasonal
temperatures can vary by 20°C during fieldwork, which may affect inter-study
comparisons. Similar fluctuations could be expected in New Zealand, especially in the
South Island. This may be important for not just comparing field results, but comparing
field with laboratory data, where measurements are typically under controlled conditions
at ~20°C. The use of 20°C as the standard reference is also questionable, when in New
Zealand infiltration typically occurs at much lower temperatures. For example, the mean

annual soil temperature for the soil used in this study is 10 °C.

The experimental research is limited, and mostly shows the effect of temperature on
laboratory measurements of K(%,,) (Constantz, 1982; Constantz and Murphy, 1991;
Stoffregen et al., 1999). Recent research has also shown that temperature can have a
significant effect on the infiltration rate of large scale infiltration basins (Braga et al.,
2007; Emerson and Traver, 2008; Lin et al., 2003). It is generally assumed that the
temperature dependence of K(¥,,) is primarily driven by the effect of temperature on

viscosity, where water’s viscosity changes by ~2% per degree Celsius, resulting in K(¥,,)

35



doubling if temperature increases by 30°C (Lin et al., 2003; Stoffregen et al., 1999).
However, Stoffregen et al. (1999) argue that research findings are contradictory, which
may be a reflection of different experimental methods, and failure to control the effects of
other variables. The consensus of these studies is that the effect of temperature tends to be
greater than that predicted by changes in viscosity, suggesting that the temperature
sensitivity of other factors such as electrolyte effects, surface tension, and air entrapment
may be important (Constantz, 1982; Lin et al., 2003; McKenzie and Cresswell, 2002b;
Stoffregen et al., 1999).

2.5.5 The reliability of infiltration measurements - research gaps

The first section of this review established that there is a practical demand in NZ for
infiltration studies, driven by legislative requirements and industry best management
practices. In the second half of this review it has been shown that tension infiltrometers
have the potential to meet this demand. Tension infiltrometers have been widely used to
characterise many of the hydraulic attributes of interest, with considerable research also
into the methods and theory necessary to obtain reliable laboratory and field

measurements.

However, it is also clear from the second half of this review that there are a number of
mechanisms that can introduce error into infiltration measurements, which are likely to be
a source of the spatial variability previously observed. If there is to be a future revival of
infiltration studies on NZ soils, then these studies need to be backed up by knowledge and

management of measurement uncertainties.

This thesis aims to improve the management of possible measurement uncertainties by

researching the following knowledge gaps:

1. There is little experimental research on using large lysimeters for measuring
infiltration and water movement attributes. Lysimeters may mitigate sample
volume problems associated with the traditional small core measurements.
Previous research has shown that large errors can arise from using small sample
volumes to measure K(¥,,). This is often attributed to the connectivity of the
macropore network being artificially enhanced. I explore the potential for
determining the K(%,,) of individual layers in-situ, where the connectivity is

undisturbed (chapter 7).
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2. Preferential flow has been identified as an important mechanism governing near-
saturated infiltration behaviour. Research also shows that it is a widespread
phenomenon in NZ soils. However, the mechanisms behind preferential flow
initiation, and its persistence during infiltration, are not well understood. Chapter
5 presents results from three different methods of characterising preferential flow,
and examines how each method complements our understanding of the

mechanism.

3. There are few experimental datasets quantifying the internal behaviour of layered

soils during infiltration.

4. Only a few studies have quantified the errors in K(¥,,) measurements. In this
study there is a rigorous attempt to identify and limit sources of temporal and
spatial uncertainty. There is also an attempt to quantify the instrument error in
chapter 3, and in chapter 7 errors are fully propagated through to the derived
K(?,,) values.

5. This review identifies that there is no clear ‘best practice’ for determining when
steady-state has been established. Chapter 7 explores how different approaches to
determine steady-state affect the K(%,,) relationship.

6. There is limited research on the combined effects of preferential flow, soil
layering, and hydrophobicity on infiltration measurements, and their influences on
measured hydraulic attributes. Chapter 6 studies the influence of these
mechanisms on early-time infiltration, and Chapter 7 identifies the main

mechanisms governing long-time infiltration measurements.

With regard to the thesis objectives: research gap 2 relates to objective 1; research gap 6
relates to objective 2; research gaps 1, 3, 4, 5, and 6 relate to objective 3; and research gap

4 relates to objectives 3 and 6.
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Chapter 3
Methods

3.1 Field sampling

Field sampling was carried out during October 2005. This involved the collection of

lysimeters, description of soil profiles, and a dye infiltration study.

3.1.1 Location of sampling sites

The sampling location, ~6.5 km north of Methven at grid reference 2400205E 5736438N
on the Canterbury Plains, was selected as being representative of the Gorge soil series.
The sampling site was chosen to suit the farmer (David Barlass), in the centre of a
paddock that was about to be ploughed for sowing of new pasture. The site had been
under permanent pasture for at least 20 years and used for semi-intensive sheep and cattle
grazing (David Barlass, personal comm.). Plate 3-1 shows the location of each lysimeter,
and the three sites used for the dye study and description of morphological attributes.
Only the four lysimeters that were used in the infiltration experiments are marked. The

locations of the dye and profile description sites were chosen to be at the centre and each

end of the sampling trench.

Profile 1 / Dye 1

Profile 2 / Dye 2

Profile 3 / Dye 3

Plate 3-1 Location of the lysimeters, as well as the three sites used for the dye study and description of

morphological attributes.
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3.1.2 Description of soil morphological attributes

Soil morphology was described at three locations, following the method of Milne et al.
(1995). At each location a 1 m” vertical face was excavated 0.3 m back from the trench
wall. Soil description focussed on identifying the functionally different soil horizons
based on differences in soil colour, structure size, shape, and density, and root
distribution. Moisture content was also measured in-situ using the Campbell Scientific
CS620 Hydrosense, with 20 cm sensor rods attached. Accuracy of the CS620 is = 3%
volumetric water content. Permeability class was also estimated following the method of
Griffiths et al. (1999), from in-situ measurements of packing density and aggregate

coatings, as well as laboratory assessment of aggregate size distribution.

Aggregate-size distribution

Aggregate size distribution was assessed following the method of Griffiths et al. (1999).
At each location a large soil block was carved out at three soil depths (5 — 25 cm, 30 — 50
cm, 60 — 80 cm). Approximately 16 kg was collected from the topsoil, and 18 — 20 kg
from the subsoil. The soil blocks were then kept moist by placing in large plastic bags,
whilst transporting them back to the soil physics laboratory at Lincoln University. The
total weight of each block was recorded, before each block was dropped from a height of
0.5 m to separate the individual aggregates. The mass of soil from each block was then
passed through a range of sieves with 2, 4, 10, 20, 50, and 100 mm openings. The weight

of soil aggregates retained on each sieve was then recorded.

Aggregate stability

Aggregate stability was measured on samples collected during a reconnaissance survey of
the sampling site. A small soil pit was excavated, and samples removed from the topsoil
(10 — 15 cm depth) and the subsoil (40 — 50 cm depth). Aggregate stability was assessed
on field-moist 2 — 4 mm aggregates, using the wet-sieve stability test, based on the
method of Nimmo and Perkins (2002). Ten replicate sub samples (100 g) were placed in
the 2 mm sieves of the wet-sieve apparatus, which was then run for 15 minutes. The soil
retained on the sieve was then collected and oven dried at 105°C. Aggregate stability is

expressed as the mean of the 10 replicate sub samples using the equation:

Aggregate stability (%) = m x100
/4 Equation 3-1
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where W, is the total soil weight (oven dried equivalent) added to the wet-sieve apparatus,

and W, is the oven dry weight of soil retained on the wet sieves.

Aggregate stability was also assessed using the dispersion and slaking test. This involved
taking field moist aggregates (collected during the reconnaissance survey) and
submersing them in water-filled petri dishes for 24 hours. The petri dishes were then

photographed to visually show the degree of dispersion or slaking that occurred.

3.1.3 Ponded infiltration of dye tracer

The infiltration of a dye tracer was studied at 3 sites, located ~1 m behind the sites of the
described profiles (Plate 3-1). At each site a lysimeter casing (50 cm diameter) was
pushed ~1 cm into the soil surface, with moist soil mounded around the outside of the
casing to aid the edge seal (Plate 3-2). A total of 50 mm depth of dye solution was applied
manually in increments to maintain a constant 10 mm ponding depth. The dye used was
Brilliant Blue FCF (C.1I. 4290) at the concentration of 5 g litre. Brilliant Blue dye was
selected because it has been successfully used in a number of previous studies, and at the

applied concentration should pose low environmental toxicity (Flury and Fluhler, 1994).

After 16 — 20 hrs each dye site was excavated to create a vertical face through the centre
of the infiltration ring, approximately 90 cm wide and high. The face was framed with a
reference ruler marked in 5 cm increments. Each site was then photographed using a four
megapixel digital camera under similar sunny daylight conditions, between 11 am and 1
pm on 3 consecutive days. Horizontal sections (50 cm wide by 90 cm long) were then

excavated and photographed at soil depths of 2, 20, 40, and 60 cm from the soil surface.

Plate 3-2 Use of the lysimeter casing (50 cm diameter) to apply S0 mm depth of Brilliant Blue FCF

dye solution as ponded infiltration.
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Image analysis of dye pattern

Image analysis of the dye pattern was carried out for each horizontal section. For
consistency the portion of each image corresponding to the 20 x 20 cm square under the
centre of the infiltration ring was selected for analysis. In this zone where infiltration was
essentially one dimensional and there was minimal geometric distortion in the image. The
photographs were analysed by the Robolab software (developed at TUFT University,
College of Engineering, Medford, MA USA[http://www.ceeo.tufts.edu]) using a program
written by Professor A. McKinnon and Dr. K. Unsworth, of the Applied Computing

Department, Lincoln University.

To overcome any potential exposure differences in the photographs the program converts
the photo into a HSL (Hue, Saturation, Lightness) image, where the value of the hue
essentially represents the colour of the image independent of its brightness. The program
analysed the dye density of each pixel, based on classifying whether the hue was in one of
three threshold ranges: no dye, pale dye, or dense dye. The threshold values were
established by selecting a small segment (i.e. ~4 cm?) which contained discrete areas of
each density, then manually adjusting the threshold values for the hue to visually
distinguish the different dye densities. The threshold values were then tested against other
small segments to ensure consistent classification. Each 20 x 20 cm square was then
analysed using the same threshold values, with the dye density presented as the

percentage of pixels that were classified as no dye, pale dye, or dense dye.

3.1.4 Sampling of lysimeters

Following the profile descriptions and dye study, eight intact soil monolith lysimeters (50
cm diameter x 70 cm depth) were collected from the locations shown in Plate 3-1. To
reduce costs, each lysimeter casing comprised two recycled 50 cm deep casings stacked
together (refer to Plate 3-3). The main steps are shown in Plate 3-3, with each step as

follows:

A. An excavator was used to dig a 1 m deep trench network that left four 1.5 m wide
undisturbed soil blocks. Two lysimeters were then excavated from each block,
located ~50 cm in from the edge to avoid any fractured zones along the margins

of the trench.
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B. The lysimeters were collected by manually carving a cylindrical pedestal slightly
larger in diameter than the lysimeter casing. Once 5 — 10 cm of the pedestal was
excavated (photo B1) the lysimeter casing was pushed downwards (photo B2).
The step was repeated until the lysimeter was 75 cm deep (photo B3). The 70 —
75 cm depth increment was later removed and replaced with drainage material

(refer section 3.2, below).

C. To minimise disturbance of the column the lysimeter case had a 5 cm deep
internal cutting ring, which was the only part of the lysimeter in contact with the
soil as the casing was pushed downwards. The cutting ring left a 5 mm annular
gap between the soil column and the rest of the casing, which was then filled with
heated and liquefied petroleum jelly (photo C1). This was done in two stages,
with the lower casing annulus filled first before the upper casing was slid over the

column and subsequently sealed.

D. The lysimeters were then left overnight for the petroleum jelly to solidify. Once
the petroleum jelly cooled and solidified all gaps between the column and the
casing were filled (photo C2), preventing any edge-flow down the lysimeter wall
during the infiltration experiments (Cameron et al., 1992). A cutting plate was
used to detach the column from the underlying soil. A purpose-built frame was
mounted around the base of the lysimeter, which acted to guide the circular
cutting plate as a hydraulic ram pushed the plate under the lysimeter. The cutting

plate was then bolted to the lysimeter casing using four lifting rods (photo D).

E. The lysimeters were then lifted from the trench by a front end loader, using a
chain hoist that attached to the top of the lifting rods. Four lysimeters at a time
were loaded onto a specially designed, air suspended trailer, and transported back

to Lincoln University (photo E).
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Plate 3-3 The major steps in the collection of the monolith lysimeters. The details of each step are

outlined in the preceding text.

3.2 Lysimeter preparation and pre-experiment storage

After transportation back to the Lincoln University lysimeter laboratory the drainage base

was installed for each lysimeter (Plate 3-4), using the following steps.

A. The top of the lysimeter was packed with air cushions, and a top plate temporarily
fitted and held in place by the lifting rods. A specially made iron collar was
attached, which allowed the lysimeter to be lifted and inverted using a tractor
(photo A).

B. The cutting plate was then removed and the lowest 5 cm of the soil column was

excavated (photo B).

C. Any smeared soil with blocked pores was then removed by applying a 1 cm thick
layer of plaster of paris (photo C). Once hardened the plaster of paris was then
broken and removed, which in turn tends to roughen and ‘peel’ the underlying soil

surface.

D. The base of the lysimeter was then filled with a gravel (67%) and sand (33%)
mixture, which acts as the drainage layer (photo D). A new steel base plate was
then bolted back onto the base of the lysimeter. To enable drainage the base plate

has seven equally spaced channels radiating out from the central 12 mm diameter
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drainage hole. Lysimeters were then re-inverted and the top plate removed. The
base plate and centre join between the two casings where then sealed with a layer
of silicone sealant to prevent any water leakage during the infiltration
experiments. The water characteristic of the drainage layer was measured (refer
section 3.10). During the experiments the ¥, of this layer was between -3.5 to 0
kPa, which corresponds to 6, of 14 — 25%. Most of this moisture content is
interpreted as drainage pores, as the water content at -10 kPa (i.e. field capacity)

was ~4%.

Plate 3-4 Steps in the installation of the lysimeter drainage base, with each step described in the

preceding text.

After installation of the drainage base the lysimeters were stored outside for between 6 —
18 months, before the infiltration experiments began. The lysimeters were maintained by
regularly trimming of the pasture, and applying irrigation to supplement rainfall and keep

the column moisture content near field capacity.

3.3 Lysimeter setup and sensor instrumentation

About two weeks before infiltration experiments began the relevant lysimeter was moved
by a front end loader into the experiment shed. The purpose of the shed was to partly
control the effect of temperature on the experiments, particularly to buffer against rapid
temperature fluctuations, as well as to protect instruments. The lysimeter was placed on a
1 metre high stand and secured to shelving (Plate 3-5), upon which the infiltrometer water
reservoir was mounted. This setup allowed up to three lysimeters to be installed, although

in practice only two were installed at once.
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Water content
reflectometers (4
installed per lysimeter).

Tensiometers (30 — 32
installed per lysimeter)

Soil temperature sensor
(1 installed per lysimeter).

Drainage tank bubble tower Drainage tank (35

litres)

Plate 3-5 Experimental setup for Lysimeter 1.

Sensor layout for each lysimeter

Once installed the drainage tank was connected and the lysimeter instrumented with
tensiometers, water content reflectometers (WCR), and a soil temperature sensor. Plate
3-5 illustrates the instrumentation used for lysimeters 1 and 3. A slightly different pattern
of tensiometer placement was used for lysimeters 2 and 6. Sensor numbers and layout for
each lysimeter are given in Table 3-1. Instrument placement was measured as a depth
from the nominal soil surface, which was defined for each lysimeter following the method

described in section 3.4 below.

Table 3-1 shows the ‘operational’ number of tensiometers at each depth for individual
experiments, where sometimes a tensiometer had failed due to air bubbles inside the
ceramic cup or condensation forming in the pressure transducer. Tensiometer failure was
easily identified in the data as when readings became clearly erratic and showed no
relationship to the behaviour of other sensors at that depth. Although not shown in Table
3-1, lysimeter 2 had a further 4 tensiometers at each of the 10, 30, and 50 cm depths. The
data from these additional depths were not used in the results chapters, because it was

observed that the major changes in tensiometer behaviour coincided with soil layer
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boundaries, so it was decided to just use the 2, 20, 40 and 60 cm depth increments to

allow a more consistent and clear comparison between lysimeters.

Lysimeter Depth increment
infiltration Surface 2 cm 20 cm 40 cm 60 cm 70 cm
experiment
L1 0 kPa 1Tz 7Tz; 1 WCR 7Tz; 1 WCR 7Tz; 1 WCR 7Tz 1WCR 1Tz
0.5 kPa 1Tz 7Tz; 1 WCR 7Tz; 1 WCR 7Tz; 1 WCR 7Tz 1WCR 1Tz
1 kPa 1Tz 6Tz; 1 WCR 6Tz; 1 WCR 7Tz 1 WCR 6Tz 1 WCR 1Tz
1.5 kPa 1Tz 6Tz; 1 WCR 7Tz 1 WCR 7Tz 1WCR 7Tz 1WCR 1Tz
L2 0 kPa 1Tz 4Tz; 1 WCR 4Tz, 1 WCR 4Tz 1 WCR 4Tz 1 WCR 1Tz
0.5 kPa 1Tz 4Tz; 1 WCR 3Tz; 1 WCR 4Tz;1 WCR 3Tz 1 WCR 1Tz
1 kPa 1Tz 4Tz; 1 WCR 3Tz, 1 WCR 3Tz 1 WCR 3Tz 1 WCR 1Tz
1.5 kPa 1Tz 4Tz; 1 WCR 3Tz; 1 WCR 3Tz;1 WCR 3Tz 1 WCR 1Tz
L3 0 kPa 1Tz 7Tz; 1 WCR 7Tz; 1 WCR 7Tz; 1 WCR 7Tz 1 WCR 1Tz
0.5 kPa 1Tz 7Tz; 1 WCR 7Tz; 1 WCR 7Tz; 1 WCR 7Tz 1 WCR 1Tz
1 kPa 1Tz 7Tz; 1 WCR 7Tz; 1 WCR 7Tz; 1 WCR 7Tz 1 WCR 1Tz
1.5 kPa 1Tz 7Tz; 1 WCR 7Tz; 1 WCR 7Tz; 1 WCR 7Tz 1 WCR 1Tz
L6 0 kPa 1Tz 1 WCR 8Tz; 1 WCR 10Tz; 1 WCR 11 Tz; 1 WCR
0.5 kPa 1Tz 8Tz 10 Tz 13Tz
1 kPa 1Tz 8Tz 10 Tz 13Tz
1.5 kPa 1Tz 8Tz 10 Tz 13Tz

Table 3-1 The number of ‘operational’ sensors at each depth increment for each lysimeter, during

infiltration experiments under surface imposed suctions of 0, 0.5, 1, and 1.5 kPa. The table shows the

number of tensiometers (Tz), and water content reflectometers (WCR).

At each depth increment the replicate tensiometers were installed at regular intervals

around the lysimeter circumference, with the number of intervals varying depending on

the number of sensors. For example, in Plate 3-5 Lysimeter 1 has an array of seven

tensiometers installed at 45° intervals, with the WCR installed in the spare interval. To

minimise any potential ‘shadow’ effect from tensiometers above, the 20 and 60 cm depth

increments were rotated 22 © so that the tensiometers were located mid-interval of the

above and below tensiometer arrays. As shown in Plate 3-5 the WCR’s were also rotated

22° at each depth increment. The soil temperature sensor was always located at 20 cm

depth.

The following sections describe the detailed methods of construction, calibration, and

installation for each type of sensor.
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3.3.1 Tensiometers

The tensiometers were custom made, with the key features shown in Plate 3-6. A
thorough review of tensiometer theory, construction and operation is provided by Young
and Sisson (2002). All tensiometers were installed horizontally, with a 9 mm wood auger
used to bore a cavity 100 mm into the soil column. This meant the actual sensing volume
of the tensiometer cup was located at 70 — 100 mm from the edge of the soil column. To
ensure the tensiometer was horizontal, a small level was attached to the drill. In practice
some deviation from horizontal did occur, with the standard error in the tensiometer depth
locations at a particular depth increment estimated as £ 5 mm. Waterproof silicone sealant

was used to seal the hole where the tensiometer body passed through the lysimeter casing.

Rubber bung
septum (No. 7 size)

Transducer
/ measurement in air
pocket.

Clear flexible ( _‘ ;
pf)lyeth}dene Jomer R Tensiometer body:
Pipe Clear rigid PVC

Differential pressure
transducer (0 — 1 PSI,
Micro Switch
26PCAFA6D).

) tube (9.5 mm o.d.,
Hypodermic needle 6.5mmi.d.), 150 —

(0.8 mm diameter). 200 mm long.

Ceramic cup: Soil
Moisture
Equipment Corp.
Straight wall, round
bottom; 1 bar high
flow. Part 652XD7-
B10M3.

Cup size: 28.6 x

Internal polythene
joiner tube (6.5 mm
o.d.).

Polyurethane joint 9.5 mm, reduced to
sealant (Duram 195 an effective length
waterproofing of 25 — 27 mm by
membrane). joint sealant.

Plate 3-6 Key design features of the tensiometers. Top photo shows the transducer end of tensiometer,

whilst bottom photo shows the cup end which was installed 100 mm into the soil column.

Once installed, the tensiometers were filled with de-aired water and initially flushed daily
to remove any air-bubbles. Because the soil columns were at or near field capacity the
tensiometers usually became stable after a couple of days. The continual monitoring with

pressure transducers meant the presence of any new air bubbles was easily identified in
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the data because the reading became clearly erratic, and showed no relationship to the

behaviour of other sensors at that depth.

Tensiometer water pressures were measured with differential pressure transducers, which
measured the difference between atmospheric and tensiometer pressure, the latter
assumed to be in equilibrium with the soil matric potential at the location of the ceramic
cup. The pressure transducers were calibrated following the method of Young and Sisson
(2002). Tensiometers were calibrated as an array connected to a hanging water column
held under various suctions (Plate 3-7). A datalogger was used to record the voltage
output of each transducer as the water column suction was increased in 100 mm (1 kPa)
increments from 0 to 1000 mm (0 — 10 kPa) suction. The recorded voltage was an average
of 10 measurements at 5 second intervals. Linear regression was used to establish the
relationship between transducer voltage and water column suction (R?>0.99999). From
the calibration experiments the average transducer error in measuring suction was +0.004
kPa (0.4 mm), with only a small variability observed in this error (0.0004 kPa s.e.). The
uncertainty in reading the water column scale was £0.5 mm, resulting in a total

calibration error of £0.01 kPa.

