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ABSTRACT

The wastewater industry is facing an increase in regulatory pressure to reduce
excessive phosphorus (P) release to rivers. To address this issue there is a need
for sustainable treatments, especially in small sewage treatment works (STW) (<
2000 inhabitants) which constitute 75 % of the systems in the UK. Land treatment
systems (LTS) have long been used to treat wastewater, principally as a tertiary
treatment at small rural sites. LTS are able to remove phosphorus but there are
some uncertainties regarding their treatment capability. This research aims to
address these uncertainties by developing improved estimations of P removal
potential and longevity in LTS in the context of a sustainable water industry. First,
the existing knowledge and tools available in long-term P removal behaviour are
reviewed. Second, the soil P removal efficiency and accumulation in an LTS case
study are estimated. Finally, the case study is used to develop a conceptual and
mathematical model of P dynamics in LTS integrating water and solute transport
in soils. The model is used to explain system behaviour in order to estimate

system longevity under different soil conditions and management scenarios.

This research demonstrates that LTS can contribute to P removal for a number
of years as a tertiary treatment for small STW and that through a combination of
hydrological and solute transport modelling it is possible to get a prediction of P
removal and longevity of LTS. Results indicate the need for an alternative
methodology to assess P removal capacity that does not only rely on inputs and
outputs while able to detect if the system is saturated and the need of improved
methodological assessment of sorption processes over time. Further
development of the current model to reduce limitations, mainly related to
vegetation management and P transformation in the different soil pools, will
support LTS contribution to the sustainable management of wastewater
treatments and the enhancement of the ecosystem services that they provide.
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1 INTRODUCTION

1.1 Project background

1.1.1 Introduction

The discharge of large volumes of wastewater with high levels of phosphorus (P)
during recent decades has contributed to the eutrophication of freshwater bodies.
Despite recent progress in reduction of almost 50% of P loads since 1995, 50% of the
river length suffers from excessive P concentrations in England and Wales (Comber,
Crossman, Daldorph, et al., 2012), with sewage effluent being the largest contributor
of P to rivers (60-80% in England) (Environment Agency, 2012). Therefore, efforts
have recently focused on reducing the effects of eutrophication through further
controls on discharges. To fulfil the EU Water Framework Directive (WFD)
(2000/60/EC) objectives, all river catchments are assigned to a corresponding River
Basin Management Plan, where specific actions to achieve environmental objectives
for each water body are set out. These actions may include reviewing permits for
discharging to surface waters, thus, it is likely that the maximum allowed concentration
of pollutants would be reduced. As a result, to meet this tighter consents requirements
water companies will have the obligation to upgrade their sewage treatment works
(STW).

These requirements would especially affect small STW (<2 000 p.e.), which constitute
75% of all the works in the UK (DEFRA, 2012). Before the adoption of the WFD in
2003, small STW in England and Wales were only required to meet consents for
suspended solids and organic matter. The Environment Agency, after the adoption of
the WFD, might review the existing permits tightening the current consents and adding
ammonia and P removal requirements (Tyrrell, 2016). Additionally, as intense
pressure is placed on the planet's limited water supplies, there is a need for
sustainable water treatments that can offer pollutant removal methods that put less
stress on resources and reduce their impact on natural systems offering low energy
solutions and reuse applications such as stream flow augmentation or groundwater
recharge. This raises the need for innovative and sustainable approaches to reducing
P loading to rivers from small STW.



Natural wastewater treatment systems have the potential to reduce the concentration
of pollutants from wastewater and they can offer an alternative sustainable tertiary
treatment for small STW where low technology and low maintenance solutions are
required (Crites, Middlebrooks & Sherwood, 2006). Land treatment was defined by
Crites et al., (2000, p. 7) as the “controlled application of water onto the land surface
to achieve a specified level of treatment through natural, physical, chemical, and
biological processes within the plant-soil-water matrix”. Land Treatment Systems
(LTS) have been used to treat wastewater since the nineteenth century and continue
to be used today, principally at small rural STW, where adjacent pieces of land are
used as a polishing step after the secondary treatment to remove solids, nutrients and
pathogens (Tzanakakis, Paranychianakis & Angelakis, 2007). They are also
recognised as low carbon and low-cost treatment alternatives (Tyrrell, 2016).However,
these systems normally present a limitation regarding land footprint and P removal

exhaustion.

Traditionally, the interaction between soil and P has been studied in relation with
agronomic purpose and the effects caused by diffuse pollution onto surface waters,
usually in the form of eutrophication. Eutrophication is the enrichment of a water body
with nutrient excess, inducing a growth of plants and algae that may result in oxygen
depletion of the water body. In this study, this previous knowledge of phosphorus
transport pathways and mechanism in soils is used to determine the removal capacity
of P in soils and, by adding a time variable, its longevity. For this reason, to begin with,
it is necessary to present the major aspects of P chemistry, P transport pathways and

modelling parameters in the soil-water environment.

The following sections 1.1.2 and 1.1.3 introduce the basic concepts of phosphorus
cycle and P chemistry in soils, which are necessary for understanding the P transport
processes and pathways in soils. Those sections are a summary based on the
comprehensive textbooks and papers by Kadlec, Reddy & Wetzel, 2005, Nahra, 2006;
Brady & Weil, 2008; Kadlec & Wallace, 2009; Kruse, Abraham, Amelung, et al., 2015,

which can be consulted for further detail.



1.1.2 Soil phosphorus cycle

P is an essential element that sustains life (plants, animals and bacteria). P is
indispensable for crop growing and hence for crop production. This has lead into a
global environmental concern of fresh and marine waters been polluted by P excess
and, at the same time, concerns about P global supplies availability (Ashley, Cordell
& Mavinic, 2011).

The P cycle in the soil column describes the inputs, outputs, interactions and reactions
that control the different P form and their availability (Figure 1-1 ). The main inputs in
soils are organic phosphorus in the form of plant residues, animal manure and
weathering of P minerals. P outputs from soil are plant uptake and crop removal,

surface runoff and soil erosion, and leaching into the vadose zone and groundwater.

Phosphorus inputs in soils can be in organic and inorganic forms depending on soil,
vegetation and land use. These can be also divided into dissolved and particulate.
Dissolved inorganic P is bioavailable whilst organic and particulate need
transformations to be considered available. The reactions that govern the pool size
and reactions in the soil matrix are abiotic -sedimentation, adsorption, precipitation

and exchange processes- and biotic -assimilation by vegetation and microorganisms.

1.1.2.1 Abiotic processes

Precipitation-Dissolution: precipitation reactions refer to reactions of phosphate ions
with metallic cations such Fe, Al, Ca or Mg forming amorphous precipitate solids.
Dissolution refers to the solubilisation of the precipitate and it occurs when the

concentration decreases below the solubility product of the compound.

Sorption-Desorption: biotic and abiotic processes take place to regulate how the soil
retains the inorganic P added to the soil. Adsorption takes places when soluble
inorganic P from the soil solution accumulates in soil mineral surfaces. Desorption
refers to the release of the adsorbed inorganic P in the mineral surfaces into the soil
pore water. These reactions are balanced to reach the equilibrium between the solid

phase and P in the pore water.

The sorption process is an abiotic process with is controlled by the capacity of the
system to replenish the P in soil solution and its capacity to maintain equilibrium and
it depends on the capacity of the soil to adsorb additional P. Additionally, the sorbed



P can diffuse into the soil phase forming additional discrete phosphates minerals, this
process is called absorption and occurs slowly compared to adsorption. The term

sorption used in literature normally refers to sorption and absorption processes.

The transformation rates and concentrations of each form in the soil depend on soil
properties, climate conditions, and land use and management practices. These
transformations and interactions are complex and dynamic and occur continuously in

order to maintain equilibrium conditions.

Retention of P in soils through abiotic processes is regulated by:

- pH: which in acid soils is regulated by Fe and Al oxides, while in alkaline soils
Ca-based minerals;

- Redox potential: Fe-based soils are stable under aerobic and drained
conditions. Redox conditions in soils increases P solubility.

- Clay content: soils with high clay have the strongest P retention capacity.

- Organic matter content (OM): high OM content provides surfaces for P sorption.

- P content in soil: alkaline soils with CaCOs provide both surfaces for P sorption

and Ca*? ions for co-precipitation.

1.1.2.2 Biotic processes

Mineralization-Immobilization: mineralization takes place when microbial biomass
converts organic P into PO4 ions availed in soil solution for plan uptake. Immobilization

is the process where microbial mass transform POsions into organic P
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Figure 1-1 Schematic representation of the soil phosphorus cycle (based on Kruse et
al. 2015)

1.1.3 Transport processes and pathways of P in soils

To define and identify P transport processes in soils are vital to model P transport in
the soil matrix. P transport processes and pathways are defined by both the water
cycle and the P cycle. The processes and conditions of the water and solute transport
occurring in a system will define how much P is retained in the soil. P transported by
water suffers a change in its characteristics as it flows through the soil profile. These
changes in the water and solute transport in soils are mathematically translated by the
ADE’s and Richard’s equation. Both equations need of a series of parameters that will
describe the system (Figure 1-2). As the hydrological pathways can be classified in a

large range of time and spatial scales they can become complex to describe.
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Figure 1-2 Diagram of interactions of phosphorus processes and pathways in soil
treatment systems, soil conditions and descriptive parameters of solute and water

1.1.3.

transport in soils

1 Water transport

Water travels through the soil depending on different environmental factors, created

by topography and vegetation patterns and soil moisture that will develop vertical and

horizontal velocity patterns. The main pathways of water transport in soils are:

Surface runoff: horizontal flow through the soil surface.

Infiltration: the soil is a porous media; infiltration is the process by which water

enters the soil pore spaces and becomes soil water. With agronomic purposes,

this pore water can be divided into drainage (water that can be drained by

gravity), plant-available (between permanent wilting point and the water that

can be retained by capillarity forces) or non-plant —available (below wilting

point). Water flow depends on the percentage of soil moisture and can be

divided in flow through saturated or unsaturated conditions.