Pressure transducers connected
to manifold, which is
connected to air-filled
headspace of hanging water
column.

valve used to apply
suction to hanging water
column, and draw water
up the glass tube from the
reservoir.

Datalogger records transducer
output.

Hanging water column (2
mm i.d. glass tube). Scale
reads height of water
column in glass tube
above the reference water
IeServoir.

Plate 3-7 Laboratory set-up used to calibrate the change in output voltage of each pressure

transducer as the suction of a hanging water column is increased.

Pressure transducers are also known to be sensitive to temperature, although the
transducer model used did have an in-built thermistor for automatic compensation.

However, Young and Sisson (2002) recommend separate temperature calibration if
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accurate readings are required. Despite the automatic compensation the pressure
transducers used in this study were still found to be temperature sensitive, which varied
between transducers. To reduce this sensitivity a separate temperature calibration was
required. The pressure transducers were placed in an incubator with the output voltage
measured as the temperature was changed in increments of 5°C, from 5 to 30 °C. Linear
regression was used to establish the relationship between transducer voltage and

temperature (R >0.9).

In the datalogger programme the temperature calibration equation was used to correct in
real-time the transducer output voltage, before the suction calibration equation was
applied to convert the voltage to soil matric potential (i.e. pressure in kPa). The errors of
both calibration equations are additive, with an average combined error of +£0.007 kPa,
with only a small variability observed in this error (0.001 kPa s.e.). Together with the
potential error of the scale reading in the suction calibration (0.005 kPa) and the potential
error from non-horizontal tensiometer installation (0.05 kPa) the overall average error for

the tensiometers is estimated as =0.06 kPa.

Another potential source of significant error is the effect of temperature on the gas
pressure of the measurement air-pocket (Butters and Cardon, 1998; Warrick et al., 1998).
Figure 3-1 shows the strongest observed tensiometer response to air temperature
fluctuations that was observed during the experiments of this study. As shown in Figure
3-1 the tensiometer measurements fluctuate by a maximum of 0.2 — 0.4 kPa during the
strongest temperature spikes. This is consistent with other research, with Butters and
Cardon (1998) observing minimal temperature sensitivity in tensiometers with a small
volume air-pocket (4.8 x 10° mm®) and high cup conductance. In this study high-flow
cups were used and the air-pocket was typically kept to 3 — 7 x 10> mm’. Warrick et al.
(1998) also found that the hydraulic conductivity of the soil surrounding the cup has a
significant influence, which is consistent with this study where temperature sensitivity
only became apparent under slow unsaturated infiltration. For example, the temperature
effect shown in Figure 3-1 becomes apparent when the soil layers are dry enough that

hydraulic conductivity is between 0.01 — 0.45 mm hr™".

In this study it is also important that the tensiometers show a fast response to changes in
soil matric potential, particularly to detect preferential flow during the early stages of

infiltration. Figure 3-2 demonstrates the rapid in-situ response of tensiometers in
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lysimeter 1 to a sharp infiltration ‘flush’ caused by the removal of the tension
infiltrometer. The seven tensiometers at 2 cm depth all respond within 1 to 3 minutes,
which is similar to the water content reflectometer which should show immediate
response to the wetting front. The overall tensiometer response is ~ 1 minute slower,
which may indicate a slight delay in the tensiometer response or could reflect the

influence of non-uniform penetration of the wetting front due to preferential flowpaths.
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Figure 3-1 The effect of air temperature fluctuations on the spatial average tensiometer (Tz)

measurements of soil matric potential at different depths of lysimeter 1, during infiltration under 1

kPa surface suction.
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Figure 3-2 The response of tensiometers (Tz) and the water content reflectometer (VWC) at 2 cm
depth to a short infiltration ‘flush’ caused by the removal of the tension infiltrometer. The infiltration

flush is shown by the surface tensiometer showing a sharp loss of suction at 5 minutes.
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3.3.2 Water content reflectometers

The dynamics of volumetric water content (6,) was measured using CS616 Water Content
Reflectometers (WCR) (Campbell Scientific Inc., Utah, USA). For lysimeter 6, 6, was
only measured under saturated infiltration (0 kPa experiment), because the WCR’s were
not available for the other experiments. The WCR’s were installed horizontally with the

aid of a small level.

The CS616 measures the travel times of a train of square waves along two 30 cm long
stainless steel rods which are inserted in parallel into the soil column. The travel time
depends on the dielectric constant of the soil surrounding the rods, which in turn depends
on the soil water content (Campbell Scientific, 2006). A calibration equation is used to
convert the period measurement to €, . The manufacturer recommends that their standard
quadratic calibration equation should provide accurate estimates of 6, in soils with bulk
electrical conductivity less than 0.5 dS m™, bulk density less than 1.55 g cm™, and clay
content less than 30% (Campbell Scientific, 2006). Because the soil used in this study
meets these requirements it was deemed satisfactory to use the manufacturer’s calibration
equation, which should provide an estimate of 8, with a maximum error of £3%
(Campbell Scientific, 2006). The precision of the measurement is better than 0.1%,

meaning the WCR should be highly accurate when determining changes in water content.

Temperature sensitivity

The manufacturer also states that the CS616 is sensitive to soil temperature fluctuations,
and provides a separate temperature calibration equation, which was used in this study.
Despite using the temperature calibration the results of some medium- to long-time
unsaturated infiltration experiments suggested that a temperature dependence of 6,
remained, such as L2 at 1 and 1.5 kPa suction where infiltration rate (i;) and matric

potential (¥,,) both increase then decrease, while 6, kept increasing.

The apparent temperature dependence of §, was most obvious in infiltration experiments
that continued for longer than 20 — 30 hrs, when 6, often exhibited a cyclic rise and fall
pattern, which occurred simultaneously at all depths. Over time periods of >100 hrs there
were small amplitude diurnal cycles as well as the larger amplitude multi-day cycles,
where 0, changed by up to 4% over a period of days (Figure 3-3). In Figure 3-3 6,

increases then decreases over the 200 — 400 hr period, whilst ¥, is either steady (2cm
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depth) or decreasing (40 cm depth). Over the same time period both the infiltration and
drainage rates show a slow steady decrease, which is consistent with the expected

response from the observed ¥, pattern.
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Figure 3-3 Comparison of the pattern in volumetric water content and matric potential during long-

time infiltration into Lysimeter 1, with infiltration under 1 kPa surface suction.

The long-time cycle in 6, appears to consistently mirror similar cycles in soil temperature
(refer Appendix 1), and is therefore interpreted as temperature dependent error. The
previous version of the WCR (model CS615) has been shown to be sensitive to
temperature fluctuations, which are not adequately compensated by the manufacturer’s
temperature calibration (Stenger et al., 2005; Western and Seyfried, 2005). Western and
Seyfried (2005) conclude that the new CS616 model used in this study is also likely to
show marked temperature sensitivity. This is primarily due to using a low measurement
frequency at which the soils dielectric is strongly affected by the temperature sensitivity

of the soils electrical conductivity.

Figure 3-4 shows that the CS616 used in this study does have strong temperature
sensitivity, and that the manufacturer’s temperature calibration does not adequately
compensate for this sensitivity. Figure 3-4 also shows that the temperature sensitivity
changes with water content. The temperature sensitivity in Figure 3-4 is ~3 — 4 % per 5°C
shift in temperature, which roughly equates to the cyclic fluctuations observed in during

the medium to long-time infiltration experiments.
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Figure 3-4 Effect of temperature on the WCR measurement of soil water content, when measured in
chambers of repacked soil held at a stable water content. The WCR used the standard

manufacturers’ temperature calibration.

Use of water content reflectometer data

Retrospective correction of the WCR temperature sensitivity would require extensive
recalibration (Western and Seyfried, 2005) and was deemed to be unnecessary for this
project. The WCR data is used in chapter 6 to estimate the air-filled porosity (&,) and the
antecedent infiltration capacity (I.), although it is only used to support the primary

estimates of /. based on the small core measurements of the 8,(¥,,) relationship.

Interpretation of air-filled porosity

The WCR data were also used to estimate the change in &, during early-time infiltration,
but the data should be valid because only a small soil temperature variation occurred over
the time-period of interest. During saturated infiltration the temperature variation was less
than 0.5°C (Appendix 1). The unsaturated experiments were over a longer time-frame, but
the maximum variation was ~2.5°C, which would introduce a maximum error of 2% to
the WCR measurement. The &, was calculated as the difference between total porosity (&
) and water-filled porosity (6,) measured by the in-situ WCR using the equation,

Ea=&-0
: ' Equation 3-2

with & determined from 3 small cores sampled from the same soil depth as the WCR

(refer section 3.10, Equation 3-7).
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3.3.3 Temperature sensors

The temperature sensors were custom made using a thermistor (Model LM35CZ,
National Semiconductor) coated in resin and waterproofing membrane. The sensors were
65 mm long by 9 mm in diameter. One sensor measured air temperature, and another was
installed horizontally at 20 cm depth in each lysimeter, with a 9 mm wood auger used to
bore a cavity 100 mm into the soil column. The cavity behind the sensor was backfilled
with some of the excavated soil. Each temperature sensor was calibrated in a water bath,
by recording its voltage output as the bath temperature was changed in 10°C increments,
over the range 0 — 40°C. Linear regression was used to establish the relationship between
output voltage and temperature (R? >0.9999). From the calibration experiments the
average error in measuring temperature was +0.3°C, with only a small variability

observed in this error (+0.02 °C).

3.3.4 Drainage tank

The drainage tank volume was 35 litres, equivalent to 0.5 pore volume of the lysimeter.
This meant that the tank did not have to be emptied during infiltration experiments,
except during the tracer leaching experiments. During the unsaturated infiltration
experiments the same suction as the infiltrometer was applied to the drainage tank, which
in turn applied this suction to the base of the soil columns. The drainage tank suction was
maintained using a vacuum pump to pull air out of the tank, which in turn pulled new air
into the tank under suction via a bubble tower. The vacuum pump was a modified

aquarium air pump, adapted from the method of Magesan et al. (1995).

The height of water in the drainage tank was automatically measured using a Dry Gas
Bubble Unit (Model ISD DBU-01, Scott Technical Instruments Ltd, Hamilton, NZ)
which monitors water depth by bubbling gas through a tube at the base of the tank and
monitoring the gas pressure changes at the point of bubbling with a pressure transducer (0
— 1 PSI, Model GS2, Scott Technical Instruments Ltd, Hamilton, NZ). Each drainage tank
was individually calibrated by filling and then incrementally draining it. For each
drainage increment the weight of water and transducer output were recorded, with linear

regression used to establish the relationship between the two values (R* >0.99999).

It was also necessary to account for the suction applied in the drainage tank headspace,

which varied between experiments as well as during long-time experiments where the
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bubble tower water tended to evaporate, and needed periodic topping up. The variations
in the headspace suction were important because they affected the bubbling pressure of
the water level sensor. This was overcome by installing an additional differential pressure
sensor to measure the pressure in the tank headspace. The headspace transducer was
calibrated to establish the relationship between headspace suction and output voltage (R>
>0.99999). The datalogger then used this relationship to calculate a suction offset, which
in turn was used to correct the water level transducer measurement. From these
calibration experiments, the average transducer error in measuring cumulative drainage

was £0.2 mm, with only a small variability observed in this error (+0.01 mm s.e.).

3.3.5 Datalogger programme

A CR1000 datalogger (Campbell Scientific Inc., Utah, USA) was used to monitor all the
sensor measurements. The datalogger’s sensor capacity was increased to 77 sensors by
connecting two multiplexers (Model AM16/32, Campbell Scientific Inc., Utah, USA). A
laptop computer was connected to the datalogger to monitor sensor behaviour in real-time
or otherwise download data from the logger. The enhanced datalogger sensor capacity
enabled two lysimeters to be installed simultaneously. The datalogger programme was
designed to allow each lysimeter to be operated independently, so that experimental

changes on one did not affect the sensors monitoring the other lysimeter.

The datalogger recorded the sensor measurements every minute. For infiltration over
periods longer than one day, the rate of change in WCR and tensiometer measurements
was slow, and it was considered more accurate to output data as the mean and standard
deviation over a 10 minute period. The datalogger was also programmed to output data
for individual sensors, as well as the spatial average and standard deviation for the array
of tensiometers at each depth. Cumulative infiltration and drainage were also recorded as
10 minute means, although every millimetre of cumulative infiltration (and corresponding
drainage) was also recorded with a one minute resolution. Soil and air temperature were

recorded as hourly means.

3.4 Design of the tension infiltrometer system

The tension infiltrometer system was custom built following the criteria of Perroux and
White (1988). The key design features of each infiltrometer component are described in

the following sections.
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Water reservoir

The water reservoir was designed to be mounted separately to the infiltrometer disk, with
the key features shown in Plate 3-8. The reservoir was mounted on shelving behind each
lysimeter, at a height where the air-inlet pipe from the bubble tower was ~ 1 — 2 cm above
the nominal soil surface. This provided an offset that reduced the infiltrometer suction,
but was overcome by increasing the water level in the bubble tower, based on the actual
soil surface suction measured by the in-situ tensiometer (refer to the contact material
section below). This offset also allowed the bubble tower to still operate and control the
surface suction during saturated infiltration experiments, where the surface suction was

maintained at or slightly above 0 kPa.

A 16 mm internal diameter (i.d.) clear flexible pipe was used to supply water from the
reservoir to the infiltrometer disk, together with 13.5 mm i.d. pipe fittings. Based on the
research of Walker et al. (2006) the flow resistance of the supply pipe should not
influence the infiltrometer suction unless the infiltration rate exceeded 95 — 127 mm hr',

which was not exceeded during the infiltration experiments of this study.

The reservoir volume was 70 litres, equivalent to 1 pore volume of the lysimeter. Hence
the reservoir did not have to be refilled during infiltration experiments, except during the
tracer leaching experiments. The height of water in the reservoir was automatically
measured using a differential pressure transducer (0 — 1 psi, Micro Switch 26PCAFA6D),
which measured the pressure difference between the reservoir base and the air-filled
headspace at the top of the reservoir. Casey and Derby (2002) show that use of a
differential transducer virtually eliminates variability in the tank pressure caused by air

bubbles from the air-inlet pipe.

Each pressure transducer was individually calibrated by filling the reservoir and then
incrementally draining it. For each increment the weight of water and transducer output
were recorded, with linear regression used to establish the relationship between the two
values (R? >0.99999). Each transducer was also temperature calibrated (refer section
3.3.1). The datalogger was then used to calculate infiltration using the temperature-
corrected relationship between transducer output voltage and water level height in the
reservoir. From the calibration experiments the average transducer error in measuring
infiltration was 0.3 mm, with only a small variability observed in this error (0.03 mm

s.e.).
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70 litre reservoir constructed from rigid
PVC pipe (29.8 cm diameter x 100 cm
high).

Air pipe connecting port 2 of pressure
transducer to air-filled headspace at top of
reservoir. Air pipes were opaque semi-rigid
nylon tubing (4 mm i.d.).

Water-filled hypodermic needle through
rubber septum, mounted at equivalent height
to air-inlet pipe from bubble tower.

Pressure transducer connected from port 1 to
hypodermic needle. Transducer measured
water height in reservoir via its pressure at
the needle, which was always mounted
horizontally.

Water supply ppe (16 mm i.d.) to Air-inlet pipe from bubble tower sets suction
infiltrometer disk. in reservoir and infiltrometer.

Plate 3-8 Key design features of the water reservoir.

Tension infiltrometer disk

The tension infiltrometer is shown in Plate 3-9 and is similar to that used by Silva et al.
(2000). The infiltrometer disk was 480 mm in diameter, and constructed from clear 38
mm thick acrylic. Water was supplied from a centre pipe to a 460 mm diameter by 4 mm
deep chamber that had been cut by lathe into the base of the disk. A perforated stainless

steel plate was mounted at the base of the water chamber, to provide a level and firm base

for the infiltrometer membrane.

Water supply pipe (16 mm i.d.) to supply
reservoir

Shut off valve to separate disk from supply
reservoir

3 way pipe junction with rubber septum for
tracer injection (refer section 3.6)

Perforated (3 mm holes) stainless steel plate
at base of infiltrometer water chamber, held
level by spacer screws.

Nylon membrane (23 um pore size)
stretched over base plate, held tight by o-
ring and sealed around disk edge with
silicone sealant.

Plate 3-9 Key design features of the tension infiltrometer disk.
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Bubble tower

A bubble tower was used to set the water suction within the tension infiltrometer. Usually
the height of water in the bubble tower sets the suction, however the bubble tower was
connected to the base of the water reservoir which, as discussed earlier, was mounted
slightly above the soil surface. Together with the effect of the contact material this
provided an offset that reduced the infiltrometer suction. This was overcome by
increasing the water level in the bubble tower, based on the actual soil surface suction

measured by the in-situ tensiometer (refer to the following section).

Another potential problem is maintaining constant suction when infiltration is either slow
or over long-time periods, where loss of suction can occur from problems such as small
air leaks in the infiltrometer system, or condensation in air pipes. To overcome this issue
a vacuum pump was connected to the top of the water supply tank to ensure that the
bubble tower was constantly bubbling. The vacuum pump was a modified aquarium air
pump, adapted from the method of Magesan et al. (1995). The advantage of the vacuum
pump is that it enables a constant suction to be established in the tension infiltrometer
prior to installation on the soil surface. This minimises the chance of a flush of water
during installation which may cause lower infiltrometer suction than that desired,
activating parts of the pore network intended to be excluded from infiltration. Another
advantage is that the constant pumping of air mitigates any temperature induced pressure
fluctuations within the air-space of the water reservoir and bubble tower, as identified by

Castiglione et al. (2005b; 2005).

Contact material

The contact material used was a fine glass bead material (Spheriglass, no. 2227, Potters
Industries Ltd.), following the recommendation of Reynolds and Zebchuk (1996) and
Reynolds (2006; 2008). The physical and hydraulic attributes of the glass beads are
described by Reynolds and Zebchuk (1996) and Bagarello et al. (2001). Reynolds and
Zebchuk (1996) identified that the resistance of the contact material can result in a lower
suction at the soil surface (%)) than the suction applied by the infiltrometer (¥7;). To
overcome this, a rapid response tensiometer was installed at the base of the contact
material layer (photo A, Plate 3-10), and centred at the nominal soil surface, Z_ (defined
in the following section). This method worked by simply adjusting the height of water in

the bubble tower until ¥) measured by the tensiometer was at the desired level.
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The contact material has an air entry value of ~6 kPa suction, so is effectively saturated
over the infiltrometer’s operational range. This enabled the tensiometer tip to simply be a
piece of the infiltrometer membrane, resulting in rapid response to changes in ¥j. The
tensiometer body was constructed from opaque semi-rigid nylon tubing (4 mm i.d.),
sealed at the external end with a rubber septum. Tensiometer pressure was monitored with
a pressure transducer connected to the datalogger. Because ¥ was measured
continuously any changes in ¥, were known, e.g. due to evaporation of water in the
bubble tower causing a gradual loss of suction over long-time experiments. The
tensiometer allowed ¥j to be continuously measured with an accuracy of +0.1 kPa, taking
into account errors from calibration and installation of the tensiometer (refer section
3.3.1), and uncertainty in the definition of the nominal soil surface (defined in the

following section).

To prevent infilling and blockage of soil pores a nylon retaining membrane with a pore
size of 90 um was placed on the soil surface prior to installing the contact material.
Following Bagarello et al. (2001) the retaining membrane was soaked overnight prior to
installation. Excess water was shaken off before the retaining membrane was gently
pressed onto the soil surface to ensure good contact. Immediately prior to initiation of an
experiment the retaining membrane was installed (photo B, Plate 3-10), followed by a 10
mm deep layer of contact material (photo C, Plate 3-10). The contact material was then
smoothed and levelled to ensure an even contact surface, as well as a uniform
infiltrometer suction (McKenzie et al., 2002). A 5 mm groove was always made at the
outer edge (by the lysimeter casing wall), to allow soil air to escape and to enable space

for the contact material to deform during infiltrometer installation (Close et al., 1998).

Plate 3-10 Installation of the contact material on the soil surface, with each step described in the

preceding text. The tensiometer that measured the surface suction applied by the infiltrometer is

shown by the arrow in Plate A.
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Definition of the nominal soil surface

Defining the nominal soil surface, Zj, is critical for the accurate use of tension
infiltrometers (McKenzie et al., 2002; Reynolds, 2008). This is because of the known
offset that the contact material thickness has on the infiltrometer suction, as well as any
additional offset to the suction imposed by the height of the air-inlet from the bubble
tower relative to Zy. As previously discussed, this study overcomes these offsets by direct
measurement of ¥y at Z,. However, there is still some error in ¥y, propagated from
uncertainty in Zy due to undulations in the soil surface. For each lysimeter Z, was defined
as the average depth of the soil surface from the rim of the lysimeter casing. The soil
surface depth was measured at 40 locations, with each point measured at 5 cm increments
along transects across the diameter of the lysimeter, where each transect was equi-spaced
at 0, 45, 90 and 135°. As a result the standard error in Z, was £+ 3 — 5 mm across the four

lysimeters.

Prior to the measurements for defining the nominal soil surface, all vegetation was
carefully removed using scissors. Mostly the soil surface was relatively level and was left
undisturbed, although any large undulations (> ~2cm high) were removed by using a
knife to carefully pick the surface. This did not cause any obvious smearing or pore
blockage because of the strong aggregation, which meant the surface picking generally

dislodged intact aggregates.

3.5 Infiltration experiments using the tension
infiltrometer

For each lysimeter there were four separate infiltration experiments, with the tension
infiltrometer supplying water under surface-imposed suctions of 0, 0.5, 1 and 1.5 kPa.
Generally there was also at least one other “‘unpublished’ experiment for each lysimeter,
due to failed experiments where the infiltrometer lost suction. The experiments always
went in the order of 1, 0.5, 1.5 and then 0 kPa. This was because it was assumed that the
unsaturated experiments were less likely to cause disruption to the pore network,
compared to the saturated experiment. The saturated experiment was also immediately
followed by prolonged tracer leaching experiments, where the column was saturated
under high flow rates until 1.5 — 1.9 pore volumes of drainage had been measured. The

alternating sequence of infiltration suctions would not have induced hysteresis because
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each was carried out as a separate experiment, with a drainage period in between to

establish similar antecedent conditions.

The steps required in preparing and initiating each infiltration experiment are described in

the following sections.

Antecedent soil moisture status

Between experiments the lysimeter was drained for 7 — 10 days to achieve similar
antecedent conditions, as indicated by measurements of soil matric potential (%,,). During
this period the tensiometers were monitored to check that the readings were stable, and if
necessary were flushed with de-aired water to remove any air-bubbles. The antecedent
measurements of the tensiometers, WCR’s, and temperature sensors were always

recorded during the pre-experiment period.

Preparation of infiltration solution

The infiltrometer water reservoir was filled with an infiltration solution of tap water
(equivalent to untreated irrigation water), 0.005 M CaS0,, and saturated with thymol (0.5
g litre™"). The CaS0, was added to promote aggregate stability and the thymol to inhibit
biological activity (McKenzie and Cresswell, 2002b; Skaggs et al., 2002a). The thymol
was observed to also inhibit earthworm activity, with a number of dead earthworms
always found around at the soil surface at the end of the first infiltration experiment. The
infiltration solution was always prepared several days prior to the experiment, to allow

any air bubbles arising from the reservoir filling to come out of solution.

Drainage tank preparation

The drainage tank was always emptied between experiments, although during the
unsaturated experiments ~ 1 — 2 litres of water was left in the base of the tank to ensure
submergence of the end of the bubble tube from the water level sensor. Usually the
drainage tank was already under suction during the pre-experiment period, to aid the drain
down of the soil to the required antecedent soil moisture. Before the start of each
experiment the water level in the bubble tower was adjusted so that the suction was the

same as that applied by the infiltrometer (i.e. 0, 0.5, 1, or 1.5 kPa suction).

Infiltrometer preparation
One to two days prior to the start of the experiment the tension infiltrometer disk was

immersed in a large water bath to pre-soak the infiltrometer membrane. Any air bubbles
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were also carefully removed from the disk headspace while the disk was immersed. When
the experiment was ready to start, the infiltrometer disk was removed from the water bath,
placed in a shallow water tray on a shelf adjacent to the top of the lysimeter, and the
water supply pipe from the supply reservoir attached. With the disk shut-off valve closed
the bubble tower vacuum pump was activated, to bring the supply reservoir to the

experimental suction.

Instigation of infiltration

When the infiltration experiment was ready to start, the retaining cloth and the contact
material were installed. The glass beads were levelled and the surface tensiometer was
activated by filling the tensiometer with de-aired water, and installing the pressure
transducer. As quickly as possible after installation of the contact material the laptop was
used to activate the infiltration and drainage tank sensors, immediately followed by
installation of the tension infiltrometer. The infiltrometer was always installed under
suction to prevent any infiltration ‘flushes’. This was achieved by opening the disk shut
off valve just before installation onto the contact material. Because the supply reservoir
was already under suction, opening the shut-off valve meant the disk went to suction

immediately.

In the first few experiments it was found to be difficult to achieve good contact between
the infiltrometer and the contact material, with a few failed experiments where air leaks
developed through the infiltrometer membrane. This was overcome by a technique
adapted from Close et al. (1998). To ensure good contact the infiltrometer was placed on
the contact material and held firmly downwards, whilst being gently rotated back and
forth until the infiltrometer had sucked onto the beads. When good contact had been
established across the infiltrometer base, the suction prevented the infiltrometer from
being easily rotated. It was also found that better contact was established if the contact
material was pre-moistened. This also meant that it was easier to fill and activate the
surface tensiometer. Pre-moistened contact material also reduced the effects of “artificial’
sorptivity that is generated from the wetting of dry contact material (discussed further in

chapter 6).
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3.6 Tracer leaching experiments

To distinguish preferential flowpaths, the leaching pattern of an anion tracer pulse was
measured during the saturated infiltration experiments (i.e. 0 kPa surface suction). The
tracer leaching pattern was also measured during a single unsaturated infiltration

experiment with L6, where infiltration was under a surface suction of 1.5 kPa.

A new technique was developed for the tracer application, with a rubber septum in the
water supply pipe used to inject a concentrated tracer pulse into the tension infiltrometer
(Figure 3-5). This avoids the problems identified by Silva et al. (1999) in studying
preferential infiltration, where removal of the infiltrometer to directly apply the tracer
onto the soil surface was thought to result in a mixture of preferential and temporary
bypass flow, with some of the tracer moving into the soil matrix by the time the
infiltrometer was re-installed. This direct injection technique allows controlled-suction
solute leaching experiments, with the tracer applied without disturbance of the conducting
pore network, thus ensuring that the tracer solution leaches through those pores active in
the infiltration process. This is illustrated in Figure 3-5, where under 1.5 kPa surface
suction the infiltration rate is not uniform across the lysimeter surface, with one side of

the lysimeter having a more actively conducting pore network, resulting in preferential

infiltration of the tracer.

Figure 3-5 Injection of CaCl, tracer into the tension infiltrometer, set at 1.5 kPa surface suction,

during steady state infiltration into L6. Added dye shows the spreading of the injected tracer pulse.

Two anion tracers were used, 0.05M CaCl, and 0.0025M KBr, because two tracer
experiments were conducted on the same lysimeter. This avoided the risk of residual
tracer contaminating the second tracer experiment. For consistency the same tracer was
used to study the same experimental conditions. The KBr tracer was used across all four

lysimeters to study preferential flow arising from a steady-state application under
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saturated infiltration. The CaCl, tracer was used on L1 and L3 to study early-time
saturated infiltration, and on L6 to study steady-state unsaturated infiltration. In order to
accurately know the actual amount of tracer injected, the weight of each injected pulse
was recorded. This allowed the exact anion concentration in each pulse to be calculated.
For example, the KBr tracer applied a bromide concentration of between 298 — 314 mg
litre™! across the four lysimeters. For the steady-state applications ~188 ml of tracer
solution was injected, equivalent to 1 mm depth of infiltration. In order to study
preferential flowpaths during the high infiltration rates of early-time infiltration, a smaller

volume (~ 40 ml) of higher concentration CaCl, tracer was injected.

The early-time tracer application occurred as the infiltrometer was installed onto the
contact material, whereas the steady-state applications occurred after 80 — 100 mm of
cumulative infiltration, and the tensiometers indicated relatively uniform matric potential
at each soil depth. An air bubble was injected into the water supply pipe prior to the pulse
injection, to isolate the tracer pulse from the infiltrating water, and minimise dilution of
the pulse before it moved into the infiltrometer headspace. As shown in Figure 3-5, red
food colouring was also added to the tracer solution, so the movement of the tracer pulse

within the infiltrometer could be observed.

The pattern of tracer movement through the soil column was monitored by measuring the
anion tracer concentration in the drainage water. Drainage samples were collected at
increments of 0.02 — 0.05 pore volumes (PV) until approximately 1 PV, increasing to 0.1
PV increments until the experiment was completed at 1.5 — 1.9 PV of drainage. Here PV
was assessed as the average water-filled pore volume of the soil column during the
experiment. The unsaturated tracer experiment was finished after 1.25 PV of drainage
because of the long time the experiment took, and the tracer concentration in the leachate
appeared to have returned to background levels. Leachate samples were then stored in a
freezer until analysis, when the tracer anion concentration was measured by an Ion
Exchange Chromatograph (Dionex DX-120) by the Analytical Services Laboratory at

Lincoln University.

3.7 Lysimeter dissection

Following completion of the infiltration and leaching experiments the lysimeters were

dissected to collect cores and bulk samples for measurement of soil physical and chemical
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properties at different depths. To do this the drainage base plate was removed, and new
base plate fitted that had a smaller diameter than the lysimeter casing. The lysimeter was
then lifted onto a custom built frame (photo A, Plate 3-11). Two winches, attached on
either side of the lysimeter, were used to evenly slide the lysimeter casing down in 10 cm
increments. A knife was then used to remove the petroleum jelly layer and expose the soil

column.
Each column was dissected to collect the following samples:

A. Three large cores (22 diameter x 22 cm deep) for hydraulic conductivity
measurements of the individual soil layers. The first core was from 0 — 20 cm

(Layers S and A), then 21 — 41 cm (Layer AB), and 42 — 62 cm (Layer B).

B. Three replicate small cores (10 cm diameter by 5 cm deep) were sampled at each
of 10 depths to measure the soil water characteristic, 6,(¥,,), and bulk density.
Single bulk samples (~200 grams) were also collected from the same depths for

measurement of the 6,(¥,,) at -100 and -1500 kPa.

C. Single bulk samples (~200 grams) were collected in 5 cm depth increments for

measurement of soil chemical properties.

Plate 3-11 The apparatus used to dissect each lysimeter (Photo A), and the sampling pattern followed

to collect the large and small cores (Photo B).

The dissection followed a set pattern, as shown in photo B of Plate 3-11. At each depth

increment the large core was sampled from a location slightly offset from the centre, and
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the small cores in the space between the large core and at least 2 cm from the column
side. The bulk samples were collected from the area between the small cores. Because the
same locations were used at each depth increment, the cores measured characteristics of
the soil pore network in vertical sections down the soil column. There was alwaysa 1 —2
cm gap between each depth increment of the small cores, due to lost soil from slicing off
the upper core and then preparing the surface for the next core. Among the four
lysimeters the depth increments of the small core sampling tended to be similar (as shown

in Chapter 4 results).

To extract the cores a knife was used to carve a small column slightly larger than the core
casing (photo B, Plate 3-11). The lower edge of each core had a sharpened cutting edge,
so that excess soil was carved away when the core was carefully pushed down the
column. The small cores were then sliced off using a knife, and a wire garrotte used to
slice off the large cores. To aid sampling, the inside of the small core rings was smeared
with petroleum jelly, whereas the large cores had a cutting ring which left an annular gap
which was then filled with liquefied petroleum jelly, in the same manner as the lysimeters

(refer section 3.1.4).

After sampling, all samples were placed in plastic bags to prevent evaporation. The small
cores and bulk samples were stored in a cool store at 4°C until they were required, whilst

the large cores were moved straight to the physics laboratory for preparation.

3.8 Hydraulic conductivity measurement using large
cores from individual horizons

The key features of the experimental setup to measure hydraulic conductivity of the large
cores is shown in Plate 3-1. The method is only briefly described here because the data
were not required for the thesis, except for the saturated infiltration experiment on the
topsoil core from L3. Essentially the design features, construction, calibration, and
operation of the tension infiltrometer system and tensiometers were the same as those
used at the lysimeter scale, and described in detail in earlier sections. The only difference
was that the water tanks and infiltrometer were smaller. The measurement errors were

similar to those calculated for the lysimeter experiments.
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20 cm diameter tension
infiltrometer

12 litre water reservoir for
infiltrometer (150 mm T
diameter)

Tensiometers installed at
soil surface (1), 10 cm
depth (4), and core base
(1). CS615 Water
content reflectometers
installed at 5 and 10 cm
depth.

Large soil core installed

14 litre drainage tank (150
mm diameter). Under
suction applied by same
bubble tower / vacuum
pump system used for
lysimeters

Plate 3-12 The experimental setup used to measure hydraulic conductivity of the large cores.

The whole system was also controlled by a datalogger, but with a scaled-down
programme to suit the number of sensors. Because of the shorter experiment duration and
fewer sensors the datalogger was programmed to measure every 10 seconds. However,
outside of early-time saturated infiltration it was more appropriate to output data as 1

minute averages.

The experiments were conducted at a similar antecedent matric potential to that measured
for that particular soil depth in the corresponding lysimeter. The core preparation was
similar to the lysimeters, except for the cores from the AB and B layers. Although the
core bases were peeled with plaster of paris prior to the installation of the drainage layer,
this method was not used at the surface of these cores. This is because the peeling tended
to remove entire aggregates, creating large undulations which may have made it difficult
to establish uniform infiltrometer contact, and to accurately measure the surface suction.
Instead, the infiltration surface was carefully prepared using a sharp knife to remove any

smearing, which was checked using a magnifying glass.

3.9 Measurement of hydrophobicity

The degree of hydrophobicity was assessed following the intrinsic sorptivity method
described by Tillman et al. (1989) and Wallis et al. (1991). This approach compares the
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sorptivity of water versus ethanol, where 95% ethanol is used as a reference liquid that is
not affected by hydrophobic compounds during infiltration. The experimental setup used
to measure hydrophobicity is shown in Plate 3-13. Infiltration of water and ethanol was
measured during separate experiments for each core, where a 10 cm diameter
infiltrometer supplied the infiltrating solution under a surface suction of 0.4 kPa.
Drainage from the base of the core was also under the same suction. Cumulative
infiltration was manually recorded from the burette supply reservoir. Readings were taken
every 10 seconds during the first minute, increasing to 30 second intervals up to 10
minutes, and then every minute until a clear steady-state was reached. Accuracy of the

burette readings was +~0.01 mm infiltration.

10 cm diameter tension
infiltrometer, with 0.4
kPa suction set at
membrane by a 0.66
mm i.d. hypodermic
needle

Water / ethanol supply
pipe from 100 ml burette
reservoir.

Infiltrometer sits on thin
layer (~2 mm) of glass
bead contact material

Soil core installed on
funnel with a solid
perforated top.
Infiltrometer membrane
and a thin layer of beads
ensures good contact.
Drainage suction of 0.4
kPa is maintained by a -
bubble tower attached to a L?'f -
vacuum pump. i

Plate 3-13 Key features of the experimental setup used to measure hydrophobicity of small cores (10

cm diameter by 5 cm depth).

3.10 Measurement of the soil water characteristic, bulk
density, total porosity and particle size distribution

Soil water characteristic (-0.5 to -10 kPa)

The soil water characteristic, 6,(7,,), was measured in detail from -0.5 to -10 kPa, which
was the range of ¥, during the lysimeter experiments. Measurements were made on the
small cores (10 cm diameter by 5 cm deep) collected during lysimeter dissection, as
described in section 3.7. For each core 6,(¥,,) was measured at -0.5, -1, -1.5, -2, -3, -4, -5,
-7, and -10 kPa following the method of Cresswell (2002). The 6,(¥,,) at saturation (0

kPa) was not directly measured but estimated from total porosity (Equation 3-7).
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For each lysimeter three replicate cores were sampled at 10 depths. Cores were prepared
by using a sharp knife to trim the soil flush with the core. The sharp knife was used to
remove any smearing, and checked with a magnifying glass. Earlier attempts used both
plaster of paris and cellulose acetate to peel the core surface, but both tended to cause
substantial disturbance as entire aggregates were removed. This disturbance was
considered too great, both for estimation of sample volume and ensuring a good soil

contact with the tension table.

Prior to measurement all cores were saturated in a water bath by slowly raising the water
level from the base over 2 days. Cores were then left saturated for 2 to 4 days, before
being transferred to a tension table, with 9 cores on each table. Each tension table was
attached to a hanging siphon, which applied a suction determined by the height of the
siphon outlet below a reference level. The reference level in this study was set at the
centre of the soil cores sitting on the tension table. This was chosen to minimise vertical

variation in the core ¥, resulting in an accuracy of £ 0.25 kPa.

The hanging siphon was used to drain the cores to a series of ¥,,, with a cover used to
prevent evaporation from the tension table. The cores were judged to have equilibrated at
each ¥, when no water drained from the siphon outlet for at least 24 hrs. Equilibration
took a minimum of 2 days, increasing to 5 days at -10 kPa. Once the cores had
equilibrated they were removed and individual weights recorded. Cores were then
replaced on the suction table, with a hand sprayer used to apply a thin sheen of water to
the suction table to aid the hydraulic contact between the core and the tension table. The
siphon was then lowered to the next suction, and the cores left to drain down to

equilibrium.
For each core, 6,(¥,,) was determined at each ¥, using the equation,

W =W, =-W) Py
1 P Equation 3-3

0(¥y) =

where W, is the weight of the oven dry soil sample (g), W, the weight of the sampling
cylinder (g), W, the weight of the soil sample and sample cylinder at the given ¥, (g),
p, the dry bulk density of the soil sample (g / cm’), and p,, 1s the density of water (1.0 g/

cm’).
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Soil water characteristic (-100 and -1500 kPa)

For each lysimeter 6,(¥%,,) at -100 and -1500 kPa was also measured for the same 10 depth
increments that the small cores were sampled from. Measurements were completed by the
Landcare Research Environmental Chemistry Laboratory, using pressure plate apparatus
and following a method similar to that described by Cresswell (2002). One repacked
sample from each depth was measured, using soil sampled during lysimeter dissection, as
described in section 3.7. Results were supplied on a gravimetric basis, and then converted
to 6, using the equation,

ev = Hg pb /pw .
Equation 3-4

where 0, is the gravimetric water content (%w/w), p, the average dry bulk density at that

depth (g / cm®), and p,, 1s the density of water (1.0 g/ cm’).

Bulk density and total porosity

Bulk density was measured using the small cores (10 cm diameter by 5 cm deep)
collected for measurement of the soil water characteristic (0 to -10 kPa), following the
measurement of 6,(%,,) at -10 kPa. First the volume of any indents was determined using
quartz sand (1 — 2 mm diameter) carefully levelled to the soil surface. Indent volume was

determined using the equation,

Vi= Wspb(s) )
Equation 3-5

where V; is the indent volume (cm3 ), W is the weight of the sand used to fill the indents
(2), and p,, the bulk density of the sand (g / cm’). After careful removal of the sand, the

soil was then removed from each core into a drying tin, and placed in an oven at 105°C

until constant weight was reached (48 — 72 hours). The soil dry bulk density, p, (g/ cm’),

was then calculated using the equation,

Equation 3-6

where W, is the weight of the oven dry soil sample (g), V. is the core volume (cm’), and V;

is the indent volume (cm?).

Total porosity (& ) can then be calculated using the equation,
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P
Py Equation 3-7

&t =

where p, is the particle density of the soil sample, with 2.65 g/ cm’ used in this study.

Particle size distribution

Particle size distribution was measured for 5 cm depth increments of each lysimeter,
using soil sampled during lysimeter dissection, as described in section 3.7. Measurements
were completed by the Landcare Research Environmental Chemistry Laboratory, using

the standard pipette method (Claydon, 1989).

Particle size distribution was also determined for the sandy gravel that was used as the 5
cm thick drainage layer at the base of the lysimeters. At the end of the lysimeter
dissection approximately 2 kg of the drainage layer was collected from lysimeter 2. The
gravel (>2.0 mm) and sand (<2.0 mm) fractions were then separated by wet sieving
through a 2.0 mm sieve. Both samples were then dried and weighed, and a subsample of

the sand fraction collected for particle size analysis by the pipette method.

3.11 Measurement of total carbon, total nitrogen, cation-
exchange capacity, and P-retention

Measurement of chemical properties was carried out using subsamples taken from the
bulked sample collected from each 5 cm depth increment during lysimeter dissection, as
described in section 3.7. Samples were prepared by air-drying for 48 hours, and then

sieved through a 2 mm sieve.

Total carbon and nitrogen

Total carbon and nitrogen were measured for all four lysimeters, for every 5 cm depth
increment. A subsample of ~0.5 g was taken from each bulked increment sample, and
analysed using an Elementar Vario-Max CN analyser by the Analytical Services

Laboratory at Lincoln University.

Cation exchange capacity and exchangeable cations
Cation exchange capacity was measured for lysimeter 6, for every 10 cm depth
increment. This sample was a 50:50 mix from the two relevant 5 cm depth increment

samples. The samples were prepared following the method of Blakemore et al. (1987) and
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analysed using a Varian 720-ES Inductively Coupled Plasma Optical Emission

Spectrometer, at the Analytical Services Laboratory at Lincoln University,.

P-retention
P-retention was measured for lysimeter 6, for every 10 cm depth increment. The samples
were prepared and analysed following the method of Blakemore et al. (1987), by the

Landcare Research Environmental Chemistry Laboratory, Palmerston North.
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Chapter 4

Physical attributes of the soil columns

4.1 Introduction

In order to understand infiltration behaviour it is important to first understand the physical
make-up of the soil. The objective of this chapter is to describe and compare the physical
attributes of the soil columns. The environmental context of the soil’s location is also
described, particularly the rainfall pattern. This knowledge provides a framework to
understand the infiltration experiments that are presented in the following chapters.
Conversely, the infiltration experiments then provide a basis for judging the relative
importance of different physical attributes to the infiltration and movement of water

through this soil.

The methods used for measuring the attributes described here are given in chapter 3.

4.2 Climate, parent material, vegetation, and relief

The soil is mapped as the Gorge series (ECAN, 2009; Kear et al., 1967), occupying
approximately 4900 hectares (ECAN, 2009), between Methven and the foothills of the
Southern Alps. The soil is formed in loess over alluvial gravels, with both materials
derived from the Rakaia River to the immediate north. The parent material of the loess
and gravels is predominantly hard sandstone (greywacke) eroded from the Southern Alps.
The loess is typically 0.45 to ~1 m deep (ECAN, 2009). Most of the area mapped as
Gorge series is gently sloping (2 — 7°); with smooth relief, and between 340 to 500 m

altitude. Vegetation is predominantly permanent pasture.

Two climate stations are located to the east of the sampling site, with a rainfall only
station at Methven (~6.5 km away), and a full climate station at the Highbank Power
station (~7.5 km away) (NIWA, 2009). The Highbank station closed in 2001, whilst
Methven remains open. The long-term mean annual temperature recorded at Highbank is
10.8°C (1970 to 2001), with a mean annual rainfall of 933 mm. Methven recorded a very
similar long-term mean annual rainfall of 924 mm from 1970 to 2008. The rainfall at the
sampling site is likely to be higher, as there is a relatively steep rainfall gradient towards

the Alps. Figure 4-1 shows the long-term average monthly rainfall, potential evapo-
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transpiration (PET), and soil water deficit. Rainfall is reasonably uniform throughout the
year, but the PET has a strong seasonal cycle. As a result there is three to five months of
the year with no soil water deficit, indicating that there will be a reasonable ‘drainage

season’.
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Figure 4-1 Long-term average monthly rainfall, potential evapo-transpiration (PET), and soil water
deficit recorded at the Methven (1970 to 2008) and Highbank (1970 to 2001) climate stations (NIWA,

2009). Soil water deficit is estimated by assuming 150 mm soil water storage.
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Figure 4-2 Frequency of daily rainfall amounts recorded at the Methven (1970 to 2008) and
Highbank (1970 to 2001) climate stations (NIWA, 2009).
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Figure 4-3 The relationship between rainfall depth and intensity for each individual rain event

recorded at Highbank climate station from 1986 to 1993 (NIWA, 2009).

The rainfall was typically in small amounts, with less than 10 mm rain on ~78% of rain
days (Figure 4-2). Daily rainfalls of 10 — 30 mm are common, occurring on 18% of rain
days, hence rainfalls of > 30 mm day™ are rare. Individual rain events are typically less
than 5 mm depth, with an intensity of less than 10 mm hr™' (Figure 4-3). Rain events with
an intensity of > 10 mm hr”' have a 1.6% frequency. Most rain events are small and light,
with only 0.2% of rain events having a depth > 5 mm and an intensity of > 10 mm hr™".
The predicted frequency — magnitude relationship (Figure 4-4) confirms that intense
rainfall is a relatively rare phenomenon. The predicted two year return interval of one

hour and 24 hour rainfalls are 12 mm and 66 mm, respectively (Thompson, 2002).
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Figure 4-4 The predicted return interval of high intensity rainfalls for the Methven area, over time

periods of 1 hour to 3 days (Thompson, 2002).
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4.3 Soil classification

The Gorge series is a Typic Firm Brown; stoneless; silty; moderately permeable soil
according to the New Zealand Soil Classification (Clayden and Webb, 1994; Hewitt,
1998). This is an unusual taxon for the Canterbury Plains, where soils formed in deep
loess are typically found in a drier climate and have a fragipan (ECAN, 2009; Kear et al.,
1967). The Gorge series is similar to the Brown soils that have formed in deep loess on
the Southland Plains under similar rainfall, where 40 000 hectares are mapped as the

Waikiwi and Edendale series (Topoclimate, 2009).