Deep percolation: once the water has been infiltrated, it moves downward

through the soil.

Plant transpiration: combined loss resulting from evaporation loss occurred

directly from the soil surface and the loss from the lead surfaces after plant

uptake.



There are three types of water flow in soils: saturated-when all the pores are filled up
with water, unsaturated- when the larger pores are filled with air, and vapour
movement- when vapour pressure differences develop, normally in dry soils. All these
three types respond to differences in energy gradients. In this thesis only saturated
and unsaturated conditions are included due to the environmental conditions of the

case study.

The soil water flow equation, Richard’s equation (4-1), represents the movement of
water under unsaturated soils, it was derived from Darcy’s equation, which describes
the flow of a fluid through an unsaturated porous media. The parameters that describe
this equation are elevation (z), pressure head (h), and volumetric water content (8)
and the hydraulic conductivity (k), which defines the ease with which the soil transmits

water.

1.1.3.2 Solute transport

Hydrodynamic processes affect solute transport by changing the form and

concentration of the solute. These main processes are:

- Diffusion: when the water moves from an area of greater concentration toward an

area where is less concentrated.

- Advection: dissolves solids are carried along with the flow of water. The amount of
solute flowing is a function of the solute concentration in the water and the quantity of

water flowing.

- Mechanical dispersion: water moves through the soil at different velocities. When the
mixing occurs along the direction of the flow path is called longitudinal dispersion.
There are three main causes: Pore size: Some pores are bigger than others; therefore,

in bigger ones the fluid will move faster.

e Path length: some fluid particles will travel through longer paths than
others that will follow a more linear distance.

e Friction Pore: as fluid moves, it moves faster in the centre of the pore
than along the edges

- Sorption: as a result of sorption processes, some solutes will move at a different
velocity than the average water transporting them, this effect is called retardation.



Sorption processes include the following reactions, and in this thesis, we will not
attempt to separate these phenomena but will use the term sorption to indicate the

overall result of the various processes.

e Adsorption: processes by which a solute clings to a soil surface.

e Chemisorption: when a solute is incorporated on a sediment, soil or rock
surface by chemical reaction.

e Absorption: when the aquifer particles are porous so that the solute can
diffuse into the particle and be sorted onto interior surfaces.

¢ |on exchange: cations may be attracted to the region close to a negative

charged clay-mineral surface and held by electrostatic forces.

The equation that describes these processes in one dimension is the convection-
dispersion equation modified to include sorption (Described in Chapter 4 Eq. (4-2).
Each term of the equation represents each of these processes. The parameters that
control the equation are the concentration of the solute in the liquid phase, time,
longitudinal dispersion, average water linear velocity, bulk density, volumetric water

content and the amount of solute sorbed per unit weight of solid.

In LTS, whilst biological processes are sustainable, the chemical retention (sorption),
is finite. Therefore, the sustainability of the P treatment has been called into question
(Dzakpasu et al. 2015). Each type of soil is characterized by a P fixation capacity,
which is dependent on the number of sites that can react with P. When all the P-fixation
sites are filled, the maximum phosphorus-fixing capacity of the soil is reached, thus
the soil is saturated with P and the excess P can be released to the environment, along
with P from other sources such as runoff. Despite LTS being used worldwide, there is
limited information regarding P lifespan estimations, P removal performance and
adequate governance and guidelines (Eveborn et al. 2012; Sapkota et al. 2014;
Dzakpasu et al. 2015; Bisone et al. 2016).

1.2 Treatment performance and longevity estimation in LTS

Treatment performance and longevity estimations of LTS are key parameters to
achieve cost-effective treatments. They provide the treatment evidence needed by
operators and regulators to have greater confidence in the sustainable operation of

these systems in order to include them as a legitimate option in their investments



programs (Sweaney, 2011). Although LTS consent regulations worldwide are very
diverse and sometimes not clear, they normally require a percent of pollutant removal
or a target outlet concentration as a treatment goal. Regulations have had a strong
impact on wastewater engineering over the history of wastewater treatments. The
Clean Water Act (The 92nd United States Congress, 1972) first set minimum
standards discharges that were amended in 1985 to a percent removal requirements
to provide flexibility to treatment facilities (Inc. Metcalf & Eddy, Tchobanoglous, Burton,
et al., 2003). This percentage of removal requirement was also set by the EU Council
Directive Concerning Urban Waste Water Treatment (European Commission, 1991).
Consequently, this approach based on inlet-outlet percentage removal of conventional
wastewater treatments has been adopted by many EU countries to assess on-site

systems’ performance, in which group are included LTS.

For example, the Swedish Environmental Protection Agency set pollutant reductions
for on-site treatments based on the level of protection of the discharge location
(Swedish Environmental Protection Agency 2008): a normal level of protection
requires a reduction of BOD7 to 90%, TP to 70% and no recommendation for TN; high
level of protection locations require a reduction of BOD7 to 90%, TP to 90% and 50%
TN. In Norway, decentralized wastewater treatment has similar general discharge
limitations (Abbas, 2017). In sensitive and normal areas depending on the
eutrophication risk a reduction of BODs to 70-90%, TP to 60-90% is required and no
recommendation for TN and in less sensitive areas: 20% suspended solids (SS) or
180 mg SS/I.

In the USA, regulatory requirements for LTS vary within states, and process monitoring
is usually used as regulatory monitoring since sometimes they are similar in scope
(USEPA, 2006). Treatments systems that collect effluent water in subsurface drains
for surface discharge or groundwater recharge are usually required to have a
discharge permit as well as overland flow systems. The systems where the water
remains in the soils do not necessarily require a permit but they might be required to
follow applications recommendations or some sort of monitoring even if they are not
directly discharging to surface water. The criteria depend on the state and they range
from very general guidelines to very specific law regulations (Crites, Reed & Bastian,
2000).



LTS in the UK are usually related to a tertiary treatment for a small STW, they normally
have discharge consents set by the EA associated with SS, BOD and ammonia,
however, sometimes compliance points refer to the associated STW and not directly
to the LTS. From the 12 grass plots systems identified by Sweaney (2011) in the UK,
12 grass plots had numerical consents for BOD between 10-40 mg/l, 9 had numerical
consents for ammonia between 3-25 mg/l and, 12 had consent standards for SS
between 15 and 40 mg/l. A summary of performance in the study reports also refers
to removal efficiencies between 12-78% for BOD, 25-62% for SS and from 54 to 88%

for ammonia.

A finer understanding of how these systems work is crucially important to better
establish where and under which conditions they could be successfully implemented
without compromising the ecological status of fresh water because of P pollution.
Previous studies identified partial gaps in determining valid estimates of P removal
capacity of materials and systems (Hu, Zhang, Kendrick, et al., 2006; Drizo, Comeau,
Forget, et al., 2002; Cucarella & Renman, 2009). They describe the limitations of
laboratory standards operations procedures when trying to reproduce processes in the
long-term and in full-scale systems and recognize that although the standard
laboratory methodology proposed by Nair et al. (1984) based on soil:solution ratio of
1:25 (w:v), six initial P concentrations, and a 24 h equilibration period would produce
consistent results over a wide range of soils, it is not reliable for management guidance
and longevity estimations since they do not reflect field conditions. Previous studies
also point out that P dynamics in LTS are complex and involve slow and fast reactions
within the water, soil and plant matrix, with a number of related processes that must
be taken into account: e.g. application rate, plant uptake, water movement through
soil, climatic conditions, crop growth and soil erosion. The use of modelling tools to
assess P-transport processes could help to understand the system behaviour and the
effects of different governing influences of parameters that affect the functioning of
LTS. Intensive research has been done to develop models able to simulate the
interaction in between the soil matrix, the water transport and P, predominantly related
to agricultural purposes (EPIC, ANIMO, GLEAMS, MACRO, DAYCENT, HYDRUS)
(McGechan & Lewis, 2002; Vadas, Bolster & Good, 2013), however, none of them has
been used to tackle the longevity and long-term P removal in LTS and to explain

system behaviour.
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This research aims to fill this gap by developing improved estimations of P removal

and longevity in LTS.

1.3 Research aims and objectives

Aim: The aim of this thesis is to improve the quantification and prediction of P removal

capability and longevity in LTS, and to support best LTS management strategies to

maximize P removal by investigating the combination of hydrological and P solute

transport processes in soil over time.

Objectives:

1.

To review the existing knowledge and tools available for making predictions of
LTS performance and identify the existing gap in the understanding of long-
term P removal behaviour.

To assess P accumulation over time in a LTS to evaluate for how long this
system can make a useful contribution to a sustainable wastewater treatment.
To develop a conceptual model of P dynamics in LTS and apply a combination
of hydrological and solute transport model in soils to identify relevant P removal
processes in soils and test the sensitivity of the model to changes in relevant
parameters.

To investigate the role of alternative management practices and soil conditions
in controlling system behaviour and P retention in response to changes in

management variables and system conditions.

1.4 Methodology

The study is structured in four main phases.

First, a problem identification phase where the existing knowledge and tools
available for making reliable predictions was reviewed in relation to how long
an LTS can be effective and what are the current knowledge gaps in long-term
P removal behaviour.