4.4 Soil morphology

The soil morphology was described at three sites where the lysimeters were extracted, and
is very similar between the sites (Plate 4-1). A generalised soil description is presented in
Table 4-1, with full descriptions from each site presented in Appendix 2. Three distinct
layers (horizons) exist: The topsoil to 20 — 25 cm depth and subsoil below 40 — 45 cm are
easily identifiable, with an intergrade zone in-between. These layers coincide very closely
with the 20 cm increments that are used for defining soil layers in the lysimeter
experiments. The uniform yellow-brown colour of the subsoils and the lack of low or
high chroma mottles imply the soil is well drained, with rare or absent periods of
saturation and anaerobic conditions (Webb et al., 1995). Soil structure is strongly
developed in the topsoil, but was not as easy to describe in the subsoil. Nearby road
cuttings that had dried showed a distinctive primary structure of large prisms, which
although still apparent in the described profiles, was much more subtle. Secondary
structural units (polyhedral and smaller prisms) were easier to identify, but they had the
tendency to progressively subdivide into smaller and smaller aggregates, which caused
concern regarding what was the ‘real’ structure. The subsoil structure became weaker
with depth, with a new soil layer recognised below 80 cm where the subsoil was verging

on apedal.

Overall the three profiles were very similar, showing a relatively high degree of spatial
uniformity in the soil morphology. This was also evident throughout the lysimeter trench,

and during the post-experiment dissection of the lysimeters.
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Profile 1

Profile 2 . Profile 3

Plate 4-1 Soil profiles at each of the three sites where soil morphology was described. The colour

difference in Profile 1 is an artefact of the photograph, with similar soil colours described in the field.

Field
Horizon = Depth
(cm)
Ap 0-25
AB 25-40
Bwl 40 - 82
Bw2  82-110
2C 110

Lysimeter
Layer Depth
(cm)
S 0-2
A 2-20
AB 20-40
B 40 - 60
(60—-70
layer
present,
but no
Sensors)
Drainage 70 -75
base

Description

Dark greyish brown (2.5Y 4/2) silt loam; weak soil
strength; moderate to high penetration resistance;
very high particle packing; strongly developed
abundant very fine to fine polyhedral peds; abundant
roots between and within peds; indistinct occluded
boundary.

Dark greyish brown (2.5Y 4/2) and light yellowish
brown (2.5Y 6/4) silt loam; weak soil strength; very
high penetration resistance; extremely high particle
packing; strongly developed abundant fine
polyhedral and many medium to coarse prismatic
peds; many reducing to common roots with depth,
between and within peds; indistinct occluded
boundary.

Light yellowish brown (2.5Y 6/4) silt loam; slightly
firm soil strength; extremely high penetration
resistance and particle packing; weakly developed
very coarse to extremely coarse prismatic structure,
breaking to moderately developed fine to coarse
polyhedral and prismatic peds; common reducing to
few roots between peds; distinct irregular boundary
Light yellowish brown (2.5Y 6/4) silt loam; slightly
firm soil strength; very high penetration resistance;
extremely high particle packing; massive apedal;
few roots in macropores; indistinct wavy boundary.
On gravels

Table 4-1 A generalised description of the key morphology features, summarised from three profile
descriptions (Appendix 2). The field-described horizons are correlated with the equivalent soil layer

that was defined for the lysimeter experiments.
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4.5 Soil chemistry

The basic chemical attributes are given in Table 4-2. Soil P-retention increases with

depth, but is classified as moderate throughout the profile. Cation exchange capacity and
base saturation are moderate in the topsoil, and then decrease to low in the intergrade and
subsoil layers (Blakemore et al., 1987). Base saturation and calcium levels were expected

to be higher, due to the infiltrating solution (0.005M CaS04) used during the experiments.

Depth Cation exchange properties BS | P-ret
cmol(+)/kg
(cm) Ca | Mg K Na | CEC | (%) | (%)
0—-10 | 893 | 0.37 | 0.25 | 0.33 | 16.84 | 59 28
10-20 | 5.01 | 0.22 | 0.21 | 0.25 | 12.66 | 45 32
20-30| 4.10 | 0.21 | 0.14 | 0.26 | 11.94 | 39 36
30-40 | 334 | 0.17 | 0.10 | 0.27 | 8.95 43 37
40-501| 2.73 | 0.11 | 0.06 | 0.26 | 9.14 35 41
50-60 1| 249 | 0.12 | 0.09 | 0.27 | 9.13 32 44
60-70 | 2.53 | 0.13 | 0.07 | 0.27 | 6.94 43 46

Table 4-2 Key chemical attributes.

4.6 Aggregate size distribution

Laboratory sieving of soil aggregates indicated that the soil is strongly aggregated in both
the topsoil and subsoil (Figure 4-5). The whole profile is dominated by fine aggregates (<
10 mm diameter), which comprise 83% of the topsoil and 61 — 57% of the two subsoil
samples. The similarity of the two subsoil layer samples indicates that there is no

significant deterioration of structure with depth in the subsoil.

10 - 25 cm depth 30-50cm depth} 1 60-80 cm depth
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Figure 4-5 Aggregate size distribution at three depths of the soil profiles, as determined by dry-
sieving of large samples (16 — 20 kg) collected from the field site.
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4.7 Aggregate stability

Aggregate stability was assessed on samples collected from a reconnaissance survey of
the sampling site. A wet-sieving stability test indicated 82% stability for the topsoil, and
85% stability for the subsoil. A dispersion test on the same samples also indicated good
stability, with minimal dispersion or slaking observed over 24 hours of immersion (Plate
4-2). Leachate collected after at least 400 mm saturated infiltration was consistently clear
during all of the infiltration experiments (Plate 4-2), further indicating that the structure

was stable during these experimental conditions.

L3 Leachate L6 Leachate

Plate 4-2 Aggregate stability as indicated by immersion for 24 hours, and by the leachate clarity

Topsoil Subsoil
during the saturated infiltration experiments.

4.8 Field estimation of hydraulic conductivity

According to the pedotransfer functions of Griffiths et al. (1999) the soil morphology
indicated that the saturated hydraulic conductivity of the topsoil is moderate (18 — 71 mm
hr'"), decreasing to very low to low (1 — 17 mm hr™") in the subsoil. The unsaturated
conductivity at a surface suction of 0.4 kPa is estimated as very low (1 — 3.5 mm hr™") for
the topsoil, decreasing to extremely low (< 1 mm hr'") for the subsoil (Griffiths et al.,
1999). A concern with the reliability of these estimates is that the soil was drier than
recommended by Griffiths et al. (1999), who note that particle packing measurements are
particularly sensitive to moisture content. Consequently, the particle packing for these
profiles may be over-estimates, particularly for the topsoil where very high packing does

seem excessive for the strongly developed fine structure.
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4.9 Soil particle size distribution

Particle size is highly uniform both among the lysimeters, as well as with depth for each
lysimeter (Figure 4-6). Across all depths and all lysimeters the mean clay fraction is 26%

(0.4% s.e.), with 65 % silt (0.4% s.e.), and 9 % sand (0.2% s.e.).
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Figure 4-6 Particle size distribution of the four lysimeters, measured in 5 cm depth increments.

4.10 Soil carbon and nitrogen

Carbon and nitrogen show a steady decline with depth for all lysimeters (Figure 4-7). The
C:N ratio is stable to 30 cm depth, before increasing at varying rates among lysimeters.
The levels of carbon and nitrogen would classify as low to 30 cm depth, declining to very
low below 40 cm depth (Blakemore et al., 1987). Of most interest to this study is the total
carbon, which is very similar between the lysimeters. Most variation is shown between 25
— 40 cm depth, reflecting an intergrade zone between the topsoil and subsoil. This is
shown in Plate 4-1, where over this depth interval there are distinct areas of high-carbon
topsoil, and low-carbon subsoil. The other interesting feature is the distinct difference in

carbon levels between the 0 — 5 cm depth and the rest of the topsoil (5 — 20 cm depth).
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Figure 4-7 Comparison of the total carbon, nitrogen, and C:N ratio of the four lysimeters, measured
in 5 cm increments. Data points are shown at the centre of each increment, but are representative of

the whole 5 cm increment.

4.11 Bulk density and solid / void relationships

Bulk density consistently increases with depth for all lysimeters (Figure 4-8). Among
lysimeters the bulk density at any particular depth is similar, although it becomes more
variable in the subsoil. Below 40 cm depth the bulk density increases more sharply with
each depth increment, showing that the low organic matter subsoil is now the dominant
soil material. The most distinctive feature of Figure 4-8 is the bulk density of the 0 — 5 cm
layer, which is clearly much lower than the rest of the topsoil. The 0 — 5 cm layer
classifies as moderate bulk density, compared to moderately high for all other depths
(McQueen, 1993). Figure 4-8 also shows the pattern of total porosity, with key features
that mirror the bulk density pattern. Total porosity classifies as moderate to 40 cm depth,

before decreasing to moderate — low, then low below 60 cm (McQueen, 1993).
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Figure 4-8 Comparison of bulk density and total porosity with depth for each lysimeter, measured in
5 cm increments. Data points are shown as vertical bars to indicate the individual 5 cm depth

increment, with horizontal bars showing the standard error of the three replicates of each increment.

The decrease in total porosity with depth appears to be mostly due to a loss in the
‘drainage’ pores, which drain between 0 to -10 kPa (Figure 4-9). The water held at -10
kPa is a key hydraulic attribute, and is often described as the field capacity or the upper
drainable limit. The void space between 0 to -10 kPa is the air-filled porosity at field
capacity (AFP) (McKenzie, 2004; McKenzie, 2008; Webb et al., 1995). On average,
drainage pores decline by 10.4% down the profile, from about 16% at 0 — 5 cm depth to
6% at 60 cm depth. The average loss in storage pores down the profile is 5.6%. The
residual pore network volume varies less than 3 % through the profile. The profile-
averaged volume of storage pores ranges from 20 — 27% among the lysimeters. This
equates to 140 — 190 mm of plant available water to 70 cm depth. Greater than 150 mm is

considered a high water storage capacity (Webb et al., 1995).
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Figure 4-9 The solid / void relationship of the four lysimeters, measured in 5 cm increments. The pore
volume between 0 to -10 kPa is classed as drainage / air pores, with storage pores between -10 to -
1500 kPa holding the plant-available water. Residual water held below -1500 kPa is classed

unavailable.

4.12 Soil water characteristic (-0.5 to -10 kPa)

Detailed results of the soil water characteristic, 6,(¥,,) for the drainage pore network are
shown in Figure 4-10. 6,(¥,,) declines as matric potential decreases most sharply in layers
S & A. The decline in 6,(¥,,) is greatest between -0.5 to -3 kPa for layers S & A, and
between -2 to -5 kPa for the lower layers. Within layers S, A, and B the 6,(¥,,)
consistently declines with each depth increment. Such a pattern is not clear for Layer AB,

possibly reflecting its inter-grade nature.

The changes in the 6,(¥,,) pattern relate well to the morphologically defined soil layers.
This is particularly evident in the 6,(¥,,) between -0.5 to -2 kPa, where there is a sharp
decrease in layers S & A, but not apparent in the AB and B layers. This trend highlights a
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major decrease in macropore abundance between the topsoil and subsoil. Of interest is

that at 19 — 25 cm depth the 6,(¥,,) pattern is more similar to layer A, indicating that 25

cm depth is possibly a more appropriate boundary for layer A. The 0 — 5 cm depth also

has clearly different 8,(¥,,), again highlighting this depth as a distinct soil layer.
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Figure 4-10 The soil water characteristic for the individual layers of each lysimeter over the range of
matric potentials between -0.5 to -10kPa. The soil water characteristic was measured for the same S
cm depth increments as Figure 4-8. Vertical error bars show the standard error of three replicates at

each increment. The large error bars for L6 6 -11 cm are thought to be due to measurement error.
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4.13 Discussion

Climate station records highlight the importance for land management and environmental
protection of understanding infiltration and conductivity behaviour for the Gorge soil,
because these records show that there is a regular soil-water ‘drainage season’. The flat
topography and low slope mean that any surface ponding of surplus water is not likely to
generate runoff. Climate records also show that rainfalls are typically of low intensity and
amount, further reducing the risk of runoff. Soil colour indicates that periods of saturation
are minimal and of short duration. This is further evidence of good drainage and thereby

supports the contention that the water surplus moves as drainage rather than runoff.

Soil morphology shows distinct soil layers, where a topsoil, worm-mixed, and subsoil are
easily identifiable. Whilst the exact boundary between layers is difficult to define, the
layers do approximately correlate with the 20 cm increments that are used for the
lysimeter experiments. The measured physical attributes also correlate with the defined
soil layers, particularly the pattern in bulk density, soil carbon, and 6,(¥,,). It is clear from
the physical attributes that the 0 — 5 cm depth should be defined as a separate soil layer,

even though this was not at first apparent in the soil morphology.

The measurements show a consistent decline in soil porosity with depth, which appears to
be mostly due to a reduction in the pore network responsible for drainage. Measurement
of 6,(¥,,) over the drainage-pore range highlights distinct differences between the soil
layers, particularly in relative abundance of pores over a particular ¥, range. Below 25
cm soil depth the 6,(¥,,) measurements for each lysimeter detected little or no decline in
porosity over the range of -0.5 to -2 kPa. This range is of particular importance for water
infiltration and drainage because it includes the macropore network often associated with

preferential flow (Jarvis, 2007), and is the pore network of most interest in this study.

Whilst these results appear to highlight a sharp reduction in macropore abundance below
the topsoil layer, it may also partly reflect sampling error. This error could arise if
macropores occur in spatially distinct regions such as between large aggregates, and the
volume and number of cores was too small to ‘capture’ these regions. It is also possible
that the subsoil pore network has an air-entry value such that it resists the applied suction
until a critical suction is reached, at which drainage commences. This would be at odds

with the morphology which shows good drainage, and also the rapid drainage behaviour
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that was observed during the lysimeter experiments. Therefore, if a critical air-entry value

is present, it is possibly an artefact of the measurement method.

Sampling error may also arise if the artificially wet conditions during measurement
induced atypical wetting of the soil. It was observed that it was difficult to obtain stable
weights at these low suctions, with a number of cores appearing to even slightly gain
weight as the suction increased from -0.5 to -2 kPa (refer to layer B 6,(,,) pattern, Figure
4-10). The prolonged artificially wet conditions could induce swelling of clays and
removal of entrapped air, which would draw water up from the suction plate, and offset
water that may have drained at the applied suction. These conditions would not arise in

the field situation because of the natural good drainage of the soil.

Another key feature is the remarkable uniformity in soil texture. The measurements show
no variability in texture among lysimeters and soil layers. This is important because
texture is often used to explain differences in infiltration and drainage behaviour. Texture
is also a key parameter in most models that are used to predict soil hydraulic attributes.
The uniform texture of this soil indicates that there should be minimal variation in the
infiltration and conductivity attributes both among the lysimeters, and between the
individual soil layers. This soil does show a consistency between the 8,(¥,,) pattern, and
changes in bulk density and carbon. These results indicate that the reduction in the
drainage pore network with soil depth is strongly related to decreasing levels of soil
carbon, which is reflected in aggregates increasing in both density and size. The
relationship with carbon is not purely causative. There is a correlation between carbon

and drainage pores because both in turn are related to biological activity.

Overall the soil morphology and physical attributes indicate that this soil shows high
physical fertility. Soil water storage and aeration are seen as key indicators of physical
fertility (Webb et al., 1995). The physical measurements show that the soil has high water
storage capacity (AWC), and the volume of drainage pores indicate that at field capacity
there is adequate air-filled porosity (AFP). This is reflected in the soil colour which
indicates good drainage and minimal periods of anaerobic conditions. McKenzie et al.
(2004) rate a soil’s physical fertility on the relationship between AFP and AWC. The
profile-averaged AFP (10%) and AWC (22%) of the Gorge soil would rate as good
physical fertility. Physical fertility declines with depth, with good to very good in Layer S

decreasing to moderate in the subsoil.

86



Chapter 5
Comparison of three methods to characterise
preferential flow in a layered soil column during

infiltration

5.1 Introduction

Research on New Zealand soils indicates that the potential for preferential flow is the
norm, rather than the exception (McLeod et al., 2003). Research has also identified that
preferential flow is a key hydrological pathway for the leaching of a number of
contaminants that pose significant risks to the sustainability of NZ agriculture, including:
nitrate (D1 and Cameron, 2002b); phosphate (Toor et al., 2005); heavy metals (McLaren
et al., 2004); pathogens (Jiang et al., 2005; Jiang et al., 2008; Pang et al., 2008); and
dairy-shed effluent (Houlbrooke et al., 2004; Jiang et al., 2008).

Whilst the evidence is building about the potential for preferential flow behaviour in NZ
soils, there is limited research on the mechanisms that generate preferential flow, and
therefore the likely frequency of occurrence. Internationally there has been considerable
published research, with comprehensive reviews by Beven and Germann (1982), Clothier
et al. (2008), Hendrickx and Flury (2001), and Jarvis (2007). An important issue
identified is that there are numerous preferential flow experiments where the results may
be artefacts of unnatural boundary and initial conditions (Clothier et al., 2008; Jarvis,
2007). Jarvis (2007) reviewed 115 published experiments, identifying that ~20% used
ponded infiltration or saturated flow, and another ~20% used controlled irrigation fluxes
of 10 — 100 mm hr’'. Most of these studies did not state the equivalent rainfall return
period, but based on the amount and intensity of water application, Jarvis (2007)
interpreted that in most cases the likely return period was years rather than months. It was
concluded that relying on extreme flux experiments risks developing a biased
understanding of preferential flow behaviour, particularly the frequency of its occurrence

and significance over long time frames.

This research project was established to characterise the influence of preferential

flowpaths on infiltration behaviour at or near saturation. Importantly, the research was
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initiated prior to publication of the reviews by Jarvis (2007) and Clothier et al (2008),
who recognised the potential for experimental conditions to create biased impressions of
preferential flow behaviour. It is within this context that this chapter provides results from
experiments designed to address the question: Does using three different methods provide

a consistent understanding of preferential flow behaviour?
The three methods that were used are as follows:

Dye tracer. Brilliant blue dye was used to characterise preferential flowpaths from
unconfined ponded infiltration at three field sites. Dye tracers are a common method to
visually characterise the presence of preferential flow behaviour in field soils (Flury and
Wai, 2003), but typically use high fluxes. The classic study of Flury et al. (1994) irrigated
40 mm over 8 hours, but irrigation was applied as pulses with an intensity of 96 mm hr™';
Weiler and Fluhler (2004) irrigated 75 mm at two sites, using rates of 12 and 60 mm hr';
Alaoui and Goetz (2008) irrigated 110 mm at 47.5 mm hr'; and under ponded infiltration
Nobles et al. (2004) applied 550 mm; whilst Kim et al. (2004) applied 150 mm.

Tensiometer arrays. The infiltration behaviours of four large lysimeters were studied
under controlled surface suctions. At four depths within each lysimeter an array of
tensiometers measured the variability in matric potential (¥,,), and thus the degree of
preferential flow under different infiltration conditions. This is an expanded version of a
classic preferential flow study by Bootlink and Bouma (1991), who used arrays of seven
tensiometers at three depths to study variability in ¥, during infiltration into a 20 x 20 cm
soil core. Although there is less published research comparing tensiometer arrays with
dye infiltration, there are recent publications where arrays of tensiometers have been used
to study temporal and spatial dynamics of preferential flow under natural field conditions

(Bradley et al., 2007; Woehling et al., 2008; Zhan et al., 2007).

Drainage Breakthrough Curves. Using the large lysimeters, anion tracers were injected
into the infiltrating water, and the pattern of leachate concentration versus cumulative
drainage was measured. This is a ‘standard’ method of studying solute transport (Skaggs
et al., 2002a), and has been used in a number of preferential flow studies on New Zealand
soils (Jiang et al., 2005; McLeod et al., 2004; McLeod et al., 2003; Silva et al., 2000;
Toor et al., 2005).
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5.2 Methods

The methods relevant to each of the above experiments are described in chapter 3.

5.3 Results
5.3.1 Ponded infiltration dye study

The results of using brilliant blue dye to characterise preferential flowpaths are presented
in Plate 5-2, where photographs of the dye pattern in both vertical and horizontal sections
are compared for three locations. These sections show clear preferential flowpaths,
particularly at depths below ~30cm, and indicate that the infiltration pattern is strongly
associated with soil horizons. Dye infiltration follows a relatively uniform distribution in
the A horizon (0 — 20 cm depth), before being channelled into distinct preferential
flowpaths in the AB horizon, which then persist deep into the B horizon (>40 cm depth).
Overall the dye pattern shows strong similarity between the three sites, indicating spatial
consistency in the preferential flow network, and suggests that this is an important
hydraulic feature of this soil. At all sites there is uniform dye coverage of the A horizon,
and highly localised dye concentration in the subsoil with strong vertical and horizontal
interconnectivity of flowpaths. In this soil the subsoil flowpaths that persist to the greatest
depth follow interpedal regions between large primary structural units (Plate 5-1), which
appear to be prisms of 15 — 50 cm width.

Profile 2. 40 cm depth Profile 2. 60 cm depth Profile 3. 40 cm depth Profile 3. 60 cm depth

Plate 5-1 Photographs of the relationship between dye pattern and soil structure. Major B horizon

flowpaths follow interpedal regions between the primary structural units, as highlighted by arrows.