The second phase consisted of a problem interpretation phase through a case
study of a long-term LTS where the main P and hydrological inputs and outputs
were identified, and a mass balance approach was used to quantify the
contributions of the different P pathways in the system and the accumulation of

P in the soil.
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e The third phase consisted of model development that proposed a conceptual
model of P dynamics in LTS that was translated into a mathematical model.
The model couples a hydrological and solute transport model with the objective
to estimate the P concentration distribution of the soil solution over time at a
given depth, and estimate when the system’s capacity for P removal is finished.
e Finally, different scenarios were simulated in order to characterize system
behaviour under different conditions and accordingly, propose management

tools that will enhance longevity and maximize P removal in LTS.
This thesis purpose is to contribute significantly to the body of knowledge on LTS and
associated P dynamics by providing improved P-removal lifespan predictions that will
contribute to greater confidence in this technology and to support long-term
wastewater treatment planning in the light of the current and future role of LTS in the

sustainable wastewater industry

1.5 Thesis outline

The thesis has been structured in 4 paper format chapters which together constitute
the thesis. The thesis structure and connections between the chapters are presented
in Figure 1-3 . Chapter 2 refers to objective 1 by providing a critical literature review of
knowledge gaps in long-term P removal in LTS. Chapter 3 assesses a selected LTS
case study in the UK and addresses objective 2. Chapter 4 introduces the conceptual
and mathematical model along with the parameterization based on the case study and
model sensitivity analysis to meet objective 3. Chapter 5 compares the removal and
longevity results with the case study and describes possible management scenarios
to meet objective 4. Chapter 6 is the overall discussion of the thesis where results from
previous chapters are discussed as a whole in relation to LTS’s P removal capacity

and their practical implications for the sustainable water industry.
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Thesis introduction

Chapter 1

Long term phosphorus removal in Land Treatment Systems: evaluation, experiences and

opportunities

Literature
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Chapter 6

Conclusion
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Figure 1-3 Thesis structure

1.6 Submitted and published papers

The following chapters of the thesis have been submitted and/or published in peer
review journals. The contribution of Prof. Sean Tyrrel and Prof. Tim Hess to all papers
was what would normally be expected from a supervisor and included guidance on
structure and methods and commenting on drafts, Dr Ruben Sakrabani has
contributed to supervising the experimental design and data interpretation related to
nutrient dynamics in soils and David Knaggs has contributed with provision of access

to the field site, the provision of data and background information on the study site and
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a stakeholder view of the potential future use of LTS. All original work was carried out
by the PhD candidate.

Chapter 2: Batista, M. del M., Hess, T., Sakrabani, R. and Tyrrel, S.F., 2017.
Long-term phosphorus removal in Land Treatment Systems: evaluation,
experiences and opportunities. Critical Reviews in Environmental Science and
Technology, 47(5), pp.314-334.

Chapter 3 Batista Segui, M. del M., Tyrrel, S.F., Hess, T., Sakrabani, R. and
Knaggs, D., 2017. Long-term accumulation and phosphorus removal efficiency
in a land-based wastewater treatment system in the UK. Submitted to Journal

of Water and Environment.
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2 LONG TERM PHOSPHORUS REMOVAL IN LAND
TREATMENT SYSTEMS: EVALUATION, EXPERIENCES AND
OPPORTUNITIES '

2.1 Introduction

The release of excessive soluble phosphorus (P) to water bodies is a significant global
environmental concern and the resultant eutrophication is one of the most common
water quality problems (Smith, Joye & Howarth, 2006; Carpenter & Bennett, 2011).
The consequence of eutrophication is the degradation of water resources by toxic algal
blooms, excessive aquatic plant growth, oxygen depletion, the death of aquatic life,
and consequent loss of biodiversity. Together these water quality impacts can cause
considerable loss of value of freshwater ecosystems in terms of diminished
recreational value and profit reductions of the tourist sector (Carpenter & Caraco,
1998) and increased water treatment costs. Pretty et al. (2003) quantified the

eutrophication damage in England and Wales to be around £155 million per year.

The sources of P in surface waters vary depending on each context, and they can be
classified as diffuse and point sources. The main diffuse pollution sources in the UK
are natural landscapes, agricultural fields, rural and urban surfaces, waste from non-
sewered populations, farm animals and, atmospheric deposition. The principal point
sources are municipal and industrial effluent. The total P load to surface waters in
Great Britain is estimated to be 41.6 kt/a: municipal effluent is the largest fraction with
60.7% of the P contribution, while the agricultural and industrial contributions are
28.3% and 4.6% respectively (and others 6.4%) (White and Hammond, 2002). The
total phosphorus (TP) concentration in typical municipal wastewater depends on the
local water consumption and it ranges from 4-25 mg/l (Henze & Comeau, 2008). The
principal sources of P in municipal wastewater in the UK are black water (66%) and
grey water (34%) (White & Hammond, 2002).

! Batista, M. del M., Hess, T., Sakrabani, R. and Tyrrel, S., 2017. Long-term phosphorus removal in
Land Treatment Systems: evaluation, experiences and opportunities. Critical Reviews in
Environmental Science and Technology, 47(5), pp.314—-334.
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Since domestic wastewater is a main source of P, the EU (EU Parliament Regulation
2004) and countries such as USA, Canada or Japan, have focused their efforts during
the last decades on reducing the P content in detergents (European Commission,
2012). In 2010, the Detergents Regulations in the UK (UK Parlament, 2010) banned
the commercialization of domestic laundry detergent that contained more than 0.4%
of inorganic phosphates (Richards, Paterson, Withers, et al., 2015). Hence, to
complement the measures to control P at the source, many governments are setting
strict pollutant discharge limits in their environmental policies. The European Waste
Water Directive 91/271/ECC (European Commission, 1991) sets discharge limits
concentrations in wastewater effluents to sensitive areas at 1-2 mg/I for TP (depending
on the population). However, in order to meet the standards of the receiving waters,
required by the Water Framework Directive 2000/60/EC (European Commission,
2000) it is expected that discharge P limits will have to be further reduced and in some
cases it may be as low as 0.1 mg/l (Parliamentary Office of Science and Technology,
2014).

Due to of need for efficient treatment, new technologies have been developed to
enhance P removal from sewage but with the increased effectiveness their cost has
risen. Thus, to meet these legal requirements, the wastewater industry faces the
problem of providing efficient but low cost, low energy and low carbon wastewater
treatments. Land treatment - defined by Crites et al., (2000, p. 7) as the “controlled
application of water onto the land surface to achieve a specified level of treatment
through natural, physical, chemical, and biological processes within the plant-soil-
water matrix”- can help to overcome these challenges, however such systems have a

finite capacity for P removal because of the limited adsorption capacity of the soil.

The aim of this paper is to critically review the existing knowledge and tools available
for making reliable predictions about how long a Land Treatment System (LTS) can
effectively perform as a tertiary treatment for wastewater without compromising the
quality of the nearby environment and to identify the current knowledge gaps in long-
term P removal behaviour of these systems. In order to analyse the previous studies
about long-term performance of LTS, the state-of-the-art is examined using the
following approach: description of LTS and problems associated with P forms in this

type of natural wastewater treatment; analysis of current knowledge regarding P
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removal and longevity in laboratory-scale and full-scale systems; and finally,

evaluation of the gaps for further research needs.

2.2 Land Treatment Systems

Since humans established permanently in communities, LTS has been used as a way
to manage wastewater (Inc. Metcalf & Eddy, Tchobanoglous, Burton, et al., 2003).
Historical reports illustrate the use of LTS in early Greek and Chinese civilizations as
an irrigation and sanitation method (Tzanakakis, Paranychianakis & Angelakis, 2007),
but it was not until the second half of the 19" century when “sewage farming” (a
historical term used for LTS) was used to protect public health after the cholera
epidemics in England. This expansion drove the development of the basic principles
of planning, operation and management of the systems. By that time, the first LTS
appeared in the USA, France and Germany contributing to the development of the
technology. However, their use declined as a result of the development of more
intensive treatments to cope with population growth and lack of land availability (Jewell
& Seabrook, 1979). In the USA, the Clean Water Act (The 92nd United States
Congress, 1972) renewed interest in land treatments when planners realized that
these systems were able to meet new discharge requirements of the National Pollutant
Discharge Elimination System. Recently, interest in these systems has been renewed
due to the possibilities that they offer as on-site treatments for remote areas and small
communities, overcoming the high energy cost of conventional systems. In addition,
they have been used as a tertiary treatment for polishing effluent from Wastewater
Treatment Plants (WWTP), in some cases utilising the supply of nutrient-rich water for
biomass production for economic benefit (Paranychianakis, Angelakis, Leverenz, et
al., 2006; Nissim, Jerbi, Lafleur, et al., 2015).

During the period 1920-1970, LTS were used as a tertiary treatment in the UK to
provide confidence with respect to meeting the so-called Royal Commission 20:30
biological oxygen demand: suspended solids discharge consent standard which was
widely applied at British wastewater treatment works (Gray, 1989). Many of these LTS
were subsequently inherited by the regional water authorities following the Water Act
(1973) and remain today. Sweaney (2011) gathered data in relation to organic matter,
suspended solids and ammonia removal from 20 LTS used for tertiary treatment by

UK water companies and found that the systems did not have any formal design and
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used different applications rates and sizes (probably due to the lack of official
guidance), this made it difficult to draw conclusions about any performance trend. The

study, however, did not show results for P (Sweaney, 2011).

Compared to mechanical or chemical wastewater treatments, LTS are cheaper to
operate and maintain, whilst also being less energy demanding (Sapkota, Arora,
Malano, et al., 2014; Tzanakakis, Paranychianakis & Angelakis, 2007). Their main
constraint is that they require larger amounts of land than conventional centralised
wastewater treatments, so they have largely been used in rural areas, for a single
household or small-scale applications, where land availability is not a problem. They
have been successfully implemented for small communities (< 10 000 p.e.) in
Scandinavia, the UK, Australia and USA.

Depending on the loading rate and flow path, LTS can be classified, into slow rate
(SR), overland flow (OF) and rapid infiltration (RI) systems (USEPA, 2006). Each
achieves different performance outcomes and can/not be implemented, depending on
the site characteristics and the desired level of treatment (Table 2-1). In LTS, the main
treatment mechanisms are chemical retention and transformation, mechanical
retention and biological transformation. While mechanical retention (e.g. grass filters
strips) and biological transformation can treat pollutants such as solids, organic matter
(OM), nitrogen and pathogenic microorganisms; adsorption and precipitation are the
main processes responsible for P removal in soils (Vohla, Kdiv, Bavor, et al., 2011).
These mechanisms differ from soil to soil and depend significantly on soil surface

chemistry and pH.
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Table 2-1 Comparison of land treatment process design features.