&9



'g..i
m dept

Profile 1. . I"roﬁle 1. 60 ¢

Profile 2. 20 cm depth

Proﬁle 2 ' Prole 2. 40 cm depth Profile 2. 60 cm depth

Profile 3. 2 cm depth Profile 3. 20 cm depth

roﬁle 3. 40 cm depth

Profile 3

Profile 3. 60 cm depth

Plate 5-2 Preferential flow patterns following ponded infiltration of 50 mm Brilliant Blue dye from a
50 cm diameter ring. Location of infiltration ring is shown in red, with vertical sections located across

the ring centre, and representative 20 x 20 cm horizontal slices at 2, 20, 40, and 60 cm depth.
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Although strong preferential flow via interpedal pores is characteristic of soils with
structured subsoils (Flury et al., 1994; Nobles et al., 2004), the aggregate size distribution
(Figure 4-5, chapter 4) indicated subsoil aggregates were < 10 cm wide, which does not
match the dye pattern. It appears that these aggregates are a secondary structure of the
large primary units, and that the substructure has greater aggregate packing, creating a
less conductive and connected interpedal pore network compared to the primary structural
units. In the upper subsoil the dye does appear to penetrate into the pore network of the
substructure, but only the primary flowpaths persist below 50 cm depth. The dye pattern
shows that the primary flowpaths are often 1 — 2 cm wide, highlighting that preferential
flow is not necessarily confined to discrete macropores, but also to regions of well
connected macropore sequences (Seyfried and Rao, 1987). The primary flowpath regions
are also characterised by clusters of plant roots and earthworm burrows, which would

further enhance their conductivity.

5.3.2 Soil matric potential measurements during saturated and
unsaturated infiltration

Infiltration experiments were conducted on the four lysimeters using the tension

infiltrometer to supply infiltrating water under surface-imposed suctions of 0, 0.5, 1 and

1.5 kPa. The results show that as the surface suction is increased, the infiltration rate (i;)

typically reduced by about two orders of magnitude between saturated infiltration (0 kPa)

and infiltration under the largest suction of 1.5 kPa (Figure 6-1, chapter 6).

During the infiltration experiments arrays of tensiometers were used to measure the soil
matric potential (¥,,) at set depths within each lysimeter (defined in Table 3-1, chapter 3).
The spatial average and standard deviation of ¥,, at depths of 2, 20, 40, and 60 cm are
shown in Figure 5-1, which shows the changes in ¥, as infiltration time progresses. Note
that to enable comparison of all the infiltration experiments, that time is represented on a

logarithmic scale.

This section only discusses the pattern in the standard deviation of ¥, which shows the
spatial variability in the downward movement of the wetting front, and thus infers the
degree of preferential flow. The dynamics of the mean ¥, at each depth is discussed in

chapter 7.
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Figure 5-1 Comparison of the dynamics of soil matric potential between lysimeters during infiltration, where infiltration occurs under controlled surface suctions of 0, 0.5, 1 and 1.5 kPa. Solid lines represent the spatial average

of ¥, at the set soil depths, with the scale on the left Y-axis. Dashed lines represent the spatial standard deviation of ¥, at the set soil depths, with the scale on the right Y-axis.
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Figure 5-1 clearly shows that the pattern of change in ¥, is strongly dynamic. For each
lysimeter the pattern changes when infiltration occurs under a different surface suction.
Also, for infiltration under the same suction the pattern of ¥, varies among the four

lysimeters, for example when infiltration occurs under 0.5 kPa surface suction.

The spatial variability in ¥, represented by the standard deviation curves, shows that
preferential flow occurs during saturated and unsaturated infiltration, although at the
highest surface suction of 1.5 kPa it is not strongly expressed. These measurements are
consistent with the review of Jarvis (2007), which concluded that experimental evidence
consistently shows that preferential flow becomes increasingly important as ¥,, wets to
above -1 kPa. Jarvis (2007) argues that wetting only needs to occur in small localised
areas such as at the soil surface or at layer boundaries to activate preferential flowpaths.
This occurred in experiments in this study, where the tension infiltrometer wetted the

surface boundary to a defined ¥?,,.

Preferential flow also appears to be greatest in the topsoil, with the standard deviation in
¥,, at 20 cm depth (base of the topsoil) often peaking at 1.5 to 3 kPa, whereas the
standard deviation at 60 cm depth (base of the subsoil) peaks at 0.4 — 1.3 kPa under
saturated infiltration, and is much lower under unsaturated infiltration at <0.5 kPa. These
observations appear to indicate a general pattern of preferential flow increasing as the
wetting front moves down the topsoil, and then decreasing in the lower two horizons.
Importantly, during unsaturated infiltration the tensiometers at 60 cm depth detect no or
minimal evidence of preferential flow. This is interpreted as reflecting that the
channelizing macropores remain empty and the matrix pore network of the B horizon is
able to cope with the water flux during unsaturated infiltration, which during the initial
wetting of the column is at least one order of magnitude lower than during saturated
infiltration. The apparent uniform wetting of the B horizon indicates the unsaturated pore
network has sufficient continuity and conductivity to redistribute the uneven wetting front

that is generated by the topsoil. This concept is discussed further in Chapter 7.

Interestingly, the spatial standard deviation curves indicate that the peak preferential flow
behaviour at 20 cm depth is not necessarily greatest under saturated infiltration, with L2
and L6 both showing the largest variability in ¥, under surface suctions of 0.5 and 1 kPa.
Preferential flow behaviour also persists for longer periods of time during unsaturated

infiltration, lasting for between 3 — 20 hrs compared to ~0.7 — 1 hrs during saturated
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infiltration. However, in terms of cumulative infiltration, preferential flow appears to
persist longer under saturated infiltration. At 20 cm depth the non-uniform wetting front
arrived within 3 — 7 mm cumulative infiltration under both saturated and unsaturated
infiltration, with the exception of L3 which took 16 mm during saturated infiltration.
Preferential flow then persisted for another 14 — 23 mm of saturated infiltration,
compared to 4 — 14 mm during the 0.5 and 1 kPa unsaturated infiltration experiments,
with the exception of L6 1kPa which persisted for 20 mm cumulative infiltration

(discussed further in section 7.4.1, chapter 7).

Once the soil column has wet up, the variability in ¥, becomes minimal, indicating a
spatial uniformity at each depth within the column. Even when the soil internally switches
from wetting to drainage behaviour (e.g. L2 1 kPa), the change occurs uniformly at each
depth. This pattern appears to highlight that preferential flow is strongest during the initial

transient wetting of the column, and then lessens under steady-state infiltration.

5.3.3 Leachate tracer concentration

To distinguish between preferential movement of the infiltrating water, and displacement
of the existing resident water, an anion tracer pulse was injected into the tension
infiltrometer during some of the experiments presented in section 5.3.2. The pattern of
tracer concentration was then measured in the drainage water. The tracer experiments
were originally confined to the steady-state phase of saturated infiltration, when it was
assumed that preferential flow would be most strongly expressed. This is also a common
approach used in other preferential flow studies (Jiang et al., 2005; McLeod et al., 2003;
Silva et al., 2000). However, measurements of ¥, indicated that preferential flow may
actually be greatest during the initial transient stages of infiltration, so for L1 and L3 an
additional tracer application was applied at the start of the saturated infiltration

experiment.

The pattern of tracer movement during unsaturated infiltration was also studied for L6,
where the tracer was applied during the steady-state phase of infiltration under 1.5 kPa
surface suction. Under this surface suction it was assumed that preferential flow would be
negligible, based on the review of preferential flow experiments by Jarvis (2007). This

experiment took three months to complete, and was not replicated on other lysimeters
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because of time-constraints, as well as the practical difficulties of maintaining infiltration

under controlled suction for such long-time periods.

The results are presented in Figure 5-2 where the normalised tracer concentration
(leachate concentration / pulse concentration) is plotted against the pore volumes (PV) of
drainage. Here PV is assessed as the average water-filled pore volume of the soil column
during the experiment. If no preferential flow occurred, a tracer application would not be
measured in leachate until about 1 PV of drainage, because all the resident soil water
would have to be displaced, before the arrival of the tracer as a discrete pulse (Hillel,

1998; Skaggs et al., 2002a).
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Figure 5-2 Breakthrough curves of relative tracer concentration, measured in pore volume
increments of lysimeter drainage, for tracer leached under different flow conditions: A. Bromide
tracer applied under saturated conditions, once the infiltration rate had reached steady-state (after
80 — 100 mm cumulative infiltration); B. Chloride tracer applied at the initiation of saturated
infiltration (i.e. 0 mm cumulative infiltration); C. Chloride tracer applied under unsaturated flow
conditions (infiltration at 1.5 kPa surface suction, lysimeter 6), once the infiltration rate had reached

steady-state (41 mm cumulative infiltration).

95



Under saturated conditions all lysimeters show distinct preferential flow, during both the
transient and steady-state phases of infiltration. When the tracer was applied at the start of
infiltration it appeared within 0.02 PV of drainage, in contrast to the steady-state
application where the tracer was detected within 0.2 PV for all lysimeters. The peak
concentration arrived between 0.2 — 0.6 PV, with a similar pattern between the transient
and steady-state saturated experiments, except for the L3 steady-state application where

the breakthrough curve appears more compressed with a sharp peak.

The saturated steady-state leaching pattern appears to be a function of i,, where a faster i,
results in greater preferential flow. In these experiments the saturated i; was in the order
L3 >L2>L1>L6. The same order was followed for the tracer leaching, where both the

initial arrival and peak concentration were detected earliest for L3, and slowest for L6.

Preferential flow also appears to occur under unsaturated conditions, with 1.5 kPa surface
imposed suction, and ¥, within the soil column between -2.5 to -5 kPa during the
experiment (Appendix 4). The leaching pattern is similar to that measured under saturated
infiltration for the same lysimeter, except that both the initial and peak concentrations
arrived 0.1 — 0.2 PV later under unsaturated flow. However, after the peak concentration
the unsaturated breakthrough curve drops off sharply and lacks the long ‘tail’

characteristic of the saturated breakthrough curve.

Distinct preferential leaching of the same bromide tracer was also observed by Mcleod et
al. (2003) on a similar soil type to this experiment. Mcleod et al. (2003) used a constant
flux irrigation of 5 mm hr', which was below the estimated saturated conductivity and
therefore likely to have induced unsaturated leaching. Interestingly, the breakthrough
curve was very similar to the saturated L6 experiment of this study (which had an i; of 5 —

6 mm hr'"), with the tracer arrival and peak concentration at similar PV’s of drainage.
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5.4 Discussion

The results of the three different experimental methods clearly show that preferential flow
is a ubiquitous feature of this soils infiltration behaviour. The following sections discuss
how the three methods provide a similar or different understanding of the preferential

flow pattern.

5.4.1 Ponded infiltration dye study

Although dye patterns have been used primarily to illustrate the presence of preferential
flow under certain infiltration conditions (Flury et al., 1994), there have been a number of
attempts to use dye patterns to elucidate understanding of the underlying flow
mechanisms. Weiler and Fluher (2004) developed a classification scheme based on the
width of the dye flowpaths, where a dominance of flowpaths <2 cm wide indicates flow
primarily in macropores, and low interaction with the surrounding soil matrix, whilst a

dominance of flowpaths >20 cm wide indicates predominantly matrix flow.

Applying this scheme to the vertical dye patterns in Plate 5-2 suggests that homogenous
matrix flow occurs in the A horizon, changing in the subsoil to macropore flow showing
mixed interaction with the matrix. The interaction zones vary between 2 — 10 cm, which
is interpreted as indicating that the matrix permeability may be spatially heterogenous, or
that the flow velocity in preferential flowpaths (macropores) is spatially heterogenous
(Weiler and Fluhler, 2004). Uniform topsoil dye distribution appears to be typical of most
soils studied using dye infiltration, although this often applies only for the surface layer (0
— 10 cm deep) (Flury et al., 1994; Kim et al., 2004; Ohrstrém et al., 2002; Weiler and
Fluhler, 2004). These previous studies also identify that most soils have the potential for
subsoil preferential flow, although the apparent spatial consistency among the three sites

of this studies may not be the norm.

The differences in dye coverage at each soil depth are summarised in Figure 5-3, where
image analysis has been applied to the horizontal sections in Plate 5-2 to estimate the
percentage of soil stained by dye, as well as regions with pale compared to dense dye
concentration (as distinguished in Appendix 3). Dye concentration has been previously
identified as important for interpretation of preferential flowpaths, where regions of low

concentration may not actually represent preferential flowpaths, but lateral mass
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exchange between preferential flowpaths and the soil matrix (Alaoui and Goetz, 2008;

Forrer et al., 2000; Weiler and Naef, 2003).
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Figure 5-3 Interpretation of the relative density of dye coverage at four depths in each profile, based
on the horizontal sections presented in Plate 5-2. Image analysis was not performed on the 20 cm
depth of Profile 1 because the photo is over-exposed, although Plate 5-2 shows that the relative dye

density is similar to the other profiles.

Figure 5-3 shows that although dye coverage was essentially 100% in the A horizon (0 —
20 cm depth), there are distinct regions of dense and pale dye concentration, with 40 —
65% of the horizon having dense dye concentration. This highlights that the initial
interpretation of uniform matrix flow may not be correct, and that preferential flow may
be a significant mechanism throughout the whole profile. Preferential flow is obvious in
the subsoil, with distinct areas of unstained soil increasing with depth. However, the
abundance of densely stained areas is clearly higher in the A horizon, suggesting that
preferential flow may actually be greater in this layer. The locations of preferential
flowpaths are not easily distinguished for the A horizon, with no apparent primary
structural units, or areas with an increased density of roots and biopores. However,
Seyfried and Rao’s (1987) concept that preferential flow occurs through macropore

regions appears to be applicable to both the A and B horizons.

The areas of pale dye are also relatively abundant at all depths, further indicating that
lateral mass exchange between preferential flowpaths and the matrix is an important
hydraulic feature of this soil. The proportion of dense vs pale dye in the A horizon is
similar between the three profiles, but shows greater variability among the three profiles
in the subsoil. This supports Weiler and Fluher’s (2004) interpretation that spatial
heterogeneity exists in the matrix permeability of the interaction zone surrounding the

subsoil macropore regions.
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5.4.2 Soil matric potential measurements

The preferential flow behaviour observed via the tensiometers generally correlates with
the behaviour deduced from the dye infiltration, but a comparison is only relevant to
infiltration behaviour under saturated conditions. In particular the tensiometer data
support the results of the image analysis of dye concentration, which indicates that
preferential flow is a dominant feature of infiltration into the A horizon. Both these
methods show that the initial visual impression seen in the dye pattern was misleading,
and that the classification by Weiler and Fluhler (2004) of uniform matrix flow through

the A horizon was incorrect in this case.

The observed dye pattern probably reflects the second of a two-stage infiltration
behaviour observed via the tensiometers. At early-time infiltration the initial wetting
follows preferential flowpaths. This is then followed by a second stage when there is
reduction of lateral gradients in the matric potential, which results in dye migrating into
the matrix. I interpret dye migration as resulting from a number of processes: 1. further
vertical infiltration via smaller macro- and meso-pores; 2. lateral infiltration from
preferential flowpaths; 3. ‘perching’ of infiltration water on the B horizon, which has a
lower saturated conductivity (refer chapter 7). Perching at the base of the A horizon will
slow the flow rate of preferential flowpaths and increase lateral infiltration, as well as
‘backfill’ the A horizon as water builds up at the base. Evidence of perching can be seen
when comparing the dye density at 2 and 20 cm depth in Figure 5-3, where there is a
distinct increase in the proportion of dense dye at 20 cm depth. This build up of dense dye

at the base of the A horizon is also seen in the vertical sections of Plate 5-2.

However, the tensiometer response at 2 cm depth in Figure 5-1 is not consistent with this
interpretation of the A horizon infiltration behaviour. Under all infiltration conditions the
2 cm tensiometers appear to show relatively uniform wetting at the surface, compared to
the distinct preferential flow behaviour at 20 cm depth. The 2 cm tensiometers do show
an antecedent spatial variability (not present in deeper layers), which appears to persist
until this depth is wet up, indicating a degree of preferential flow. The dye density
analysis in Figure 5-3 also indicates that preferential flowpaths are present at 2 cm depth.
The weak expression of preferential flow response of the 2 cm tensiometers possibly
reflects that the surface pore network has greater spatial access to freely available

infiltration water that is across the whole soil surface, resulting in a relatively uniform
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distribution of matric potential. The pore network at deeper depths within the A horizon
does not have such easy access, relying initially on the availability of infiltration water in
limited areas associated with preferential flowpaths. Pore size analysis (Figure 4-10,
chapter 4) also indicates that the 0 — 5 cm depth has a distinctly greater porosity
(particularly macropores) than the rest of the A horizon. The high macroporosity and low
variability in tensiometer response indicates a relatively intensive and well connected
macropore network, which the 2.5 cm long x 1 cm diameter tensiometer cups appear to
invariably intercept. It is for these reasons that it may be justified to recognise the
approximately 0 — 5 cm depth as a distinctly different soil layer from the underlying A
horizon, particularly when preferential flowpaths are activated. This concept is discussed

further in chapter 7.

At first glance the tensiometer response in the B horizon under saturated infiltration
appears to indicate that preferential flow was not as strongly expressed as that observed
during the dye study. In Figure 5-1 the standard deviation in ¥, at 40 and 60 cm depth
indicates that preferential flow is consistently weaker than in the A horizon. However, I
interpret this as an artefact of the antecedent matric potential (7;), which is higher
(wetter) in the B horizon, particularly at 60 cm depth where ¥; is -2 to -3 kPa. The
moister B horizon places a greater limit on the possible variation in ¥,,, compared to the
drier A horizon, and therefore may mask the observation of preferential flow in ¥,
measurements of the B horizon. To overcome these differences in ¥; between soil layers
and lysimeters, the standard deviation of the tensiometer measurements was normalised

by expressing the standard deviation relative to ¥; (Figure 5-4).

The pattern of change in the normalised standard deviation shows that significant
preferential flow did occur in the B horizon during saturated infiltration. The only
exception is at the 60 cm depth for L6, where preferential flow is only weakly expressed.
This is interpreted as meaning that L6 may not contain the inter-ped pore network
between the primary structural units, which formed the preferential flowpaths identified
by the dye infiltration pattern. Although preferential flowpaths clearly exist at the top of
the B horizon (40 cm depth), it appears that they do not persist strongly at 60 cm depth.
From the dye study the horizontal spacing of the primary flowpaths was estimated at 15
to 50 cm. Thus it is possible that the lysimeter-scale sample volume may be too small to

consistently encompass the subsoil macropore flowpaths. This may explain why, in
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Figure 5-1, L6 has distinctly different infiltration behaviour to the other lysimeters at
infiltration suctions < 1 kPa, where infiltration will occur through the macropore regions.
It is possible that the lower saturated infiltration rate of L6 reflects the saturated matrix

conductivity, rather than the conductivity of the primary preferential flowpath regions.
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Figure 5-4 Comparison for four lysimeters of changes in soil matric potential during saturated
infiltration. Solid lines represent the spatial averages in ¥, at set soil depths, with the scale on the left
Y-axis. Dashed lines represent the normalised spatial standard deviation in ¥, (standard deviation

divided by the antecedent matric potential), with the scale on the right Y-axis.

5.4.3 Leachate tracer concentration

These results appear to provide a greater depth in understanding the preferential flow
behaviour than that revealed by the variability of ¥, alone. The ¥, measurements show
that preferential flow occurs during the early transient stage of infiltration, when high
variability in ¥, reflects non-uniform movement of the wetting front. This is supported
by rapid tracer leaching in the saturated transient experiment. However, the tracer also
showed preferential leaching during steady-state conditions, even when there was
minimal variation in ¥,,. Clearly, uniformity of ¥, is no guarantee of minimal
preferential flow, as it was earlier interpreted (section 5.3.2). This result shows that
preferential flowpaths continue to operate under steady-state infiltration, and appear to

dominate long-term infiltration.
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The idea that preferential flowpaths can have persistent influence on long-time infiltration
is supported by the observation that the degree of steady-state preferential flow is a
function of the infiltration rate (i), where a faster i, results in greater preferential flow.
The relationship between i, and preferential flow is also reflected in the cumulative mass
tracer recovery (Table 5-1). Cumulative mass recovery by 0.5 PV drainage increased in
the same order as steady-state i, where L3 > L2 > L1 > L6. However, by 1.5 PV drainage
the relationship with i is not as clear, demonstrating how the distinct differences in the
initial preferential leaching pattern tend to disappear over long-times, resulting in a

similar mass recovery.

Cumulative mass tracer recovery in PV of drainage (%)

Infiltration conditions Lysimeter 0.5 PV 1PV 1.5 PV
A. Steady-state saturated L1 22 44 60
L2 28 44 51
L3 39 53 57
L6 14 46 53
B. Transient saturated L1 37 67 80
L3 48 77 87
C. Steady-state unsaturated L6 21 66 68 (1.24 PV)

Table 5-1 Comparison of cumulative mass tracer recovery from four lysimeters under different flow
conditions: A. Bromide tracer applied under saturated conditions, once the infiltration rate had
reached steady-state (after 80 — 100 mm cumulative infiltration); B. Chloride tracer applied at the
initiation of saturated infiltration (i.e. 0 mm cumulative infiltration); C. Chloride tracer applied
under unsaturated flow conditions (infiltration at 1.5 kPa surface suction), once the infiltration rate

had reached steady-state (after 41 mm cumulative infiltration).

The mass recovery by 1.5 PV drainage is also not as high as expected, considering the
early tracer breakthrough: 40 — 50% of the tracer was not recovered, similar to that
observed by McLeod et al. (2003) on a similar soil type, where mass recovery was 55 —
60% by 1 PV. This pattern of mass recovery is interpreted as highlighting duality in the
behaviour of preferential flow, where activation of macropores results not just in
preferential transport of solutes from the soil surface, but also significant bypass of
solutes within the soil matrix. In this sense macropore flow may have a negative
consequence if it results in preferential leaching of a contaminant initially located on the
soil surface, or a positive consequence if the contaminant is located within the soil matrix,

and thus ‘protected’ from water moving through macropores. The term preferential flow
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is typically used to encompass both macropore flow and matrix bypass because of the
interlinkage of both processes, although here each process is distinguished separately
because of the distinct influence that can be shown for each process on the leaching

pattern.

In Figure 5-2 the breakthrough curves under saturated infiltration have a distinctive
asymmetric shape, similar to that described during saturated infiltration by Seyfried and
Rao (1987), where the early tracer breakthrough was attributed to macropore flow, and
the long ‘tail’ attributed to matrix bypass. In the saturated experiments of this study the
tracer infiltration is thought to follow a distribution skewed towards the macropores,
resulting in initial preferential leaching. After tracer infiltration the macropores will
continue to dominate, but instead the ‘background’ infiltrometer solution will be
preferentially infiltrated, bypassing tracer that has infiltrated into the pore network of the
soil matrix. This behaviour supports the claim by Bergstrom et al. (2001) that preferential
flow can act to both enhance and reduce contaminant leaching, depending on the initial
contaminant location and the degree of interaction between the macropore and matrix

pore networks.

Asymmetric breakthrough curves for preferential leaching of bromide tracer were also
typical in the study of McLeod et al. (2003) on a similar soil type, where the long tail of
the breakthrough curve was attributed to a wide range in the size of conducting pores,
giving a greater chance of diffusion into fine pores of the matrix, and hence resulting in
matrix bypass flow. The interlinkage of macropore flow and matrix bypass has also been
observed during lysimeter studies on other New Zealand soil taxa, which have been
shown to demonstrate preferential flow. The soil types, classified according to Hewitt
(1998); include: Immature Pallic (Jiang et al., 2005; Pang et al., 2008; Silva et al., 2000);
Fragic Pallic (McLeod et al., 2003); Orthic Brown (Pang et al., 2008); Granular (McLeod
et al., 2004); as well as Recent and Gley soils (McLeod et al., 2001).

This phenomenon is also demonstrated when comparing the transient and steady-state
leaching patterns of L3. In the transient experiment, when the tracer was applied at the
start of saturated infiltration, mass recovery was 9% higher at 0.5 PV, and was 30%
greater by 1.5 PV of drainage. It appears that macropore flow was greater for the transient
application, where more of the tracer was involved in filling of the largest macropores,

and thus available to be leached. In contrast, during steady-state infiltration the macropore
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network was already water-filled, resulting in a lower i;,, and more tracer infiltration /
diffusion into smaller pores, causing more matrix bypass and lower total tracer recovery.
This interpretation also correlates with the understanding gained from the dye and ¥,
measurements, which indicate that preferential flow is greatest during early-time

infiltration.

Comparison of mass recovery is difficult for the unsaturated experiment because of the
high background chloride in the tap water used for the infiltrating solution. The tracer
breakthrough curve was calculated after the leachate tracer concentration had been
corrected for the background chloride, using the average of 62 samples from tap water,
and from lysimeter leachate where no chloride tracer was applied. Even at the maximum
background chloride concentration there is a distinct appearance of the tracer pulse in the
leachate (refer to Appendix 5), and the pattern of the tracer breakthrough curve is
considered valid. However, the higher than expected tracer concentrations at the start of
the experiment (between 0 — 0.15 PV) are suspected to be an artefact of the background
chloride concentration, rather than rapid preferential transport of the applied tracer. A
tentative interpretation indicates that most of the recoverable mass arrives by 1 PV, but a
large portion of the applied tracer (~30 %) may not be recoverable. The missing tail on
the breakthrough curve indicates that the ‘lost’ tracer has infiltrated into the matrix, but in
contrast to saturated flow the matrix tracer is more immobile and not able to move back

into conducting pores.

Partitioning the pore network into mobile and immobile regions

The most important interpretation of the unsaturated leaching experiment is that the
conducting pore network of the unsaturated experiment is likely to have contributed little
or none of the tracer leached during saturated conditions. When macropores were
excluded during the unsaturated experiment the average drainage rate of L6 was ~0.14
mm hr”', which would account for only 2.4% of drainage during the saturated experiment.
The tracer first arrived in drainage after ~16 days (assuming that chloride levels prior to
~0.2 PV are an artefact of background chloride), whereas under saturated conditions L6

leached 1.5 PV of drainage in ~ 3.6 days.

This suggests that the saturated leaching behaviour of the soil can be described by a dual
porosity or dual permeability model, where the pore network can be divided into distinct

mobile (6,,) and immobile regions (6;,). These models assume that almost all water flow
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is confined to 6,,, while 6, may act as a source or a sink for solutes in 6,, through mass
transfer by molecular diffusion or convection through exchange of water between regions
(Simunek and van Genuchten, 2008). Increasingly, dual porosity or permeability models
have been used to inversely model measured solute breakthrough curves, to estimate
transport parameters such as 6,,. The success of inverse modelling can be improved by
independent measurements of as many parameters as possible, with 8,, often identified as

a parameter that can be physically measured (Skaggs et al., 2002b).

One approach is to estimate 6,, from the soil water characteristic, although difficulties
arise in determining an appropriate physical basis to delineate the 6,, and 6;, regions
(Skaggs et al., 2002b). A number of authors have identified a sharp increase in hydraulic
conductivity and preferential flow when ¥, is wetter than -1 kPa, with a decrease in 6,, as
¥,, wets to saturation, due to activation of large macropores which dominate infiltration

(Casey et al., 1998; Ersahin et al., 2002; Langner et al., 1999).

In this study, delineation of 8,, could be based on the distinct difference between
infiltration under 1.5 kPa suction and saturated infiltration, where the macropore regions
activated under saturated infiltration accounted for approximately 97% of the drainage. In
this sense #,, may be estimated as the volume of pores between saturation and ¥,, of -5
kPa, which equates to a 6,, estimate among the lysimeters of 5.6 — 8.7%. The lower limit
of ¥, is based on the unsaturated leaching experiment of L6, where ¥,, varied between -
2.5 and -5 kPa (Appendix 4), as well as similar values and pattern in ¥, that were
observed for the other lysimeters during the same infiltration conditions (Figure 5-1). The
validity of extrapolating the 6,, definition to all the lysimeters is also supported by the
lysimeters having a similar i; of 0.1 — 0.3 mm hr”' under 1.5 kPa surface suction, which
then increased by two orders of magnitude during saturated infiltration. The increase in i,
is actually smallest for L6 (~1.4 orders of magnitude), which indicates that the dominance

of 6,, is likely to be greater in the other lysimeters during saturated leaching.

A test of the validity of this method is to use the estimate of 8,, as a fixed parameter to
inversely model the measured breakthrough curves. The results are presented in Figure
5-5, where the inverse function of the STANMOD programme (Simunek et al., 1999) was
used to predict the measured steady-state breakthrough curves under saturated infiltration,
using the mobile-immobile model (MIM) of van Genuchten and Wierenga (1976). For an

inert, nonreactive solute the MIM may be written as
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Equation 5-1

where 0,, and 0,, are the mobile and immobile water contents (L3 /L3); C,, and C;, the
solute concentration in the mobile and immobile domains (ML™); ¢ is time (T); D is the
diffusion-dispersion coefficient (L* T™); z is the distance from the inflow boundary in the
direction of flow (L); and v is the pore water velocity (LT ™). Exchange between the two

domains is described by

0, S
ot

= a(Cm - Clm)
Equation 5-2

where () is a first-order mass exchange coefficient (T™).
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Figure 5-5 Comparison of measured and predicted breakthrough curves of bromide tracer under

saturated leaching. Pore water velocity (v) and mobile water content (6,,) were used as fixed model

parameters, whereas the diffusion-dispersion coefficient (D), and mass transfer coefficient (o) were

all inversely fitted to the measured breakthrough curve. Parameters were fitted by least-squares

optimization, with the goodness of fit shown by the regression coefficient (R”), mean square error

(MSE), and 95% confidence intervals for parameters.




The results indicate that the 6,, estimates of 5.6 — 8.7 % are potentially valid, with a
strong relationship (R? > 0.93) between the measured and predicted breakthrough curves,
as well as low mean square error (MSE) and small confidence intervals for the fitted
parameters. Although the estimates of 6,, appear to be quite small in relation to published
values, a number of those studies measured unsaturated infiltration, where 6,, tends to
increase as macropores are excluded (Alletto et al., 2006; Casey et al., 1997; Casey et al.,
1998; Clothier et al., 1995; Vogeler et al., 1998). Other studies have estimated 6,, for
cases where the soil is likely to have a significantly larger macroporosity, such as
measurements for the surface layer (0 — 2 cm) of the topsoil (Casey et al., 1997; Casey et
al., 1998), or where repacked columns have been used (Griffioen et al., 1998). When 6,, is
normalised against the column water content (6,,/6,), the 8,,/0, is very similar in this study
to other published data, measured using undisturbed soil columns. In this study 6,,/6,
ranged between 0.11 — 0.18, compared to an estimate of <0.1 by Jarvis et al. (2008), and
0.2 — 0.3 by Langner et al. (1999). Ross and Smettem (2000) used a 6,,/6, of 0.125 to
model the drainage response observed by Smettem et al. (1994; 1991).

Pang et al. (2008), used the bromide breakthrough curve of McLeod et al. (2003) and
inversely modelled the MIM parameters to yield a 8,,/6, value of 0.88. This is much larger
than the 6,/6, values of 0.11 — 0.18 estimated for the present study, despite the similarity
in soil types used. The discrepancy may result from differences in experimental design.
McLeod et al. (2003) used constant flux irrigation of 5 mm hr!, which was below the
saturated conductivity measured in previous research at the same site, and therefore likely
to have induced unsaturated leaching compared to the saturated leaching of this study. As
previously stated, 6,, tends to increase as the largest macropores are excluded. Also, the
lysimeters used were shorter than this study (47 cm compared to 70 cm), so did not
include the lower subsoil, which shows distinctive preferential flow paths in the dye
analysis of this study (Plate 5-2). An estimated 6,,/6, value of 0.88 also appears to be too
high in relation to hydraulic attributes that had been previously measured at the same site.
This estimate of 6,,/6, would mean that water held at a ¥,, of -1500 kPa (i.e. wilting
point) would have to contribute to the tracer transport, using the 6,(¥,,) data of soil profile
SB09215 (Landcare Research, 2008). Yet, at the same site, Gradwell (1979) measured
the hydraulic conductivity of the subsoil at a ¥, of -10 kPa (i.e. field capacity) to be 1 — 2
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x 10* mm hr’!. These measurements indicate that the pore network below a ¥, of -10 kPa
should have contributed very little of the drainage in the experiments of McLeod et al.
(2003). In this sense it is physically realistic to limit 6,, to the volume of pores between
saturation and ¥,, of -10 kPa, which would result in a 6,,/6, value of 0.16, using the
6,(¥,,) data of soil profile SB09215 (Landcare Research, 2008), and is within the range of
6,,/0, estimated in this study.

Overall, the MIM parameters shown in Figure 5-5 follow the pattern that as the estimate
of 6,, increases among the lysimeters, it is accompanied by an increase in pore water
velocity (v) and the dispersion coefficient (D). This pattern reflects the fact that 6,,
encompasses the macropore region, and therefore an increase in 6,, is due to an increase
in large macropores, with a corresponding increase in v. The increase in 6, also increases
the range of pore water velocities that contribute to solute transport, and is reflected as an

increase in D.

The understanding developed from the dye and tensiometer studies indicates that lateral
mass transfer between the 6,, and 6;,, regions is an important hydraulic feature of this soil,
and in the MIM model this is characterised by the mass exchange coefficient (o).
Griffioen et al. (1998) reviewed a number of studies, and found o varied between 0.002 to
240 d”', although most studies were for repacked columns. For undisturbed field soils a
has been observed to be an important parameter influencing preferential flow, with the
largest values under saturated infiltration. Most estimates of a have been for the topsoil
and range from 0.2 to 184.6 d”' under saturated infiltration (Casey et al., 1998; Langner et
al., 1999; Seyfried and Rao, 1987), whilst for unsaturated infiltration under suctions of
0.03 to 1 kPa, o has been estimated at 0.02 to 1.9 d! (Alletto et al., 2006; Casey et al.,
1997; Casey et al., 1998; Clothier et al., 1995; Jarvis et al., 2008; Tillman et al., 1991).
Estimates of a for subsoil horizons is not as common, with values of 0.02 — 0.05 d'fora
silty clay subsoil under unsaturated infiltration at 0.1 kPa suction (Alletto et al., 2006),
and 9.6 — 176 d”' for a tropical clay loam under saturated infiltration (Seyfried and Rao,

1987).

In this study o is estimated at 1.8 to 4.4 d”', but is an effective average of the whole soil
column, which is a much larger volume with multiple horizons, than the other studies of
undisturbed field soils. The variability in o in this study is much lower than reported in

the studies described above, e.g. Casey et al. (1998) measured a to range between 1.9 —
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113 d"' under saturated infiltration. A clear positive relationship was also observed
between o and v, consistent with literature reviews of other studies (Casey et al., 1997;
Griffioen et al., 1998). Importantly, the estimates of a relative to v for this study fall
within the pattern identified in these reviews. This positive relationship contradicts the
assumption that a represents a first-order process (diffusion), and indicates that
convection is also an important process governing the interaction between 6,, and 6;,,
(Casey et al., 1998; Griffioen et al., 1998; Jarvis et al., 2007b). In this sense it is probably
more physically realistic to conceptualise the soil as a dual-permeability system, where
water flow does occur in at least some portion of ,,, albeit at a much lower flux than

water flow in 6,,.

The only fitted parameter which is unusual is the dispersion coefficient (D). The
estimated values are very low, compared to published values of D estimated from the
MIM model (Clothier et al., 1998; Langner et al., 1999; Seyfried and Rao, 1987; Tillman
et al., 1991). In the MIM model, D is effectively determined by the behaviour of the 6,,
region, which means that the small predicted D values partly reflect the small 6, estimate,
compared to the other studies. The low D values indicate that within the 8,, region that
hydrodynamic dispersion has a small effect on the pattern of solute transport, in
comparison to convection (Ersahin et al., 2002). This is possible if the pore network that
the solute infiltrates into is characterised by a narrow range of pore velocities, which may
happen if 6,, is small, and the bulk of the applied pulse infiltrates into a few large
macropores. Clothier et al. (1998) also identify that it is difficult when using inverse
modelling to separate the mechanisms of diffusion (parameter o) and dispersion
(parameter D), even if unique values for these parameters were to truly exist. This
problem may partly explain the unusual values for D that were estimated from the inverse

modelling of this study.

Although the small estimated values of D are unusual and warrant further investigation, it
is important to note that in the MIM model the influence of D on the predicted
breakthrough curve is small (van Genuchten and Wierenga, 1976). In the MACRO dual
permeability model the solute transport in the macropore domain is assumed to be
dominated by convection, and dispersion is not explicitly accounted for (Jarvis et al.,

2007b). Tillman et al. (1991) also observed that dispersivity was less significant than the
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relationship between 6,, and 6;,,, when developing a dual-porosity model to predict

bromide infiltration in a field soil.

Perhaps the most important interpretation is that for successful inverse modelling of
hydraulic parameters, it is critical to have independent measurements of key hydraulic
attributes. This is because of the problem of non-uniqueness that can arise when a number
of parameters are simultaneously estimated (Skaggs et al., 2002b). Non-uniqueness arises
where different combinations of parameter values can give similar model predictions. The
problem of non-uniqueness is illustrated by the discrepancy in estimates of 6,, for this soil
type between this study and that of Pang et al. (2008). In my study the measured K(¥,,)
has been used as a physically-based reference to estimate 6,,, which subsequently
constrains estimates of other model parameters. However, the unusually low estimate of
D from this approach could also be interpreted as reflecting non-uniqueness, and again
highlights the importance of independent measurements to assessing the validity of model
predictions. Casey et al (1999) recommend a suitable method is use a tension
infiltrometer to apply a sequence of tracers, after which sections of the infiltration surface
are sampled at different times to determine ,, and a (Jaynes et al., 1995). The limitation
of this approach is that involves destructive sampling, which may restrict application on
lysimeters, which are often collected with the aim of having multiple experiments using

the same soil column.
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5.5 Summary

The analysis of dye patterns, variability in ¥, measurements, and solute breakthrough
curves all show that preferential flow is an important infiltration mechanism of this soil
type. Overall, the three methods give a similar understanding of preferential flow
behaviour, and in combination greatly enhance the interpretation of any one method. This
is shown in the dye analysis where the first impression was of homogeneous matrix flow
through the A horizon, yet the ¥, measurements revealed strong preferential flow. The
dye photos were re-interpreted using image analysis of dye density which identified
distinct areas of dense dye, indicative of preferential flow paths. Likewise the ¥,
measurements show that during the steady-state stage of infiltration there is low spatial
variation in ¥, which was initially interpreted as indicating minimal preferential flow.
However, the solute breakthrough curves show that whilst ¥,, may have equilibrated there
is still distinct preferential flow, although the solute leaching does support the ¥,
measurements which show that preferential flow is greater during early-time infiltration

than at steady-state.

An important observation is that both the dye and solute leaching patterns show a strong
interaction between preferential flowpaths and the surrounding matrix. It appears that
lateral infiltration from preferential flowpaths is an important mechanism in this soil,
where activation of preferential flowpaths results not just in rapid leaching but significant
transfer of infiltrating water / solutes into the surrounding matrix at all depths within the
soil. Importantly, the results demonstrate a duality in the behaviour of the macropore
network, where activation of preferential flow may also result in bypass flow of existing
matrix solutes as well as new solute that the soil matrix has ‘sequestered’ from the

preferential flowpaths through lateral infiltration.

The solute leaching and ¥, measurements were used to estimate the pore volume of
preferential flowpaths, where it was demonstrated that during saturated infiltration
approximately 97% of the drainage was through the ‘mobile’ pore network (6,,),
estimated as between saturation and ¥, of -5 kPa. This approach resulted in a 6,, estimate
among the lysimeters of 5.4 — 8.7 % of the lysimeter volume, which resulted in good
predictions when used as a fixed parameter to inversely model the solute breakthrough
curves. This small value of 6, is further supported by the dye pattern, where the

preferential flowpaths that persisted to the greatest depth were associated with interpedal
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regions between the primary structural units of the B horizon, identified as large prisms

~15 to 50 cm width.

It is important to recognise that in this study the understanding of preferential flow
behaviour was largely elucidated from saturated infiltration conditions, where the
infiltration rate was between 5 — 25 mm hr”' for long periods. Jarvis (2007) identifies that
using high flux experiments runs the risk of a biased impression of the frequency and
behaviour of preferential flow. This is a valid point, as in chapter 4 it was shown that the
majority of field infiltration events for this soil are not likely to have such intensity or
duration. However, the ¥,, measurements and unsaturated leaching experiment show that

preferential flow also occurs during unsaturated infiltration under small fluxes.

I conclude that the saturated infiltration experiments in this study are valuable, in that
they demonstrate the potential behaviour of preferential flow in this soil, and provide a
good basis to further develop the knowledge and understanding of infiltration behaviour
under field conditions. Further research would also have to recognise that preferential
flow behaviour is dependent on the complex interactions between factors such as the
rainstorm or irrigation intensity and duration, the soil’s infiltration properties (e.g.
antecedent wetness, hydrophobicity, sorptivity and conductivity relationships, and soil
layering), as well as the dynamics of vegetation and management (Clothier et al., 2008;

Jarvis, 2007).
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Chapter 6
Is sorptivity the main mechanism governing
early-time infiltration of a structured and

layered soil column?

6.1 Introduction

All standard infiltration models share the common feature that the infiltration rate (i;) is
higher when water first enters the soil and then decreases with time (Jury and Horton,
2004). The most common model used to represent infiltration behaviour is an analytical
solution to Richards equation, derived by Philip (1957) for infiltration into a infinitely
deep homogeneous soil at a uniform antecedent water content that has the infiltration
surface held at a constant higher water content. The solution of Philip (1957) is typically

in the form of a two-parameter equation:

1= S\/; + At Equation 6-1

where / is cumulative infiltration, S the soil sorptivity (a function of the supply water
potential Y7y and the antecedent soil matric potential ¥;), ¢ is time, and A4 is a parameter
related to the soil’s hydraulic conductivity. Generally it is accepted that at early times the
first term of Equation 6-1 is dominant, where the air-filled portion of the pore network
exerts sufficient capillary forces (i.e. matric potential, ¥,,) to cause rapid infiltration of

water from the soil surface.

There are numerous examples in the literature where infiltration behaviour can be
explained by the Philip equation, with a number of researchers using tension
infiltrometers to study the S relationship at near-saturated infiltration conditions
(AnguloJaramillo et al., 1997; Clothier and Smettem, 1990; Sauer et al., 1990; Thony et
al., 1991). Accurate measurement of S for the surface layer is critical for understanding
the dynamics of soil water in response to rainfall or irrigation, and measurement of the
S(¥7r, %)) relationship is of particular interest because it is the norm in many agricultural
soils for the rate of rainfall or irrigation to be less than the saturated soil infiltration rate

(Jarvis, 2007). The short time required to measure S is also seen as more practical than
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waiting for steady—state conditions, and has resulted in a number of methods being
developed to estimate other important hydraulic attributes from the S relationship.
Derivation of these attributes is reviewed by Reynolds and Topp (2008b) and includes
hydraulic conductivity, K('?,,), the characteristic mean pore size, 4, the sorptive number

a*, and the flux potential @.

In the results of this study, the early-time infiltration is often characterised by a pattern
where i, starts slowly and increases with time, the reverse of the behaviour predicted by
Equation 6-1. This atypical behaviour raises the possibility that features of the tension
infiltrometer system used in this study may have influenced infiltration behaviour and
generated artefacts in measured hydraulic attributes, or that some other soil attribute was

suppressing the influence of capillarity.

These results indicate that there is an important research question that needs to be
addressed: Is there evidence that other mechanisms outside of sorptivity are influencing

the early-time infiltration behaviour?

6.2 Methods

The methods used for the experiments in this chapter are described in chapter 3.
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6.3 Results

6.3.1 Measurement of infiltration rate

Infiltration experiments were conducted on the four lysimeters using the tension
infiltrometer to supply infiltrating water under surface-imposed suctions of 0, 0.5, 1 and
1.5 kPa. Figure 6-1 shows the effect of controlling surface suction on lysimeter
infiltration rate (i;), where i, for each surface-imposed suction has been calculated for
every 10 mm of cumulative infiltration. The respective graphs of cumulative infiltration

with time are presented in Appendix 6.
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Figure 6-1 Comparison of infiltration rate for four lysimeters, where infiltration occurs under

controlled surface suctions of 0, 0.5, 1 and 1.5 kPa.

The infiltration behaviour predicted by Equation 6-1 is not apparent in the results of
Figure 6-1. According to the Philip model the infiltration pattern should have a transient
phase with higher i;, followed by a decline to a stable value of the steady-state phase.
These results do have a transient phase, but 7, more typically increases (e.g. L3 0, 0.5 and
1 kPa). The only experiment where i, decreases during the transient phase is L6 0 kPa,

12

and even then not strictly consistent with #“ behaviour.
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The early-time infiltration behaviour is revealed more clearly using infiltration rates

calculated over | mm cumulative infiltration intervals for the first 20 mm (Figure 6-2).

An initially higher i, is apparent during the first 3 — 4 mm of saturated infiltration for L2,

L3 and L6, and also is apparent during the first 1 — 3 mm of unsaturated infiltration into

L2 and L6 (e.g. L2 0.5 and 1 kPa). However, these data also show a pattern in which an

initial sharp decline in i, is followed by a steady increase. The remaining experiments of

L1 and L3 show a contrasting infiltration pattern, where i, starts slowly and then steadily

increases. In some experiments #; fluctuates, with no clear overall pattern (e.g. L3 1 and

1.5 kPa). The only experiment consistent with the Philip model is L2 1.5 kPa, where i;

starts at 10 mm hr™', and then steadily declines to 0.1 — 0.2 mm hr”' by 6 mm of

cumulative infiltration.
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Figure 6-2 Comparison of infiltration rates of four lysimeters during the transient phase of

infiltration, where infiltration occurs under controlled surface suctions of 0, 0.5, 1 and 1.5 kPa. The

transient phase is assumed to occur within the first 20 mm cumulative infiltration.