Source: (USEPA, 2006)

Rapid Infiltration

Feature Slow rate (SR)  Overland flow (OF) (RI)
Minimum pre- Primary Screenin Primary
treatment sedimentation 9 sedimentation
Annual loading rate 0.5-6 3-20 6-125
(m/yr)

Typical annual

loading rate (m/yr) 1.5 10 30
Field area required 23-280 3.6-44 3-23
(ha)

Typical weekly

loading rate 1.9-6.5 6-40 10-240
(cm/week)

Evapotranspiration
surface runoff, Mainly percolation
limited percolation

Disposition of applied Evaporation
wastewater and percolation

Appllgatlon Sprinkler, . Sprinkler or surface Usually surface
techniques surface or drip
Need of vegetation Required Required Optional

Winter storage

. . Not critical Not critical
in cold climates

Climate needs

Each type of soil is characterized by a P fixation capacity and is dependent on the
number of reactive sites that can react with the phosphate. It depends on the amount
and type of clay present, the soil pH and the OM content. When all the P-fixation sites
are filled, the maximum phosphorus-fixing capacity of the soil is reached, thus the soil
is supersaturated with P (Brady & Weil, 2008). Consequently, P removal in LTS is a
finite process (Drizo, Comeau, Forget, et al., 2002). In these situations, the required
level of P removal is not achieved and excess P can be released to the environment

either in leachate or runoff as dissolved P.

Although longevity of the LTS is one of the key parameters to achieve cost-effective
treatments, little research has been carried out regarding effects of long-term
wastewater application in LTS and the longevity of the system in terms of P removal
(Hu et al., 2006). Three key questions regarding long-term P removal in LTS remain
(Hu, Zhang, Huang, et al., 2005; Hu, Zhang, Kendrick, et al., 2006; Robertson, 2012;
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Weiss, Eveborn, Karrman, et al., 2008; Moura, Silveira, O’Connor, et al., 2011;
Eveborn, Kong & Gustafsson, 2012; Eveborn, Gustafsson, Elmefors, et al., 2014): i)
is the required knowledge available about how long one of these systems can
immobilize P?, ii) what are the mechanisms involved and what is their relative
importance? and iii) what should be the approach to estimate of the P removal capacity
by LTS in the long term?

2.3 Phosphorus removal processes in land treatment systems

The main phosphorus removal mechanisms in natural treatments are vegetation
uptake, microbial processes, precipitation and adsorption (Reddy, Kadlec, Flaig, et al.,
1999). In overland flow systems, the vegetation uptake removal pathway can be
significant (~20-30%) if vegetation is harvested regularly (Crites, Middlebrooks &
Sherwood, 2006). Precipitation is the process in which phosphates can be removed
from the soil solution when it reacts with Fe, Al, Mn (acidic soils) or Ca (basic soils) to
form phosphate minerals. This process is considered to be irreversible but depends
on pH, redox conditions and the concentration of the mineral ions in solutions required
to precipitate (McCray, Lowe, Geza, et al., 2009). Adsorption is the process of fixation
(chemisorption) of PO4 ions to soil particles. P interacts with soil particles in its
exchangeable orthophosphate form, the pH drives the availability of each
orthophosphoric form in the soil solution Hz3PO4, H2PO4™', HPO42 and PO43, at soil pH,
P04 has the strongest binding capacity (MacBride, 1994). Positively charged soils
with Fe, Al, Ca content attract phosphate (PO4) anions but they can also be adsorbed
to the soil surface through non-electrostatic forces (Evangelou, 1998). Adsorption is a
fast process but desorption is usually slower. It is driven by an equilibrium constant
and if the concentration of PO4ions rises in the soil solution, the ion will adsorb to soil
charged surfaces to restore the equilibrium. Adsorption is limited by the number of
available sorption sites (McCray, Lowe, Geza, et al., 2009)

Despite the numerous studies and significant knowledge regarding all these
processes, it is complicated to predict P removal performance in LTS as different
environments (soil pH, soil type, temperature, etc.) will promote different processes
that operate at different rates (McCray, Lowe, Geza, et al., 2009). Current
understanding of soil P availability to plants gives us a conceptual model to help us to
understand P dynamics in LTS. Syers, Johnston & Curtin, (2008) proposed that
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phosphorus in soil can be considered to be in one of four different pools on the basis
of its availability to the plant: immediately available P in soil solution, readily available
P that is adsorbed weakly at the soil surface, more strongly bound P that is less
available, and finally very strongly bound P that is either of very low availability or
inaccessible. High concentrations of P in soil solution due to wastewater irrigation (~10
mg P/l) will encourage an initial rapid phase of P sorption on high-affinity sites on the
soil surface (Paranychianakis et al. 2006). The positive charges associated with soils
with a high anion exchange capacity allow rapid, readily-reversible and non-specific
electrostatic adsorption of anions such as phosphate. These sorption processes are
pH dependent and are likely to be associated with the surfaces of Fe and Al minerals
in strongly acid to neutral systems and on Ca minerals in neutral to alkaline systems
(Lindsay, 1979). A slower phase of P removal is attributed to phosphorus diffusion in
poorly accessible sites and/or to chemical precipitation which apportions P to the
strongly-bound pool (Paranychianakis, Angelakis, Leverenz, et al., 2006; Syers,
Johnston & Curtin, 2008). Inorganic P compounds in soils are commonly associated
with iron, aluminium, and calcium. These compounds have a high degree of variability
in their solubility and stability, which are influenced by pH. Those compounds with very
low solubility, such as apatite (Ca10(PO4)s(OH,F,Cl)2), would be associated with the

very low availability pool.

One of the key issues related to the study of the lifespan of LTS is the time dependency
component in the P immobilization reaction (Paranychianakis, Angelakis, Leverenz, et
al., 2006; Cucarella & Renman, 2009). It consists of a two-step reaction: an initial and
fast sorption phase and a slower phase related to P diffusion or/and chemical
precipitation. However, the secondary slow or irreversible sorption that has been
widely documented in these laboratory studies was not evident in long-term P
monitoring in septic tanks plumes in Canada by Robertson (2008). Consequently,
Robertson concluded that, secondary P attenuation processes, such as P diffusion
into soil particle microsites, slow recrystallization of sorbed P to insoluble metal
phosphate minerals, or slow direct precipitation could be inactive in groundwater
zones or too slow to be observed in the 16-year period of the study, suggesting that P
can remain mobile for decades with the consequent risk of impact to nearby rivers and
lakes.
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If soil characteristics change over time, P sorption capacity (PSC) may not remain
constant, which has implications for LTS lifetime estimations. Changes in physical and
chemical soil properties due to continuous application of wastewater have been
characterized in the following studies. Hu et al. (2006) described an increase in pH
from 5.6 to 7.0 in the top 15 cm layer of the soil after more than 30 years of high pH
(~8.5) wastewater application coming from a paper mill (25%), other industries (~25%)
and (~25%) from domestic wastewater in the Muskegon Wastewater Treatment facility
(USA) with major soil types categorized as sands. These results are consistent with
those of Richardson et al. (1988) who reported statistically significant increases
(P>0.95) in North Carolina in three acidic mineral soils at a coastal plain swamp after
municipal wastewater additions for 30 years. On the contrary, Eveborn et al. (2014) in
their study of P accumulation and mobility in soil treatment systems after 8 to 11 years
of domestic wastewater application in sand filter beds, revealed that the pH of the top
layer was between 1-2 units lower than in reference samples. Their interpretation, in
this case, was that the pH change was due to the chemical dissolution and
consumption of reactive calcium oxide and other alkaline minerals or acidifying organic
degradation processes. However, the study points out that the results in the surface
layer might be also have been affected by surface regeneration works carried out
during the study. Moreover, due to long-term high salt content effluent application in
the Muskegon studies, exchangeable Ca concentrations increased ten fold (Zhang,
Dahab, Nunes, et al., 2007; Hu, Zhang, Huang, et al., 2005; Hu, Zhang, Kendrick, et
al., 2006). Hu et al. (2006) suggest that the increase in the pH might have as a
consequence the increase in the exchangeable Ca in the topsoil and links this with the
possibility of an extension of the lifespan of the LTS. The experiments of Eveborn et
al. (2014) also suggest that the increase in oxalate extractable Al and Fe could be due
to weathering mechanisms provoked by acidification of the soil after the wastewater
additions, which will also affect the sorption capacity of the soil. These changes may
also affect the P sorption capacity of the soil which is often assumed to remain
constant for a certain site during the lifespan of the LTS (Hu, Zhang, Huang, et al.,
2005)

It is clear that efficiency of P removal declines with time, with slower sorption
processes approaching the equilibrium, and that a number of factors affect it (soil

mineral type, amount of clay, pH, OM, anion presence or temperature). However,
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Drizo et al. 2002 and Hu et al. 2005 pointed out the possibility of long-term P
accumulation and removal capacity regeneration. The proposed mechanism depends
upon the formation of new P-retentive surface clusters through phosphate compound
adsorption that acts as new reactive sites for adsorption and precipitation. Eveborn et
al. 2014 also suggest that P bound to the surface in stable pools may in the long term
increase the P sorption capacity of soils due to changes in pH and in oxalate-
extractable metals during the wastewater application. Furthermore, Drizo et al. 2002
demonstrated that a wetland constructed using electric arc furnace slag as a filter
medium got back 74% of its P retention capacity after four weeks rest and claim that
other studies observed that soils had restored their P adsorption capacity after
repeated wetting and drying cycles. The mechanisms involved are not well
understood, but it is suggested that it is related with elevated pH after draining the
material that will bring Ca, Fe and other mineral ions in supersaturation with the
solution to create new sites for P adsorption/precipitation in the filter pores. Bisone et
al. (2016) studied the behaviour of a clay soil with wastewater additions and the
influence of hydraulic loading. The study focused on the evaluation of wetting and
drying cycles in clay soil used for wastewater treatment and results indicated the
potential to adsorb P and that saturation and desaturation cycles did not influence
phosphate retention but enhanced nitrification. However, the soil saturation can lead
into P desorption caused by Fe reduction and therefore intermittent loading can favour
infiltration and help to avoid desorption. Therefore, LTS design and management
approaches which permit resting periods could allow the use of clay soils as a longer

term polishing treatment for P removal.