6.3.2 Estimation of soil sorptivity

The influence of capillarity on early-time infiltration is usually studied by fitting Equation

6-1 to measured infiltration data, to estimate a value of the soil sorptivity, S (Minasny and
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McBratney, 2000). The most common method assumes that at some early time capillarity

dominates all other forces, and therefore

I=5 \/; Equation 6-2

such that a plot of 7 against Jt produces a straight line with zero intercept and slope
equal to S (Cook, 2008; Minasny and McBratney, 2000). The results of applying this
standard method (Figure 6-3), demonstrate the problem with identifying discrete linear
portions of the graph from which S can be derived. It is well recognised that initial
infiltration into the contact layer of a tension infiltrometer offsets the actual start time of
soil infiltration (#)), which in turn makes it difficult to determine the later time when
gravity starts to significantly influence infiltration, and therefore Equation 6-2 is no

longer applicable (Clothier, 2001; Cook, 2008; Minasny and McBratney, 2000).
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Figure 6-3 Plot of cumulative infiltration versus square-root of time (t"?) for four lysimeters, during

early-time infiltration under surface imposed suctions of 0, 0.5, 1, and 1.5 kPa.

Cook (2008) recommends a better method to identify ¢ is to follow Smiles and Knight

(1976) and perform a square-root-of-time transformation on cumulative infiltration,

1
ﬁ =9+ A\/; Equation 6-3
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When [ / Vi is plotted against Jt the non-linear first points are attributed to the effects of

the contact material, but should be followed by a linear plot, where fitting of a straight
line will produce an intercept equal to S. If capillarity is the sole mechanism for
infiltration then the linear portion of the plot should have a slope of zero (Cook, 2008).
The results of applying the Smiles and Knight (1976) method are presented in Figure 6-4,
and show it is difficult to unambiguously identify periods when capillarity is the
dominant mechanism for infiltration. Under saturated infiltration, fitting of Equation 6-3
to the early-time linear plot may be suitable for L2, L3 and L6, but would produce a
negative value of S for L1. There are some unsaturated experiments where fitting of
Equation 6-3 would produce credible estimates of S (e.g. L2 & L6 1.5 kPa), but the
majority of experiments show an apparent negative S (e.g. 0.5 kPa L1 & L3), or no clear
linear behaviour (e.g. L3 1 and 1.5 kPa experiments). The lack of a consistent and clear
linearity in the results indicates that direct use of Equation 6-1 is not appropriate to
describe infiltration into the soil under the boundary conditions applied (Smiles and

Knight, 1976).
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Figure 6-4 Plot of square-root-of-time transformation on cumulative infiltration (I / t'?) versus

square-root of time (t"?) for four lysimeters, during early-time infiltration under surface imposed

suctions of 0, 0.5, 1, and 1.5 kPa.
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By applying the method of Smiles and Knight (1976) it becomes clear that even where
rapid early infiltration behaviour was measured, the behaviour may not be solely the

result of sorptivity. This is illustrated by the L2 1.5 kPa experiment, where the rapid

early-time infiltration (Figure 6-2) results from 2 mm of infiltration that was necessary to

wet the contact material (Figure 6-4). This is shown in Figure 6-5 by the measurements of

¥, at 2 cm depth. Although 2 mm of cumulative infiltration had occurred within the first

15 minutes, it took at least 50 minutes for ¥, to respond. If the infiltrating water had

immediately entered the soil there should have been a clear ¥, response, because 2 mm

of infiltration is 30 — 50% of the estimated antecedent infiltration capacity for the surface

layer (Table 6-1).
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Figure 6-5 Response of tensiometers at 2 cm depth of lysimeter two, after infiltration was initiated

under a surface suction of 1.5 kPa.
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6.4 Discussion: What other mechanisms are influencing
the early-time infiltration behaviour?

If sorptivity is not the dominant force governing early-time infiltration, then some other

mechanism is preventing or slowing capillary forces from drawing the infiltrating water

into the soil pores. Slow infiltration may be an artefact of the tension infiltrometer system,

or otherwise is an intrinsic soil effect. Possible mechanisms arising from the

infiltrometer-lysimeter system include a restriction on the flow rate and poor contact with

the soil surface, or an air ‘back-pressure’ effect caused by confinement of displaced soil

air. Possible soil mechanisms include hydrophobicity, high antecedent soil wetness, air-

entrapment, and surface seal development. The mechanisms are discussed below.
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6.4.1 Possible restrictions of the Tension Infiltrometer

The design specifications of the tension infiltrometer are described in Chapter 3, and
demonstrate that there should not be a flow rate restriction. Potentially the rate-limiting
factor is the hydraulic conductivity of the contact material (K), but the measured i, were
<100 mm hr'l, well below the reported K of 410 to 264 mm hr! for the range of
infiltration suctions applied in experiments of this study (Bagarello et al., 2001; Reynolds,
2006; Reynolds and Zebchuk, 1996). Generally the contact material will also exhibit a
high S, especially when dry, which will accelerate early-time infiltration and result in

overestimation of S compared to the true soil S (Minasny and McBratney, 2000).

Despite the known effect that contact material can have on early-time behaviour, Minasny
and McBratney (2000) found that the effect of contact material on estimation of .S had not
been rigorously evaluated. Their research compared the effect of contact material on five
methods to estimate S from early-time unsaturated infiltration. The contact material effect
was modelled using a numerical study of a loam and clay, as well as field tested on heavy
clay. The results of both the numerical and field study found that all methods over-
estimated S when contact material was used. In the field experiment, S estimates were
always higher when using contact material, even after the effect of the initial contact
material wetting was eliminated. The consistently higher S was attributed to better contact
with the soil surface. The results of Minasny and McBratney (2000) are the opposite of
what is observed in this study, which indicates that contact material is not likely to be the

mechanism impeding sorptivity behaviour.

In the experiments of this study a retaining membrane was used between the contact
material and the soil surface, to avoid the possibility of contact material blocking surface
pores. Hence, under the largest surface suction of 1.5 kPa, any gap >0.2 mm between the
membrane and the soil surface would restrict infiltration. The likelihood of poor contact is
explored in Figure 6-6, which shows that installation of the contact material onto the
retaining membrane resulted in an immediate response in the tensiometers at 2 cm depth.
The variability between tensiometers also decreased immediately, indicating a uniform
wetting of the surface layer, even when the initial ¥, of the beads was -1 to -1.5 kPa, and
gaps >0.2 — 0.3 mm would restrict response from areas of the soil. Furthermore, the

presence of slow early-time infiltration in the saturated infiltration experiments also
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indicated that poor contact is not the governing mechanism, as gaps between the contact

material and the soil surface would not restrict infiltration.
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Figure 6-6 Response of tensiometers at 2 cm depth of lysimeter one, when just moist glass beads (~ 2
cm deep) are placed on surface, but the tension infiltrometer is not installed. Any gaps greater than
~0.2 — 0.3 mm between the glass beads and the soil surface would have restricted wetting of the

surface soil layer, as well as further restriction by smaller gaps as the ¥, of the beads decreased.

6.4.2 Blockage of surface-connected soil pores

The development of a surface seal or crust which acts to block surface pores is well
recognised as a mechanism that can impede infiltration. Surface seal development can be
caused by a number of factors including deposition of fine particles by surface runoff,
high percentage of sodium on the exchange complex, encapsulated air, and weak
aggregate strength caused by low clay, organic matter, and iron-aluminium oxides (Hillel,
1998; Marshall et al., 1996). Schwarzel and Punzel (2007) implicated surface sealing as
the mechanism behind the lower infiltration rates measured by a tension infiltrometer,
when compared to measurements by a hood infiltrometer. They suggested that
disturbance during surface preparation and establishment of the contact layer resulted in

smearing and clogging of the surface pores.

In this study a surface seal is not considered to be of major importance because the early-
time i, often starts slowly, then increases (Figure 6-2), which is not typical of infiltration
through a surface seal (Hillel, 1998). The results of the wet-sieve stability tests also
indicate high aggregate stability, reflecting the moderate clay and organic matter contents
(refer to Figures 4-6 and 4-7, chapter 4). For aggregates of the surface layer, the wet sieve

stability was 82%, which is considered high for the experimental conditions of this study,
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where wetting from the tension infiltrometer was much less vigorous than during the wet-
sieve stability test. The development of a surface seal is also often associated with
mechanical disturbance arising from the kinetic energy of raindrops (Hillel, 1998;
Marshall et al., 1996), whereas wetting from the tension infiltrometer has very low kinetic

energy, particularly under unsaturated infiltration.

The soils are also unlikely to have high exchangeable sodium levels, and a 0.005M CaS04
infiltrating solution was used to further promote aggregate stability. Care was taken to not
disturb the soil surface when vegetation was removed, and a membrane was placed on the
surface to prevent blocking of soil pores by the contact material. Results of section 6.4.5
below indicate that air encapsulation did occur during early-time infiltration, but the
results of the slaking test indicate high aggregate stability during rapid saturation (refer to
Plate 4-2, chapter 4), and therefore the entrapped air is not thought to have caused any

significant aggregate breakdown.

6.4.3 Antecedent soil wetness

The antecedent soil wetness at the beginning of infiltration is a critical determinant of the
pattern of early-time infiltration, in particular the degree of influence that the soil’s
capillarity (sorptivity) exerts on the infiltrating water. Sorptivity tends to decrease with
increasing antecedent water content (6;), because both the matric potential gradient and
the available water storage capacity decreases (Reynolds, 2008). Reynolds (Reynolds,
2008) recommends that the antecedent matric potential (¥;) should be <-5 to -10 kPa to
ensure sufficient matric potential gradient. Kumke and Mullins (1997) observed the
relation between S and ¥; was exponential, with a rapid increase in S when ¥; is below
about -6 kPa, although S still increased from two to seven times as ¥; decreased from -2
to -6 kPa. For this study the ¥; for each experiment ranged from -5.1 to -9 kPa (Table
6-1), which was the quasi-steady state achieved after 7 — 10 days drainage from the
previous experiment. This was interpreted as ‘field capacity’ during the winter-time

drainage season, and thus a relevant ¥; for these experiments.

The antecedent infiltration capacity (/. ) is also a key factor for sorptivity driven
infiltration. The /. is defined here as the depth (mm) of infiltrating water required to wet
the 0 — 5 cm layer from ¥; to the ‘target’ ¥, set by the suction of the tension

infiltrometer. Two estimates of /.. are provided in Table 6-1:
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1. In-situ water content reflectometers (WCR) located horizontally at 2 cm depth.

2. Water content interpretation from the 6,(%,,) relationship of small cores sub-

sampled from each lysimeter.

Surface L1 L2 L3

SEEHOD ¥, WCRI, Corel, ¥,  WCRI, Corel, ¥,  WCRI, Corel,
kPa kPa  mm (%) mm (%) kPa  mm (%) mm (%) kPa  mm (%) mm (%)
0 -8.44 917 7 (14) -5.14 9 (18) 917 -9.00 1122 7315
0.5 -8.17 6 (12) 509 -5.30 6 (11) 509 -8.90 7 (13) 4 (8)

1 -6.25 6 (12) 4 (8) -7.13 10 (19) 5(10) -6.95 9 (19) 4 (7)
1.5 -6.20 7 (14) 4 (7 -7.28 7 (14) 4 (8) -8.43 8 (15) 4 (7)

Table 6-1 Antecedent matric potential (¥;) and water storage capacity (. ) for the 0 — 5 cm depth of
each lysimeter, prior to infiltration under different surface suctions. 7. is provided as a depth (mm) of
infiltrating water, with the equivalent percentage volume in parentheses. Data are not available for
lysimeter 6, because no sensors were installed in the surface layer. Two estimates of 1. are provided,
from: A. In-situ water content reflectometers (WCR 1.); B. Water release data from three small cores
(10 x 5 cm deep) sampled from each lysimeter (Core 1.). The 95% confidence interval of the pooled

variance is approximately = 2 mm for the WCR, and £+ 1 mm for cores.

The WCR indicates a higher /. than that estimated from the small cores. The difference
may partly be explained by the temperature sensitivity of the WCR (refer to section 3.3.2,
chapter 3), although in a number of experiments the differences are larger than the WCR
error alone. For example, under 1.5 kPa surface suction the temperature sensitivity of the
WCR can only explain a difference of 1 — 1.5 mm between the WCR and core estimate of
the /.. The higher estimate of /. by the WCR may also indicate entrapped air, which is
likely to be less in the small cores which were saturated for one week prior to
measurement. The differences may also reflect the larger sample volume of the soil cores
(1180 cm’), compared to volumes of 338 cm’ (Logsdon and Hornbuckle, 2006) and 79.2
cm’ (Blonquist et al., 2005) estimated for the WCR, on the basis of radii of 1.3 and 0.65

cm around each wave guide.

Table 6-1 indicates that /. was at least 4 mm prior to unsaturated infiltration, and at least 7
mm prior to saturated infiltration. Therefore, sorptivity behaviour should have been
observed for at least these depths of infiltration, assuming that 0 — 5 cm is the soil depth
which controls the sorptivity stage, and that the contact material absorbs none of the

infiltrating water. As discussed in section 6.4.1 the contact material is likely to have
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absorbed some of the infiltrating water, which would in effect increase the amount of

cumulative infiltration over which sorptivity behaviour should be dominant.

The magnitude of /. is particularly important in determining the relative depth of
infiltration over which sorptivity can be expected to drive infiltration. In Table 6-1 the 0 —
5 cm depth is used to estimate /. largely because this depth coincides with the soil depth
of both the in-situ WCR and small cores. From practical experience Clothier and Smettem
(1990) also identify that steady-state infiltration can be expected once the wetting front
has penetrated 5 — 10 cm depth. An alternative approach to testing the validity of the
estimates of /. in Table 6-1 is to estimate the sorptivity dominated time scale (z.), using

the equation (White and Sully, 1987)

t. =b(S/Ky-K;)’ Equation 6-4
where K - K; is the difference in hydraulic conductivity between the antecedent matric
potential and the matric potential set by the tension infiltrometer, with 5 = 0.55 assumed
for most soils (White and Sully, 1987). Essentially ¢ is the time period when the
influence of gravity on infiltration is <~25% (White and Sully, 1987), with a first

approximation of /. calculated by substituting z. and S into Equation 6-2.

In this study ¢. is difficult to estimate because S is often indeterminate, as shown in
section 6.3.2. L2 does show some apparent sorptivity driven behaviour under 0 and 1.5
kPa infiltration (Figure 6-2), for which respective values of S are 8 and 1.1 mm hr'"’? can
be estimated in Figure 6-4 from the intercept of the portion of the plot with zero slope
(Cook, 2008). For these experiments . is estimated as 0.004 and 66.6 hours respectively
using Equation 6-4, where K - K; is ~100 and 0.1 mm hr' (derived from Figure 7-10,
Chapter 7). Substituting these estimates of z. and S into Equation 6-2 provides respective

1. estimates of 0.5 and 9 mm, for the respective L2 0 and 1.5 kPa infiltration experiments.

The I.. estimate for L2 1.5 kPa is consistent with Table 6-1. The /.. estimate for L2 0 kPa is
much lower, and at first glance indicates that antecedent wetness is limiting sorptivity
under these conditions. However, Table 6-1 shows that the 0 kPa experiment had a
greater fillable pore volume (17 % compared to 8 %). This is due to the availability of
large macropores for infiltration, which is shown in K - K; being 1000 times larger.
Under 1.5 kPa suction the estimate of S is larger relative to K, which is similar to other

studies that have measured both the S(¥7;, ¥;) and K(¥) relationships (AnguloJaramillo et
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al., 1997; Clothier and Smettem, 1990; Sauer et al., 1990; Thony et al., 1991). In the 0
kPa experiment the S estimate is small relative to K(¥,,), which does not correspond with
these other studies. Therefore it is interpreted that under 0 kPa infiltration the estimate of
S and the corresponding /. prediction are too small, and that given the potential fillable

pore volume it is not antecedent wetness limiting sorptivity driven infiltration.

6.4.4 Hydrophobicity

Wallis (1991) showed that hydrophobicity is potentially widespread in New Zealand
soils, although the antecedent water contents (6;) were considerably drier than the ; of
the experiments in this study. Hydrophobicity is usually associated with dry soils, and
generally it is thought that there is a critical moisture content above which hydrophobicity
disappears (Dekker et al., 2001). In a survey of 41 common soil and landuse types in the
UK it was observed that hydrophobicity was virtually absent when 6; was > 28% (Doerr
et al., 2006). However, Jarvis et al. (2008) notes that this study used the water drop
penetration test, which is only sensitive to severe hydrophobicity. Strong sub-critical
hydrophobicity has been observed by Clothier et al. (2000) for the Ramihi soil where 6;
was =~ 40%, and by Jarvis et al. (2008) when 6; was 36%. This is similar to this study
where 0; was 30 — 50%. Clothier et al. (2000) observed that hydrophobicity in the Ramihi
silt loam (Allophanic Brown soil) kept the infiltration rate (i;) low for about 100 minutes,
before it increased rapidly to a steady rate ~5 times greater. This infiltration pattern is
similar to that observed during a number of the experiments in this study, and indicates

hydrophobicity may be a mechanism influencing early-time infiltration behaviour.

The degree of hydrophobicity was assessed following the intrinsic sorptivity method of
Tillman et al. (1989), which compares the sorptivity of water (S,,) to ethanol (S,), where
ethanol is used as a reference liquid that is not affected by hydrophobic compounds
during infiltration. In a non-hydrophobic soil the ratio S,,/S, should be 1.95, due primarily
to the greater surface tension of water. The degree of hydrophobicity is indicated by the
Repellency Index (RI),

RI = 1.95(S./Sw) Equation 6-5
where RI values greater than unity indicate hydrophobicity. The RI indicates the
magnitude that hydrophobicity has lowered S,,, with the potential S,, in non-hydrophobic
conditions estimated as S,, multiplied by RI (Hallett et al., 2001; Wallis et al., 1991).
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The main advantage of using the intrinsic sorptivity method is that it allows the effects of
hydrophobicity on the infiltration behaviour to be assessed on undisturbed soils at any
antecedent water content. In this study the effects of hydrophobicity were assessed
retrospectively, in response to the unusual early-time infiltration behaviour that had been
consistently observed for the lysimeters. Three small cores (10 x 5 cm depth) were
sampled from the surface of lysimeter one, following completion of the lysimeter
infiltration experiments. Infiltration of water and ethanol were measured separately for
each core under a surface suction of 0.4 kPa, with the cores equilibrated prior to each
infiltration experiment at a ¥,, of -8 kPa, which is the same antecedent ¥,, measured for

the equivalent L1 0.5 kPa infiltration experiment (Table 6-1).

The results of these measurements are presented in Figure 6-7, where two estimates of S,

and S, have been made for each core, from the early-time linear section of the plot /(z'?),

as well as the zero slope section of the plot /¢ % (£*

). From these plots the average S,, is
estimated as 1.6 mm hr "2, compared to an average S, estimate of 5.1 mm hr 12 This
provides an average RI of 6.8 for the three cores, with a total range in RI of 4.3 to 9.3.
These RI values clearly indicate that hydrophobicity is present under these infiltration
conditions, and is likely to have been an important mechanism governing the early-time

infiltration behaviour of the lysimeters.
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Figure 6-7 Comparison of the early-time infiltration of water and ethanol into three small cores
sampled from the 0 — 5 cm depth of lysimeter one, to estimate the sorptivity of water (5,) compared
to the ethanol sorptivity (S,). Two graphs are presented of the same data: in graph A sorptivity is
estimated from the slope of the most linear portion of early-time infiltration; whilst in graph B

sorptivity is estimated from the intercept of the portion of the plot with zero slope.
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The hydrophobicity results also have important implications for assessing the significance
of antecedent soil wetness on early-time infiltration behaviour. When sorptivity is
reduced by hydrophobicity the infiltration capacity (/.) calculated by Equation 6-4 is a
large under-estimate. For example, extrapolation of the potential S,, derived from the
hydrophobicity experiment to the equivalent L1 0.5 kPa experiment estimates an /. of ~
48 mm, where K - K; is ~1.5 mm hr'!. The actual I, is likely to be smaller as the hydraulic
attributes of the surface layer change with depth. However, these results clearly indicate
that if hydrophobicity was consistent for all the lysimeters, then antecedent wetness is

unlikely to be responsible for the slow early-time behaviour.

6.4.5 Air Encapsulation

In the study of Faybishenko (1999) infiltration followed a three stage pattern. This was
attributed to the effects of air encapsulation that initially slowed infiltration, followed by
an increase in i, as mobile air is removed, before a reduction in 7, to a quasi-steady value.
This infiltration pattern is similar to that observed during a number of the experiments in
this study (Figure 6-1) suggesting air encapsulation may be a mechanism influencing

early-time infiltration behaviour.

Figure 6-8 shows that under saturated infiltration, the slow early-time infiltration of all
lysimeters coincided with high air-filled porosity (&,), with #; increasing as &, decreased.
The relationship is particularly clear for L1 and L3, where ¢, was measured every minute
and can be determined for 1 mm cumulative infiltration intervals. For L2 and L6 the ¢,
was only recorded as a 10 minute average, although it still indicates a relationship
between a slow i, and a high ¢,. However, it is uncertain the extent to which air
encapsulation is a direct influence on infiltration, as opposed to being an indirect effect of
hydrophobicity. The rapid wetting after 5 — 10 mm infiltration may represent the
breakdown of hydrophobicity. Clothier et al. (2000) also observed that hydrophobicity

appeared to break down by about 5 mm of infiltration.
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Figure 6-8 Comparison of the pattern of infiltration rate (i) and air-filled porosity (¢,) of the 0 — 5 cm
depth, for four lysimeters during saturated infiltration. The ¢, is calculated as the difference between

the total porosity and water-filled porosity measured by the in-situ WCR.