Organisms within the land treatment system require P for growth and incoporate it into
their tissues. The biota in a land treatment system follows a cycle of growth, death and
partial decomposition. Therefore, P can also be taken up and stored by biota.
Microbiota (bacteria, microinvertebrates) undergo the most rapid uptake due to the
high mutiplication and growth rates, the biomass of microbiota is small compared with
vegetation. On the contrary, vegetation use phosphorus at a slower rate, where plant
roots constitute a significant fraction of the active phosphorus storage, as roots extract
P from the soil solution as it becomes available. The decomposition of this plant litter
is a very slow process (Kadlec & Knight, 1996).
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2.4 Methods to assess phosphorus removal capacity in soils

The standard tests to assess P transport in soils (such as water extractable phosphate,
exchangeable phosphate, sorption and desorption isotherms) are usually based on
agronomic aspects of P availability for the plant and not to determine environmental
risk of P loss in soils (Moura, Silveira, O’Connor, et al., 2011). Although they can be
used to quantify the nature and quantity of P concentrations in the soil, a better
understanding is needed to determine which of those indices are more suitable to

better assess long-term P fate in LTS.

Hooda et al. (2000) studied the potential of different soil tests to predict P release to
water of different soils in the UK that had received long-term fertilization or sewage
sludge: Soil Test P (STP), sorption-desorption indices, the degree of saturation of P
(DPS) and the amount of water dissolvable-P. The study discussed that the DSP of
the soils is more important than other indices because soil extractable-P does not
integrate the P soil characteristics, but the DSP index associates P management and
soil type factors helping to identify soils that are likely to become diffuse sources.
Moura et al. (2011) studied the effects of long-term reclaimed water application on P
leaching potential in rapid infiltration basins, the study concluded that extractable P
and P-saturation ratio are good indicators of soluble concentrations in the leachates.
Furthermore, Hu et al. (2005) reported that labile P distribution is not a good indicator
of P leaching in soil wastewater treatments since it is not correlated with TP, Fe-bound
P, or Ca/Mg-bound P, but, identified the need for a new index that integrates DSP and

Ca adsorption.

Traditionally, the P removal capacity of the soils has been related to the absorption-
adsorption P capacity. This can be determined by batch-scale experiments where the
soil interacts with solutions at different P concentrations until the equilibrium is
reached, and translated to Langmuir or Freundlich equations to represent their kinetic
relationship (Kovar & Pierzynski, 2009). However, many researchers agree that there
is a lack of studies advising how to interpret and use such batch experimental results
to assess long-term effects and life expectancy of soil infiltration systems (Zhang,
Dahab, Nunes, et al., 2007; Cucarella & Renman, 2009; Hu, Zhang, Kendrick, et al.,
2006; Eveborn, Kong & Gustafsson, 2012; Drizo, Comeau, Forget, et al., 2002).
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Nair et al. (1984) identified a wide range of methodologies that had been used to
determine P adsorption. Although diverse methodologies made the comparison
among studies difficult, they proposed a standard method to predict the partioning of
the dissolved inorganic P. In addition, Graetz & Nair (2000) pointed out that the
laboratory procedures to determine the P adsorption had advantages; such as the
possibility to separate the soil and solution or the possibility to obtain the necessary
volume sample for carrying out the tests. However, they also described experimental
disadvantages such as particle breakdown while shaking. The study of Hooda et al.
(2000) asserts that phosphorus adsorption-sorption isotherms are useful to compare
soil characteristics but their empirical nature makes them unsuitable to explain
mechanisms of sorption-desorption of P in soils, as they do not reflect field conditions

like runoff or rainfall.

The Onsite Wastewater Treatment Systems Manual from the Office of Research and
Development of the U.S. Environmental Protection Agency (2002) states that the
estimation of soil capacity removal can be based on sorption isotherms but it totally
underestimates the capacity of P removal since they do not reflect the slow reactions
that take place (the standard procedure extraction time is 24h) and declare that studies
revealed that, in the long term, the capacity could be extended from standard
isotherms predictions by 1.5-3 times. Similarly, Hu et al. (2006) evaluated the effects
of long-term wastewater application on sorption capacity of the soil by comparing the
1-day maximum sorption capacity (Smax) before and after long-term wastewater
application. The study revealed that the 1-day Smax increased by ~3 times since the
start of wastewater application indicating that it is possible for the soil to continuously
adsorb P and therefore, difficult to get a reliable estimate of Smax. Adam et al. (2005)
attempted to estimate the long-term P sorption capacity of filter materials. The study
criticizes the use of 24-h sorption batch tests claiming that results differ from full-scale
systems. To get more reliable long-term P sorption estimations they proposed a long-
term experiment of a full scale horizontal constructed wetland (CW) and also
concluded that batch experiments are not appropriate to measure sorption capacity
materials because the experimental parameters (e.g. soil solution P concentration and
water: soil ratio) are usually higher than in full-scale systems. However, with full-scale
constructed wetlands, the extrapolation of the results are more difficult because of the

complexity of the systems due to biofilm developments or the presence of plants that
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can enhance the P removal but can also generate cracks or pores in the material

leading to preferential flow (Adam & Krogstad, 2006).

Cucarella and Renman (2009) exhaustively and critically reviewed batch experiments
used to estimate the PSC of filter materials used in on-site wastewater treatments.
The study confirmed the findings of Nair et al. (1984) by certifying that different studies
are not comparable because they are arbitrarily run under different experimental
conditions and with different experimental parameters such as solution-ratio during
shaking, P concentrations of the soil water, contact time, agitation characteristics and
temperature. As those parameters have the potential to significantly influence P
processes they should be properly established in the experimental set up to reduce
their influence in the PSC determination. Additionally, experiments should, as much
as possible, represent real field conditions. Drizo et al. (2002) recommended to couple
batch experiments with long-term column experiments for P removal efficiency studies

in order to integrate the effect of soil chemical and hydrological properties.

Column experiments are frequently used to determine hydrological properties,
evaluate transport models and monitor fate and mobility of pollutants in soil (Lewis &
Sjostrom, 2010). However, Zhang et al. (2007) criticised previous column tests used
to predict the fate of P in slow rate wastewater treatment soils. The tests used high
hydraulic loading rates (up to 250 times those typically used in slow rate systems) and
were fed continuously, which does not correspond with typical LTS management
parameters. In addition, according to Hu et al. (2006), these column tests were not run
for long enough to allow slow P precipitation. Eveborn et al. (2014) set up experimental
columns to study the P removal and leaching potential of soil materials using deionized
water. Results indicated that P removal in unsaturated soil depends on P loading, and
that wash-out processes can take place in these systems, for example, during rain
events and that dissolution of aluminium phosphates and the shift in ionic strength
could be a possible P release mechanism. Drizo et al. (2002) aimed to determine the
long-term P saturation of filter materials through column experiments. The study
revealed the advantages of P saturation obtained from column experiments compared
to batch experiments, for example, particles do not break down as a result of the
shaking and the saturation is progressive. The study finally recommended P feeding

concentration in column tests between 40-400 mg/l to reach the saturation point of
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filter materials in a practical timescale and experiments lasting 3-5 months to allow

time for slower P retention processes to occur.

Direct mass balance calculations (Paccumulated = Pinlet - Poutiet) Of long-term performance
systems have also been used to assess the P removal capacity of soils although few
attempts of evaluating the P removal performance of full-scale long-term sewage
effluent irrigated soils have been reported. Kardos & Hook (1976) quantified the P
added, removed by crops or leached over 10 years of irrigation with treated municipal
wastewater. They concluded that soluble P concentrations at 120 cm depth in a clay
loam soil remained close to 0.05 mg/l and <2% of the P added was leached in 10 years
without vegetation removal. The same experience in sandy loam reported 3%
leaching. Hu et al. (2006) performed a 27 years mass balance of the Muskegon
wastewater treatment plant (USA), reporting 99% retention of the P applied. Eveborn
et al. (2012) studied the performance of four Swedish uncovered soil treatment
community-scale systems aged from 14 to 22 years old. Using a mass balance
approach, the treatments presented much poorer P removal (8-16%) than previous
soil treatment reports. Robertson (2012) quantified the P retained in a lakeshore non-
calcareous sand filter with water table fluctuations, and compared it with the estimated
lifetime after 20 years of operation. Contrary to Eveborn’s findings, the results showed
that the filter bed had retained almost all of the P loaded with the wastewater over the
two decades of operation. More recently, Dzakpasu et al. (2015) studied the long-term
capacity and efficiency of a soil substrate full-scale integrated constructed wetland in
Ireland, by studying the wastewater inflow, outflow and storage of P in plants and
sediments. Results revealed a 91% a total P removal, where 58% of P storage is
accounted for P removal in the soil. One of the largest experiences with soil infiltration
systems is situated in Bardu (Norway), where municipal wastewater from 5 000
inhabitants has been pumped into glaciofluvial sand and gravel deposit infiltration
basins at a mean temperature of +0.7°C. After 25 years of operation the treatment
performance was 99% P removal and still, it was estimated to last 12 years more
(Jenssen, Krogstad & Halvorsen, 2014). Reddy et al. (1999) identified the main
difficulties when trying to assess P retention in wetlands as: failure to identify and
measure inputs and outputs of P and water, use of only one form of P, comparison of
synchronous flows and grabbing samples from strong variable flow or concentration.

Therefore, few attempts at quantifying the P removal efficiency of long-term full-scale
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experiences in natural treatments have been reported, mainly in grasslands and
temperate climates, with variable results. The results comparison among studies
indicates high removal variability probably due to differences in soil chemical

properties, age of the system or sampling and calculation methodologies.