Air-encapsulation also appears to be an important component of unsaturated infiltration
(Figure 6-9). This may be because air-filled pores are an inherent component of
unsaturated infiltration, particularly when using a tension infiltrometer to exclude macro-
pores from the infiltration process. In this sense the antecedent &, can be split into two

components during unsaturated infiltration:

1. Pores which remain air-filled because they have a water entry suction lower than
that imposed by the tension infiltrometer, herein termed the ‘non-fillable’ air-

filled porosity (eanf), and;

2. Pores that have a water entry suction greater than that imposed by the
infiltrometer, and therefore may fill with infiltrating water. These pores are those
that provide the antecedent infiltration capacity (/. ) defined in section 6.4.3. Here
1. is expressed as a percentage of the soil volume from 0 — 5 cm depth that is
fillable for infiltration, if the soil wets from ¥; to the ‘target’ ¥, set by the tension

infiltrometer.
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In Figure 6-9 the &,nr is shown as the ‘target’ air-filled porosity that the 0 — 5 cm depth
should wet to during unsaturated infiltration, as /. becomes water-filled. The &,¢ is
considered unfillable to infiltrating water, and if it occupies a sufficiently large volume,
may restrict sorptivity-driven infiltration where the non-fillable network acts to isolate

parts of the /. pore network from the infiltrating water.

o

50

i g c - -
~ ] Lysimeter 1 1 gimaommer Lysimeter 2
E 4 (0.5kPa) || :"| (0.5kPa) || . __
g ] 1h =
E o 11 >
g 3 —h— 1mm Inflltratlor? Rate | ] I L 30 @
5 ] @ Airfilled Porosity 11 g
= ] Target air-filled porosity 11 \ o
S 25 - | 203
g ® | o =
£ Je I Te L
£ 1] 900000000 000000 - [ 0000000000000 - 10 <

0 '*-7 T T T T * T T T T 0

5 . ] 'A[i, =65 mmhr’ § %0
~ ] Lysimeter 1 1h Lysimeter 2
£ 4] (1 kPa) L 4 || (1 kPa) L0
IS ] ] >
E ] : =
Q 34 o - 30 '@
5 ] \I. e

7 o
- 1| | 90000000000 00000 o
L 2 - 111 F20Q
© ] =
£ Yooeesceccccccceccccs ] : &
£ 1 S : A l 5 A L 10 <
: 1 1
04 T T T T ’ T T T T 0
0 5 10 15 20 25 0 5 10 15 20 25
Cumulative Infiltration (mm) Cumulative Infiltration (mm)

Figure 6-9 Comparison of the pattern of air-filled porosity (¢,) for the 0-5 cm depth and infiltration
rate (i;) as unsaturated infiltration progresses, under surface suctions of 0.5 and 1 kPa. The ‘target’ ¢,
value is indicated, which is the value that ¢, should decline to (termed the non-fillable air-filled

porosity, &u1).

Table 6-2 shows a comparison of the /. with the expected &, of each experiment,
assuming that the 0 — 5 cm depth wets as expected (i.e. ¥, would equal that imposed by
the tension infiltrometer). The results in Table 6-2 indicate that during unsaturated
infiltration the &,¢ is likely to be large proportionally to the /. that could induce sorptivity-
driven infiltration. Assuming that both air- and water-filled components are interwoven in
the pore network, it seems plausible that €,,r could have a large restrictive influence on

early-time infiltration.
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Surface L1 L2 L3

suction v, e&nmt WCR Corel, v &t WCR Corel. v, e&mt WCRI, Corel,
I, 1.

(kPa)  (kPa) (%) (%) (%) (kPa) (%) (%) (%) (kPa) (%) (%) (%)

0 -844 0 17 14 -5.14 0 18 17 -9.00 0 22 15
0.5 -817 4 12 9 -530 8 11 9 -8.90 7 13 8
1 -6.25 5 12 8 7139 19 10 -6.95 7 19 7
1.5 -620 5 14 7 -7.28 10 14 8 -8.43 8 16 7

Table 6-2 Comparison of the non-fillable air-filled porosity (¢.,r) and the potential infiltration
capacity (I,) that could contribute to sorptivity-driven infiltration, if the 0 — 5 cm depth wet as
expected from the antecedent matric potential (¥;) to that imposed by the tension infiltrometer. Two
estimates of 1. are provided, from: A. In-situ water content reflectometers (WCR); B. Water release
from three small cores (10 x 5 cm deep) sampled from each lysimeter. &,, is estimated from the small

core porosity relationships.

The restricting effect of ey Will be enhanced if further air-encapsulation occurs as
infiltrating water fills the /. component of the pore network. This appears evident in
Figure 6-9, where under 0.5 kPa surface suction &, slowly declines towards the ‘target’
eant Value, whilst under 1 kPa suction &, remains much larger than the ‘target’ e, value.
Under 1 kPa suction the ¢, of L1 remains 9% above the ‘target’ ear value, with L2 14%
above the g,,¢ value, which is much larger difference than the 2% potential measurement

error arising from the temperature sensitivity of the WCR (refer section 3.3.2, chapter 3).

A clearer picture of air encapsulation during infiltration is shown in Figure 6-10. Under
0.5 kPa surface suction, < 30% of the /. remains air-filled after the first 5 mm infiltration,
decreasing further to < 10% after 20 mm infiltration. However, under 1 kPa surface
suction 40 — 60% of the /. remains air-filled up to the first 20 mm infiltration. This
indicates that when infiltration occurs under a surface suction of > 1 kPa, the excluded
macropores create a &,,r network that has sufficiently large volume and

interconnectedness to isolate large portions of the water-fillable pore network.
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Figure 6-10 The ratio of air to water in the component of soil porosity (. ) that can contribute to
sorptivity-driven infiltration. The ratio is estimated from the proportional change in the in-situ
measurements of water content by the reflectometers (WCR). The ratio is compared for lysimeters 1

and 2 during unsaturated infiltration, with surface suction controlled at 0.5 and 1 kPa.

Whilst it can be expected that hydrophobicity will be influencing the unsaturated
infiltration experiments, the 0 kPa infiltration experiments indicate that its effects should
be limited to the first 5 — 10 mm of infiltration. It is possible that the initial
hydrophobicity and ea¢ network both interact to restrict the potential infiltration
pathways, essentially creating preferential flow, which in turn creates air encapsulation.
Preferential flow has been previously recognised as a mechanism that may lead to air
encapsulation, where the variation in flow velocities of infiltrating pores may lead to parts
of the pore network not being able to fill with water, because other water-filled pores
have blocked escape routes for the soil air (Fayer and Hillel, 1986). Results from my
experiments suggest that a dynamic interaction between hydrophobicity, the &,,r network,
and preferential flow leads to air encapsulation being a significant mechanism governing

early-time infiltration behaviour.

Potential air entrapment by the infiltrometer-lysimeter system

It is possible that the air entrapment is also present, as an artefact of the tension
infiltrometer and lysimeter system. The infiltrometer may block air escaping through the
soil surface, and the lysimeter walls may block lateral air displacement. This effect has
been observed in lysimeter studies by Wang et al. (1998), when air was not allowed to
escape out of the base of a lysimeter. Air entrapment has also been observed in field soils
with a high water table or slowly permeable subsoil that restricts the vertical displacement

of air (Fayer and Hillel, 1986; Hammecker et al., 2003; Navarro et al., 2008).
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In the air-confining situation of Wang et al. (1998) the soil air became compressed ahead
of the wetting front until the air-pressure was great enough to allow escape to the surface.
Infiltration rate (i;) was found to follow a ‘surging’ pattern, inversely related to the rise
and fall of the air pressure ahead of the wetting front. In the study of Fayer and Hillel
(1986) infiltration at 137 mm hr' resulted in soil air pressures increasing 0.5 — 1 kPa

ahead of the wetting front, whilst Wang et al (1998) measured increases of 1 to 5 kPa.

The experiments of this study do not generally show a ‘surging’ i; during early-time
infiltration, except during saturated infiltration into L2, L3 and L6 (Figure 6-2). These
lysimeters appear to show an early stalling then rise in i, that appears to be inversely
related to the air-filled porosity (Figure 6-8), which may reflect air confinement.
However, the tensiometers at 20 cm depth remained steady during early-time infiltration,
with no indication of an air pressure spike prior to the arrival of the wetting front,

indicating that the subsoil air permeability was adequate to cope with the displaced air.

During unsaturated infiltration, air compression is less likely to occur, because soil air
should be able to be displaced into macropores. Importantly, it was also observed that it
was difficult to maintain the applied drainage suction during early-time unsaturated
infiltration. The drainage air-pumps needed to be on high, or additional pumps required
(L2 and L3), to cope with excess air that was draining through the lysimeters. Once the
lysimeters had wet up, the drainage suction could be maintained by a single air-pump on
low speed, and was often further restricted by a pipe clamp to reduce the bubble rate in

the bubble tower. This further indicates that there was adequate subsoil air permeability.

Adequate subsoil air permeability is also supported by Figure 6-11, which shows replicate
saturated infiltration experiments into a large (22 x 22 cm) core sampled from the topsoil
layer of L3. The antecedent matric potential and experimental setup (refer section 3.8,
chapter 3) were similar to the equivalent lysimeter experiment. Slow early-time
infiltration is still evident, which should not occur if the similar lysimeter behaviour was
due to subsoil induced air-confinement. Infiltration is consistently stalled for the first 4 —
5 mm, which was also observed in the equivalent lysimeter experiment. This period of
slow infiltration is consistent with hydrophobicity effects observed in this study and

Clothier et al. (2000).
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Figure 6-11 Replicated saturated infiltration experiments into a large (22 x 22 cm) core sampled from

the topsoil layer of L3. Graph A shows the complete pattern of cumulative infiltration. Graph B

focuses on early-time infiltration, plotting cumulative infiltration versus square-root of time ().

The most interesting feature of Figure 6-11 is that once hydrophobicity breaks down,
infiltration follows the ‘classic’ behaviour of the Philip model (Equation 2-1), where a
sorptivity phase is consistently evident, followed by the steady-state phase. The sorptivity
phase is also evident at the lysimeter scale, but was not initially recognised in section
6.3.2 because of the confounding influence of hydrophobicity. Ignoring the
hydrophobicity phase provides sorptivity values during saturated infiltration of 70 — 100
mm hr "2 for the core experiments, and 70 mm hr ™ for the equivalent lysimeter

experiment.

6.5 Summary

Analysis of early-time infiltration behaviour found an absence of clear sorptivity-driven
behaviour, of the type predicted by the commonly used infiltration model of Philip
(1957). The lack of sorptivity behaviour was consistent across four lysimeters, and during

infiltration under different surface imposed suctions.

Some other mechanism is believed to govern the early-time infiltration behaviour. The
tension infiltrometer-lysimeter system is not thought to be the rate-limiting mechanism,
and neither is blockage of infiltrating pores by the development of a surface seal. The
infiltration experiments were conducted at conditions typical of winter-time, when the
antecedent water content is at or above field capacity. The antecedent conditions could
limit the infiltration capacity available for sorptivity-driven infiltration, but measurements

of soil-water status indicate the infiltration capacity was at least 4 — 10 mm across the
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experiments. This is accepted as adequate for expression of sorptivity, particularly if
sorptivity dominated infiltration is not just confined to wetting the surface layer (0 — 5 cm

depth), as assumed in this study.

The most likely mechanism is weak hydrophobicity, which appears to restrict infiltration
for the first 5 — 10 mm of infiltration. During unsaturated infiltration some macropores
are non-fillable to infiltrating water, and it is suggested that the non-fillable pores may
also act to isolate parts of the pore network that could exhibit sorptivity, and thus restrict
early-time infiltration. It is also suggested that the interaction between hydrophobicity and
the non-fillable pore network may be an important mechanism causing non-uniform
infiltration through preferential flowpaths. Preferential flow may be another important
mechanism that acts to encapsulate air in parts of the pore network by effectively
blocking the escape root for the displaced air, further restricting the expression of

sorptivity.

In this sense the early-time infiltration behaviour of this soil is seen to be governed by the
dynamic interaction between sorptivity, hydrophobicity, the network of air-filled pores,
preferential flow and air encapsulation. Although this study focuses on the mechanisms
governing early-time infiltration at antecedent conditions near field capacity, it is likely
that these mechanisms will still have a strong influence under drier antecedent conditions.
It can be expected that as the soil dries hydrophobicity will strengthen, restricting the
matrix sorptivity, whilst promoting preferential flow through macropores and air

encapsulation. This is an area where further research is warranted.
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Chapter 7
Characterisation of the in-situ hydraulic
conductivity of individual soil layers during

infiltration over long time periods

7.1 Introduction

Knowledge of the nature of a soil’s hydraulic conductivity is critical to understanding soil
water movement. The hydraulic conductivity, K(¥,,), and soil water retention, 6,(¥,,),
relationships are the two key attributes necessary to describe a soil’s hydraulic character
(Clothier and Scotter, 2002). Models of soil water movement are commonly based on
solving Richards’ equation, which requires knowledge of K(¥,,) and 6,(¥,,). It follows
that the reliability of these models depends on the quality of the K(¥,,) and 6,(¥,)

measurements.

It is important to select an appropriate method to measure K(¥,,), particularly because
K(?,) can be hysteretic in nature. Tension infiltrometers have become the standard
method for measuring the wetting curve of K(%,,) at low surface applied suctions
(Clothier and Scotter, 2002; Clothier, 2001; Cook, 2008; McKenzie et al., 2002). The
wetting curve is an important determinant of soil hydraulic behaviour, controlling how
water enters the soil and moves downwards during infiltration events. The advantage of
tension infiltrometers is that they allow the user to control the maximum actively
conducting pore size at the infiltration surface. This is particularly important as numerous
studies have shown that K(¥,,) can reduce by orders of magnitude as the actively
conducting pore-size reduces, particularly when %, is in the range 0 to -1.5 kPa
(AnguloJaramillo et al., 1997; Clothier and Smettem, 1990; Coquet et al., 2005; Jarvis,
2007; Jarvis and Messing, 1995).

This chapter presents the results of long-time infiltration experiments using tension
infiltrometers. The results provide insight into long-time infiltration behaviour, and the
in-situ K(¥,,) relationship, as well as providing insight into two key issues raised in the
literature. The first issue is that identification of steady-state is often a subjective decision

of the experimenter (Wang et al., 1998b), which will affect the quality of the K(?,,)
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measurement. The second issue, raised by Smettem and Smith (2002), is that there has
been no investigation of the effect of soil layering on hydraulic attributes derived from

infiltration studies. The experiments of this study contribute in both respects.
The objectives of this chapter are:

1. To determine the in-situ K('¥,,) relationship for the individual layers of each

lysimeter using steady-state analysis.

2. To determine the effects of different criteria for recognising steady-state on the

K(¥,) relationship.

3. To determine the main soil mechanisms that govern the long-time infiltration

behaviour, and their degree of influence on determining K(¥,,).

7.2 Methods

7.2.1 Experimental setup

The methods used for the experiments in this chapter are described in chapter 3.

7.2.2 Calculation of hydraulic conductivity

The K(¥,,) relationship was calculated for the four soil layers of each lysimeter, over four
separate infiltration experiments carried out under controlled surface suctions of 0, 0.5, 1
and 1.5 kPa. K(¥,,) was calculated over 10 mm cumulative infiltration intervals and the
K(?,) relationship constructed from the hydraulic conductivity plotted against the
average ¥, of a layer over a given interval. The average ¥,, was calculated as the average
of the spatial and temporal mean of the ¥,, measurements at the upper (U) and lower (L)
boundaries of a layer. The choice of a 10 mm interval to calculate K(¥,,) was somewhat
arbitrary, but was chosen as the smallest interval for which the maximum measurement

error in cumulative infiltration was <10%.

K(¥,,) was calculated using the steady-state Darcy-Buckingham flux law (Jury and
Horton, 2004),

K(y/ ) _ l/|:1 n (TU - lPL )i| Equation 7-1
m/ — t -~

(ZL _ZU)
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where i, (mm hr'") is the infiltration rate over the 10 mm interval of cumulative
infiltration; ¥y ,¥; (mm) are the spatial and temporal means of ¥, at the upper and lower
layer boundaries respectively, over the 10 mm interval; and zy, zr (mm) are the soil depths
at the upper and lower boundaries. The internal flow rate within a soil layer will vary
spatially due to heterogeneity in the pore network. Equation 7-1 assumes that the spatially
averaged flow rate of each layer within the column is the same as #,. This is difficult to
independently verify, although drainage rates were also measured. A consistent flow rate

within the column is more likely to occur when drainage matches infiltration.

The effect of temperature variation

It is well recognised that hydraulic conductivity is dependent on temperature (Stoffregen
et al., 1999). In this study the effect of temperature was partially controlled by conducting
experiments within a large shed. However, individual experiments lasted up to 1000
hours, and were done at different times of the year, so temperature variation cannot be
neglected. The air and soil temperature variability during each experiment are shown in

Appendix 1.

The effect of temperature on K('?,,) was accounted for using the exponential function of

Stoffregen et al. (1999),

K, (%) =K(¥,) exp(0.04(10 — Tp)) Equation 7-2

10°C (
where K(¥,,) is corrected to a reference temperature of 10°C, from the mean soil

temperature (Tp) over which K(¥,,) was calculated.

Estimation of error in hydraulic conductivity

Two error bars are calculated for each value of K(¥,,); one expressing the uncertainty in
the matric potential, and the other the uncertainty in the hydraulic conductivity.
Uncertainty in the matric potential is calculated as the standard error of the mean of the
tensiometer measurements from the upper and lower boundaries of a layer, over the

duration of a 10 mm cumulative infiltration interval.

Similar to the method of Fluhler et al. (1976), the conductivity uncertainty is calculated
from first order, second moment Gaussian error propagation (Taylor, 1982), using the
standard error of the matric potential, infiltration rate and tensiometer location over the

duration of a 10 mm cumulative infiltration interval.
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7.3 Results

7.3.1 Infiltration behaviour over long-time periods

For all lysimeters the infiltration rate (i;) decreases as the surface suction increases
(Figure 7-1), except L6, where long-time i, for 0 and 0.5 kPa suctions are the same. The
decrease in i, is typically two orders of magnitude between saturated infiltration (0 kPa)
and the largest suction of 1.5 kPa. Under saturated infiltration i, stabilises at between 6 —
25 mm hr”', compared to 0.1 — 0.3 mm hr”' for 1.5 kPa suction. Under suctions of 0.5 or 1
kPa there is a variation in i, of over one order of magnitude among lysimeters. Under a
suction of 0.5 kPa i, varies between 0.2 — 5 mm hr'l, whilst at 1 kPa suction the variation

is between 0.1 — 2.5 mm hr'’.
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Figure 7-1 Comparison of infiltration rates (i) among lysimeters, where infiltration occurs under
controlled surface suctions of 0, 0.5, 1 and 1.5 kPa. For each surface-imposed suction, i, has been
calculated for every 10 mm of cumulative infiltration. The respective graphs of cumulative

infiltration versus time are in Appendix 6.

The lysimeters all have a similar pattern of infiltration behaviour at 0 kPa suction, where
i; decreases to a stable value after 40 — 60 mm infiltration. During unsaturated infiltration
different lysimeters under the same suction exhibit different behaviours, with i, gradually

. . . . ... -1
decreasing or increasing. In some experiments the change in i, is less than 0.1 mm hr
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(e.g. L2 and L3 1.5 kPa), whereas in other experiments i, increases by at least 1 mm hr”'
(e.g. L2 0.5 kPa). In most experiments i, changes gradually, suggesting a soil mechanism,

rather than measurement error.

7.3.2 Dynamics of matric potential over long time periods

The temporal pattern of ¥, is highly dynamic (Figure 7-2). In all experiments tensiometer
arrays show wetting in a sequence corresponding to the wetting front moving down the
lysimeter. After the initial wetting phase, the rate of change in ¥, reduces so that quasi-
steady phases can be recognised, but typically ¥,, never reaches a clear stable value, but

continues to gradually decrease (e.g. L6 1.5 kPa) or increase (e.g. L6 1 kPa).

For each lysimeter the temporal pattern of ¥,, changes for infiltration under different
surface suctions. Likewise, for infiltration under the same suction the temporal change of
¥,, varies among different lysimeters, as illustrated for infiltration under 0.5 kPa suction.
Importantly, the temporal change in ¥, tends to mirror the i, pattern (Figure 7-1),
showing that infiltration is primarily being driven by the dynamics of ¥, within the soil
column. At 0 kPa surface suction i, increases as ¥, increases, and reaches a quasi-steady
value once the soil column becomes saturated. During unsaturated infiltration, after the
initial wetting of the column, #; continues to rise slowly if ¥, continues to increase (e.g.
L6 1 kPa), or else i, decreases if the soil internally switches to drainage behaviour, and ¥,

starts to decrease (e.g. L3 0.5 and 1 kPa).
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Figure 7-2 Comparison of the dynamics of soil matric potential (¥,,) for four lysimeters, during infiltration under controlled surface suctions of 0, 0.5, 1 and 1.5 kPa. For each experiment, the suction at the drainage base of the

lysimeter was the same as that applied at the surface. Solid lines represent the spatial average of ¥, at the set soil depths, with the scale on the left Y-axis. Dashed lines represent the standard deviation of ¥, at the set soil
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At first glance the dynamics of ¥, appear to confound the use of steady-state analysis to
derive hydraulic conductivities. Under ideal conditions in a homogenous soil, steady-state
manifests as a constant ¥, with depth, and a unit hydraulic gradient (purely related to the
gravitational potential). In general this cannot be achieved in a layered soil profile, because it
would imply that at steady-state all layers had the same K(¥,,) — which contradicts the
existence of layers with different attributes. Instead, in a real layered soil steady-state will be
reflected by a depth varying ¥, that generates hydraulic gradients which compensate for the
layer-related changes in K(¥,,) so that a constant flux rate is maintained, and infiltration
equals drainage. However, the internal adjustments of ¥,, are highly dynamical whereby
layers can oscillate between wetting and draining behaviour over long time periods (Figure
7-2). In recognition of this behaviour I defined the ‘best practicable’ conditions by which
quasi-steady state could be recognised, and for which K(¥,,) could be calculated. The criteria
were: 1. the average ¥, in the layer is as close to constant as possible; 2. the hydraulic
gradient was as stable as possible; and 3. there was only small variation in ¥, and low

uncertainty in the hydraulic gradient.

According to these criteria quasi-steady state phases occur in most experiments. In these
phases the rate of change is slow enough that discrete intervals can be identified where the
temporal variation in ¥, is relatively small. Further, a consistent feature of quasi-steady state
is that the whole layer wets up or drains in relative unison. This occurs where any change in
¥,, at the top of the layer is matched by approximately the same change in ¥, at the base of
the layer. The result is a relatively stable hydraulic gradient. This is illustrated in Figure 7-3,
where the hydraulic gradients of the individual layers of L1 are plotted for each infiltration
experiment. The hydraulic gradients for all the lysimeters, during each experiment, are shown

in Appendix 7.

Figure 7-3 shows that a quasi-steady hydraulic gradient occurs in each soil layer after 10 — 40
mm infiltration. During the quasi-steady state the hydraulic gradient may continue to change
slowly (e.g. layer S at 0.5 kPa suction). Any drift of the hydraulic gradient during quasi-
steady state phases of itself does not contravene assumptions inherent in the calculation of
K(?,) (Equation 7-1), since the integrated effects of variation in the hydraulic gradient would
be reflected in the average infiltration rate. What is important is any variation of ¥,
associated with the drift in hydraulic gradient. Drift in hydraulic gradient is most noticeable in
unsaturated experiments. However, during quasi-steady state in these experiments ¥, is
generally < -1 kPa, where K(¥,,) shows low sensitivity to changes in ¥,, and ¥, varies little

over 10 mm cumulative infiltration intervals. The other feature of Figure 7-3 is that during the
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