2.5 Towards estimates of longevity

There is not a clear definition regarding life expectancy or longevity of LTS (Yu, 2012).
In fact, there is a common misunderstanding between exhaustion of P, retention
capacity of the material and longevity of the system. From the point of view of on-site
treatments, longevity must be interpreted as the time when the system reaches the
effluent P discharge limit (Heistad et al., 2006), which differs among countries and
legislations in terms of both concentration and exceedance statistics. A number of
studies have calculated longevity from a simple approach, the Smax sorption capacity
of the soil (g of P/kg), the volume of land being used for treatment (m3), P content of
applied wastewater (g of P/PE) and the discharge rate (g P/day) (Table 2-2). However,
the limitations discussed in previous sections highlighted how experimental conditions
in Smax assessment can contribute to errors in such a lifetime forecast. Cucarella &
Renman (2009), Vohla et al. (2011) and Chang et al. (2014) noted those limitations
and suggested that life expectancy calculations could not be entirely addressed
through filter materials characteristics and that, to forecast precisely the lifespan of the
system, other factors (including hydrological conditions, temperature and

microbiological transformations) must be taken into consideration.
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Table 2-2 Previous longevity estimations in different substrates and systems’

Source! Substrate/type Longevity Land use Wastewater Soil Texture
systems (years) type
Drizo et al. Electric Arc 13-37 Batch Municipal -
(2002) Furnace experiment  wastewater
(EAF)
Steel slag
shale
Dong et al. Oyster shell 8-23 Batch - -
(200%5) experiment
Xu et al. Furnaceslag 22 Batch - -
(2006) experiment
Hu et al. Saoil 29-49- Unproductive ~50% mill ~ Four major
(2006) 1517 industry types of
~25%from  sandy soil on
other the site:
industries Rubicon,
and ~25%  Roscommon,
from Augers, and
domestic Granby
waste-
water.
Heistad et  Filtralite® 5 Sub-surface  Domestic -
al. (2006) flow CW wastewater
Weiss et Filtralite® 5 - Domestic -
al. (2008)  Filtra P 10 wastewater
Soil 25
Jenssen et Infiltration 36 - Domestic Glaciofluvial
al. (2014) basin wastewater sand and
gravel
deposit

‘Different volumes, loading and wastewater characteristics assumptions for calculations.,— not stated.

“depending on the type of soil

Simulation models can help to better understand the importance of bio-physico-

chemical and hydraulic processes relevant to pollutant removal, while helping to

further understand how design parameters affect the performance of the system and

predict longevity and exhaustion of the material (Beach & McCray, 2003). Recently,

researchers have gone beyond the black-box, empirical models, to develop

mechanistic models that consider the hydrodynamic and biodegradation process in

natural treatments (Garcia, Rousseau, Morato, et al., 2010). They cover a wide range

of biokinetic, process-dedicated, and design support models (Meyer, Chazarenc,
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Claveau-mallet, et al., 2015). Process dedicated models represent degradation and
transfer of compounds; hence they can help with understanding the fate of P and
removal in LTS. These models describe P transport and sorption by soil or filter
materials under different hydrological conditions and some of them predict
breakthrough curves (Langergraber & Simlnek, 2012; Claveau-Mallet, Courcelles &
Comeau, 2014; Sinclair, Jamieson, Gordon, et al., 2014; Sinclair, Jamieson, Madani,
et al., 2014; Liolios, Moutsopoulos & Tsihrintzis, 2015).

Intensive research has been produced since the late-1970’s to develop models able
to simulate the interaction in between the soil matrix, the water transport and P. The
main aims of these models was to evaluate non-point source pollution of subsurface
waters by agricultural P (Vadas, Bolster & Good, 2013). Many of these models have
been updated through time and continuously developed. Different models have been
used to accomplish the aims depending on spatial scale and resolution (watershed,
field-scale), time scale (long-term, short-term), and the hydrological system (saturated
flow, variable saturated flow, horizontal flow and, vertical flow). These models can be
divided into ones that use a water balance model and the ones that use numerical
solution of Richard’s equation. The models based on Richard’s equation are more
input-intensive and computationally demanding than the water balance models but
they provide more accurate solutions for field scale modelling. Regarding the overview
of soil phosphorus dynamics of those models, McGechan & Lewis (2002b) provided
an exhaustive review of a number of field scale P dynamics models and the equations
used (e.g. ANIMO (Groenendijk & Kroes, 1999), GLEAMS (Leonard, Knisel & Still,
1986), MACRO (Jarvis & Larsbo, 2012) and DAYCENT (Parton, Hartman, Ojima, et
al., 1998)), pointing out MACRO as the most complete model for soil transport

processes but with more simple representations of P transformation.

Some of the most recent experiences of numerical modelling of on-site wastewater
treatments and phosphorus fate predictions are related to the use of HYDRUS (J.
Simlnek, M. Sejna, H. Saito, M. Sakai, 2013). HYDRUS-1D and 2D are able to
simulate one and two-dimensional movement of water, heat and multiple solutes in
variably-saturated media and can be coupled with different specific modules like
wetland module (CW2D) to be able to run P degradation along with other processes
(Langergraber & Simlnek, 2012). Recently, Langergraber (2016) reviewed process-
based models applicable to subsurface flow wetlands treatment, and identified the
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HYDRUS Wetland Module as one of the most advanced ones because of its multi-
component biokinetics-models and stated that it is a powerful tool for understanding
wetland processes. PHREEQC (Parkhurst & Appelo, 1999) can also be coupled with
HYDRUS and be used to solve complex geochemical calculations (Claveau-Mallet,
Courcelles & Comeau, 2014) such as interactions with minerals, gases, exchangers
and sorption surfaces based on thermodynamic equilibrium, kinetic, or mixed
equilibrium-kinetic reactions. In addition, MODFLOW (Twarakavi, Simunek & Seo,
2008) is a 3D finite-difference groundwater model that can be also coupled and
adapted with HYDRUS.

The HYDRUS-1D and 2D numerical code since version 4.0, released in 2007, is
capable of simulating a large quantity of non-equilibrium flow and transport processes.
They can be divided into physical non-equilibrium and chemical non-equilibrium
processes. The study by Simdnek & van Genuchten (2008) gave an overview of the
conceptual models, and the specifications of each model with the water flow
equations, the solute transport equations and the number of parameters needed in
each. This new feature provides a wide range of possibilities to simulate phosphorus
transport in soils, such as dual-permeability models to simulate water flow in two
different domains, with different flow velocities and non-equilibrium chemical models.
These models range from the simple one kinetic site model described as a first-order
rate equation to two sites models with different sorption kinetics for different fractions,
where one fraction is assumed to be instantaneous and the other one is kinetic. Vogel
et al. (2015) successfully simulated flow and transport in a two-dimensional dual-
permeability system with spatially variable hydraulic properties permitting to compare

different spatial distributions of hydraulic properties with model responses comparison.

Regarding P studies with HYDRUS, Naseri et al (2011) compared physical modelling
of silty clay-loam texture columns against the numerical modelling of HYDRUS-3D,
the results concluded that it simulated the water flow in the columns successfully, but
overestimated the final sorbed PO4 concentrations in the soil. Elmi et al. (2012) found
similar over-estimation results when using HYDRUS-1D to study the vertical
distribution and transport processes of PO4 in soil columns. The simulation indicated
that 98% of the P applied was accumulated in the first 0.2 m of the column and
decreased with depth. Sinclair et al. (2014a) also used HYDRUS-2D to simulate
different lateral flow sand filters in on-site wastewater treatments after septic tanks
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showing poor removal rates and effluent exceeding 1 mg P/l concentration at the end
of the study. Morrissey et al. (2015) studied with HYDRUS-2D the impact of un-
sewered cluster housing simulating the attenuation of contaminants through the
unsaturated zone and revealed limited impact to groundwater quality. Afterwards, the
calibrated model was used to simulate the impact of increasing the housing density
with new developments. All those studies were focused on studying transport and
contamination effects but none of them introduced the time variable in the study in

order to predict remaining lifetime.

Although a number of studies point out the potential for exhaustion of the P sorption
capacity in treatment systems, there have only been a few attempts to forecast P
longevity in soil infiltration systems. The first one is related to the Muskegon (USA)
(Zhang & Dahab, 2006) wastewater treatment plant which was part of the large-scale
demonstration project for nutrient removal. The project aimed to evaluate long-term P
performance, as it is known to be one of the most important lifespan limiting factors.
The first phase of the study calculated new 1-day Smax after 30 years of operation and
the new remaining life expectancy (RLE). The new estimations had an extension in
the RLE because of the changes in soil properties after long-term wastewater
application in the soil (Hu, Zhang, Kendrick, et al., 2006). The second phase of the
same study consisted of column breakthrough modelling, where they re-calculated the
RLE (Zhang, Dahab, Nunes, et al., 2007). As a result, the study proposed a remaining

life expectancy prediction formula:
RLE = t,*F/180 (2-1)
fv=the breakthrough day
180=the irrigation days per year at the Muskegon plant

F=the correction factor for the inlet P concentration and the concentration used
in the study.

RLE=remaining life expectancy (days)

The same project proposed a model based on the mass balance principle. The
empirical model is able to predict the life expectancy on a yearly basis through the
effects of the main operational parameters of the system (rotating crop type, hydraulic

loading rate, annual precipitation, soil type, etc.). However, the interaction between
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the soil and the hydraulic systems are not reflected upon. Parkhurst et al. (2003)
described a reactive-transport model developed to simulate P in the sewage plume
from treated sewage effluent to ground-infiltration disposal beds at the Massachusetts
Military Reservation on western Cape Cod (USA). The simulations covered the
discharged period (1936-1995) and the 60 following years after cessation of disposal.
The three-dimensional reactive-transport model used to develop the base-case was
PHAST (Parkhurst & Kipp, 2002), with model limitations associated with loading, flow
systems and sorption characteristics of the aquifer uncertainties. Despite the fact that
the aim was not to study the longevity of the system because the activity of the filter
beds had stopped, it is a useful exercise in long-term plume migration modelling. Yu
(2012) attempted a one-dimensional model that aimed to provide the longevity of any
point of the infiltration system considering a homogeneous and isotropic soil, and
constant and unsaturated flow. It was aimed to estimate the longevity, the exhaustion
time and sorbed P. The model proposed was a contaminant solute transport model
where advection, diffusion, dispersion and sorption reactions were represented. The
simulation indicated that the most sensitive factors for P concentration in a soil column
to reach critical concentration were the average pore flow velocity and the P sorption
capacity of the soil. The longevity estimations from the model compared to the service
time of the infiltration study sites were shorter. Herrmann et al. (2013) modelled the
transport and removal of PO+ in a reactive filter using the hydro-geochemical transport
code PHREEQC (Parkhurst & Appelo, 2011). The study claims that in order to be used
to forecast performance and longevity it needs to be further tested and developed due
to that it does not take into consideration adsorption processes or the effect of biofilms
growth in the filter material. Claveau-Mallet et al. (2014) proposed a prediction tool for
slag filter longevity based on dissolution and precipitation kinetics. The proposed
methodology was based on three steps: (1) experimental batch tests methodology, (2)
numerical calibration of the batch test; and (3) numerical simulations of the filter.
However, the study assumed several limitations and highlighting the principal one as
being the assumption that the contact between the water and the filter particles is
limited, and not being affected by clogging from precipitates or particulate OM. The
model needs to be calibrated before being used as a design tool and proposes to
couple a hydrodynamic and geochemical code such as HYDRUS-PHREEQC to

overcome those drawbacks.
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2.6 Synthesis and conclusions

LTS have been in use since wastewater treatments were applied to protect public
health and they still have a role to play at the current wastewater industry as a low
energy and low maintenance polishing step for small wastewater treatments. They are
normally used before the wastewater treatment plant effluent is released into the
environment to avoid environmental problems, mainly eutrophication, related to

excessive P concentrations.

P removal mechanisms in LTS are physical retention, sorption processes and
microbial and plant uptake. Sorption is a finite process and depends on the interaction
with the environment and the chemical properties of the soil (ion presence, pH, OM,
clay content, etc). Thus, if these conditions change over time, mainly due to long-term

wastewater irrigation, the P removal potential will also change.

It is well accepted that estimation of the P sorption capacity of soils by batch
experiments has several limitations when it is used to calculate the Smax in the long
term or when used to forecast the longevity of the system. The standard methodology
is a short-term sorption analysis (24h) that underestimates the long-term removal
capacity because it does not take into account the slow precipitation processes and
because the experimental set up does not represent the real systems and interactions
with the ecosystem. Thus, studies advise that these methods are not used for lifespan
prediction but to compare materials and soils characteristics. Column experiments
should also be correctly designed when addressing long-term P removal
characterization and filter material saturation, mainly regarding the length of the
experiment and hydraulic loading in order to correctly translate results to full-scale

experiences.

Regarding lifetime predictions in LTS, usually, direct mass balance approach using
the Smax has been used, however, the drawbacks previously pointed out also affect
this methodology. Using modelling tools to assess the water flow, contaminant
transformation and contaminant-transport processes can help to assist in the
integration of all the parameters that affect the functioning of the system. However,
few attempts to estimate the P longevity of LTS through models have been found and
none of them has been completed and published due to several limitations and further

development and research needed (uncertainties in data acquisition, empirical
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models, models not validated or neglecting important variables of the removal

processes).

LTS’s modelling challenge lies in getting useful results from batch and column
experiment regarding soil P adsorption behaviour in the long term, and how to transfer
those experimental results into the solute transport equation. The longevity of the LTS
is one of the key parameters to achieve cost-effective treatments and if new studies
are able to successfully model treatment scenarios then we will become a useful LTS
management tool and provide greater confidence in the sustainable operation of these

systems required by both operators and regulators.
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3 LONG-TERM PHOSPHORUS ACCUMULATION AND
REMOVAL EFFICIENCY IN A LAND-BASED WASTEWATER
TREATMENT SYSTEM IN THE UK?

3.1 Introduction

Land Treatment Systems (LTS) are terrestrial systems where pre-treated wastewater
is applied onto the land surface to achieve a specified level of treatment through
natural physical, chemical, and biological processes within the plant-soil-water matrix
(Crites, Middlebrooks & Sherwood, 2006). Soil P retention mechanisms are physical,
chemical, biological processes and/or plant uptake (Crites, Reed & Bastian, 2000).
Physical retention can retain P by deposition and infiltration, where vegetation and
dense root systems help to decrease water velocity and increase contact time of P
with the soil surface, this mechanism has greater influence in particulate P than
dissolved P (Roberts, Stutter & Haygarth, 2012). They have been used to treat
wastewater since the nineteenth century and continue to be used today, principally at
small rural works as a polishing step, after secondary treatment to remove solids,
nutrients and pathogens (Tzanakakis, Paranychianakis & Angelakis, 2007). They can
offer a sustainable alternative tertiary treatment to small treatment works with available
land, where low tech, low carbon, and low maintenance solutions are required (Tyrrell,
2016). They can also be an option for small-scale applications such as sustainable
urban drainage systems where vegetated units are used to favour infiltration, detention
and moderate stormwater while improving water quality (Charlesworth, Bennett &
Waite, 2016) or advance treatments for industrial wastewaters in places where there
is a lack of specialized operators and land is relatively affordable (Taebi & Droste,
2008). However, these systems normally present limitations that can influence the
treatment performance, such as higher land requirements than other treatments, or
constraints based on the site conditions (e.g. soil texture or soil chemistry). The main
phosphorus (P) removal mechanisms in natural treatments are vegetation and
microbial uptake, and soil chemical precipitation and adsorption (Reddy, Kadlec, Flaig,
et al., 1999). While vegetation and microbial uptake are biological processes that can

be restored through appropriate design and maintenance; chemical processes such

2 Manuscript submitted to Journal of Water and Environment on 16/08/2017
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as precipitation and adsorption, depend on soil properties that are reduced over time
and eventually exhausted when the equilibrium in the pore water is reached or the
functional groups on the soil surface are saturated. This can potentially lead to the
release of soluble phosphorus to water bodies causing eutrophication, and
consequent impacts on the quality of the aquatic ecosystem by oxygen depletion
(Smith, 2003).

Although these systems have been in use since the mid-nineteenth century and in a
wide range of soils and climate conditions, most monitoring studies have been
conducted on young treatment systems and for short periods of time. Therefore, there
is limited information regarding removal performance in the long-term and lifespan
estimations. Batista et al. (2017) reviewed field and laboratory experiences, and
methodologies to estimate P removal in the long-term in LTS. They found that
laboratory experiments can be used to compare materials but not for lifespan
predictions because the standard methodology (short contact time or liquid-solid
solutions ratio) does not represent the systems and interactions with the ecosystem.
In addition, results from P removal field experiments presented highly variable removal
rates (8-99%) in different aged unsaturated soil infiltration systems (14-27 years), and
different soil types and climates, making difficult the comparison between studies
difficult.

In the UK, during the period 1920-1970, LTS were used as a tertiary treatment to
provide confidence with respect to meeting the so-called Royal Commission 20:30
biological oxygen demand: suspended solids discharge consent standard which was
widely applied at British wastewater treatment works (Gray, 1989). Those LTS were
subsequently transferred to the corresponding water companies following the Water
Act (1973) and remain today (Tyrrell, 2016). Sweaney (2011) aimed to identify
sustainable wastewater technologies used by the water industry and provided
evidence of the wastewater quality achieved by British water companies using LTS
technologies. The study identified 20 LTS in the form of grass plots mostly and
obtained performance data from 13 systems belonging to two water companies in
relation to organic matter, suspended solids and ammonia removal, but there is a lack

of knowledge about long-term P removal behaviour or age of the systems.
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The aim of this study is to assess long-term phosphorus removal in an LTS in order to
evaluate for how long this type of system can make a useful contribution to wastewater
treatment. Additional objectives are to estimate the soil P removal efficiency and the
P accumulated over time and to evaluate the impact of the degree of saturation of soil
phosphorus on the quality of the water entering surface and groundwater bodies. The
chosen case study is an LTS in the south of England (UK), where different parts of the
field have been irrigated with secondary wastewater effluent for different periods of

time (up to 85 years).

3.2 Materials and Methods

3.2.1 Study site description

The site is a riparian meadow of approximately 20 000 m? surface, bordering the River
Meon in Knowle, Hampshire, England, (50°53’'00"N 1°12’31"W). It is situated on a
Plateau Gravel and alluvium parent material with clay loam soil texture (Tyrrell, 2016).
The field has been irrigated with secondary wastewater effluent from Knowle Sewage
Treatment Works (STW) for approximately 85 years. The vegetation is presently
grassland with perennial herbaceous plants such as stinging nettles (Urtica dioica) in

the irrigated parts. The vegetation is not harvested or removed from the site.

Knowle STW (Figure 3-1) is thought to have been installed in the early 1930’s to serve
the Knowle psychiatric hospital which, between 1852 and 1996 had an average
population of 2 000 (patients and staff) and large laundries and workshops (Burt,
2003). From 2000 onwards the hospital site was redeveloped into a residential area
with 700 domestic properties, a high-security hospital and commercial businesses.
The STW utilises primary and secondary treatment processes prior to discharge to the

riparian meadow (the “discharge field”) for tertiary treatment.

The secondary wastewater effluent is discharged via a chamber distributing flows
through a sluice system onto the discharge field (irrigation). Prior to the 1990’s, the
effluent delivery system consisted of a channel and floodgate system that irrigated a
larger area of the discharge field. Historical maps (Landmark Information Group 1932)
show that the original discharge channel that covered half of the field was elongated
to irrigate the whole field around 1950. This system was replaced in the 1990’s with a
pipeline along approximately half of the discharge field with outlets of 150 mm
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diameter and 15 m spacing between outlets. The wastewater discharge is controlled
by the plant operator, who opens the outlets, based on observation and experience.
All secondary wastewater effluent discharged on to the site infiltrates into the soil and
no surface runoff has been observed from the discharge field to the river. The system

has no flow meters; hence the amount of water discharged to the field is uncertain.

For this study, the discharge field was divided into three sections (Figure 3-1). Section
A has been irrigated with secondary wastewater effluent from the STW since the early
1930’s and is still in operation; section B was irrigated until the end of the 1990’s, when
the sluice system was replaced by the pipe; and Section C, which, based on historical
maps, was irrigated from approximately 1950 until 1990 (Landmark Information Group,
1932).
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Figure 3-1 Diagram of the land treatment system in Knowle (UK) showing the sewage
treatment works location, the historical discharge systems, the division of the sampling
sections and sample locations.

3.2.2 Soil analysis

Stratified random sampling was used to sample the soil in each of the three sections.
Due to the unclear boundaries between the sections, and to avoid sampling in, or close

to, the boundaries, equal-sized plots of 2 000 m? were defined in each section. In each
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plot, 10 points were randomly selected with 10 m minimum distance between them. It
was judged that the sampling density (equivalent to 50 samples/ha) would provide
sufficient information about the total phosphorus (TP) variability, since sampling
protocols for P in crop production recommend 4-8 samples/ha as a trade-off between
practicality and accuracy (Force, Mallarino, Beegle, et al., 2006). At each point, a
composite sample of the 0-40 cm layer was taken with a Dutch auger, based on the
method of Falkiner (1999). The samples were pre-treated (BS| Standards Limited.,
2006) and TP was determined with aqua regia digestion (BSI Standards Limited.,
1998), and phosphorus measured colorimetrically. The mean TP concentration (Cp)
from triplicates laboratory samples of n=10 samples in each section (kg P/kg) by acid
digestion was used for mass balance calculations since it should have included the
majority of the phosphorus sorbed from the wastewater application. Bulk density was
estimated to be 940 kg/m3 from topsoil properties (Centre for Ecology & Hydrology,
2007) for topsoil bulk density representative of 0 — 15 cm soil depth. Two different
sources were used as a reference samples of unirrigated soil: the topsoil background
levels for TP of 560 samples in a 50 km radius of clay loam soils type and grassland
land use from the National Soil Inventory (NSI) (National Soil Resources Institute,
2014), referred to in the text as ‘regional average’; and Tyrrell's (2016) results from an
adjacent clay loam, grass field situated in Knowle STW, referred to as ‘adjacent site’.
A one-sample t-test showed that the TP of the adjacent site was not significantly

different from the regional average (t=0.298; p=0.766).

3.2.3 Water balance of the site over the study period

The water inputs to the systems considered are precipitation and irrigation. Long-term
average monthly rainfall was estimated from the CEH — Gridded Estimates of Areal
Rainfall (CEH — GEAR) which contains 1 km gridded estimates of monthly rainfall for
UK from 1890 to 2015 (Keller, Tanguy, Prosdocimi, et al., 2015). It is assumed that
the volume of water consumed in the hospital and the village equals the secondary
wastewater effluent. Therefore, irrigation was calculated from the estimated water
consumption in Knowle hospital and village over the study period. Average domestic
water consumptions were estimated to be 126 l/capita in 1930 and currently 150
I/capita (Anglian Water Ltd. 2008). The water consumptions between these dates were

interpolated linearly.
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The water outputs of the system are evapotranspiration and percolation, runoff was
assumed to be zero since it has not been observed in the study field. The reference
evapotranspiration was calculated using the Penman-Monteith equation (Land and
Water Division of FAO, 2012). Air humidity, wind speed and radiation were estimated
with the ETo calculator by the missing data estimation procedures described in Allen
et al. (1998). Monthly maximum and minimum temperature were obtained for 1903 to
1999 period from Southampton (Mettofice, 2016) (50° 53' 59" N 01° 23' 44" W) to
calculate long-term average monthly evapotranspiration (ETc), in this case, ETc is

equal to reference evapotranspiration since the crop at the site is well-watered grass.

3.2.4 Phosphorus inputs to the site over the study period

The total mass of P discharged to the discharge field (P4) was estimated using Eq.
(3-1) from the site history accounting for population and different P content in domestic
wastewater for every year through the entire study period (1932-2016). Although P
levels in the faeces changes with diet over time and space, in this study, they are
assumed to be constant since the impact of changes in diet on P content effluent of
on-site wastewater treatment is unknown (O’Keeffe, Akunna, Olszewska, et al., 2015).
A 25% P removal was applied to account for effect of primary sedimentation, the P
biologically removed in the biofilters and consequently, the P exported from the works
in the sludge. This P removal rate in primary and secondary treatments was calculated
from wastewater inflow and outflow data from Knowle sewage treatment plant from
December 2014 to March 2016.

Therefore, total P added to the discharge field was calculated from:

Yr
P; = Z 365 -C;-P;, -0.75 (3-1)
i=yo

where

Pq is the P added to the discharge field with the secondary wastewater effluent (kg)
Piis the population in year i (capita)

Ci is the daily amount of P discharged to the field in the year i (kg/capita/day)
¥0=1932

y=2016
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The population each year was estimated from admission registers of the hospital from
Burt (2003). In between, the population data was interpolated linearly until the hospital
closed in 1996. From 2000 to 2016, when the area was redeveloped for residential
use, the population was calculated considering 2.4 persons/household occupancy
(Office of National Statistics, 2013) for 700 houses. Ci was estimated from (Gilmour,
Blackwood, Comber, et al., 2008) study of human waste contributions to P loads to
domestic wastewater in the UK and allowing for the UK P detergent consumption from
1950 to 1998 (Foundation for Water Research, 2006).

The estimated load (P1) (kg/m?) discharged to each section was calculated in relation

to the pipe length that irrigates each of the sections.

3.2.5 Phosphorus removal

The average long-term P removal (Pr) (%) was determined by Eq. (3-2) :

Cp — R
p = PR 00

== (3-2)

where

Cp is the mean TP concentration from triplicates of n=10 samples in each section
(kg /m?)
R is site reference for TP soil concentration (kg/m?).

P, is the estimated P load discharged to each section (kg/m?).

3.2.6 Statistical analysis

Measurements of TP in soil samples were tested for normality by using the Shapiro-
Wilk U test. Significant differences were determined at a=0.05. Comparisons of means
were by one —sample and paired samples t-tests and one-way analysis of variance
(ANOVA). Tukey’s HSD (Honestly Significant Difference) tests were applied for Post-
ANOVA pair- wise comparisons to identify significant differences among means. All
statistical analyses were performed using IBM SPSS Statistics 23 (IBM Corporation,
Armonk, NY, USA).
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3.3 Results

3.3.1 Water balance

The hydrological (natural and engineered) cycle drives the balance of P inputs and
outputs of the system while the soil system controls the P removal processes. The
inputs and outputs of Knowle’s land treatment system for a long-term average year
(Figure 3-2) show that the secondary wastewater effluent discharged to the field
(irrigation) has dominated in comparison with precipitation in both main irrigation
periods. The average irrigation for the study period is 272 m3/day. For the last period
of operation (2000-2016) the estimated domestic water consumption for Knowle
village is 250 m3/day (Table 3-1), which corresponds to recent Albion Water STW

influent monitoring.

Table 3-1 Water consumption in Knowle during the study period.

From to Population Water consumption
(year) (persons) (I person day) (m?3/day)

1932 1950 2000 131.0 262
1951 1955 2000 132.2 264
1956 1960 2000 133.3 267
1961 1970 2000 135.8 272
1971 1977 2000 137.5 275
1978 1981 2000 138.3 277
1982 1987 2000 139.7 279
1988 1990 2000 140.3 281
1991 1994 2 000 141.1 282
1995 1996 2000 141.4 283
2000 2016 1680 150.0 252

Average 272
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Figure 3-2 Monthly average (1890 to 2015) rainfall, ET. and irrigation during the two main
irrigation periods, 1932-1996 and 2000-2016 at Knowle (UK) land treatment system.

3.3.2 Phosphorus inputs over the study period

The total amount of P discharged through irrigation (P4) during the entire period (1932-
2016) of operation was ~90 000 kg (equivalent to 4.5 t/ha) (Table 3-2 and Table 3-3).
Estimated P loading rates in the early period, when the entire field was irrigated, was
0.04 kg/m?/a. For the later period when only Section A was irrigated, P load was
calculated to be 0.06 kg/m?/a. Assuming uniform application, P loading rates are in the
range of other wastewater irrigation experiences such as Eveborn et al. (2014) with
loading rates ranging from 0.03-0.54 kg/m?/a, or Dzakpasu et al. (2015) constructed
wetland loading rate of 0.016 kg/m?/a.
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Table 3-2 Estimated total phosphorus P added to the discharge field with the secondary
wastewater effluent during the study period.

TP load to TP influent

sewer by by domestic TP after
domestic wastewater primary and
wastewater  in Knowle secondary
From to Population in the UK® STW Years treatment
(year) (persons) (g person day) (kg/year) (kg)
1932 1950 2000 1.40 767 19 14 564
1951 1955 2 000 1.42 777 5 3887
1956 1960 2 000 1.72 942 5 4709
1961 1970 2000 2.04 1117 10 11 169
1971 1977 2000 243 1330 7 9313
1978 1981 2000 3.10 1697 4 6 789
1982 1987 2000 3.25 1779 6 10 676
1988 1990 2000 3.22 1763 3 5289
1991 1994 2000 2.87 1571 4 6 285
1995 1996 2000 2.26 1237 2 2475
2000 2016 1680 1.90 874 17 14 855
Total 82 90 010

3(Gilmour, Blackwood, Comber, et al., 2008)Foundation for Water Research,
2006).

Table 3-3 Total estimated phosphorus discharged (Pd) distributed during the different
irrigation periods and to the sections, total phosphorus load (Pl) to each section, total
phosphorus concentration (Cp), site reference concentration (R) and P removal (Pr) for
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each section of the discharged field. (-) no irrigation during this period. Smax from

Tyrell (2016).

Section A Section B Section C Total
1932-1950 12 537 6 757 - 17 145
Period 1950-2000 15 537 8 087 30 003 53 577
2000-2016 17 145 - - 19 288
P4 (kg) Total 42 219 14 788 30 003 90 010
Pi (kg/m?) 6.75 7.39 2.80
Cp (kg/m?) 0.57 0.67 0.41
R(kg/m?) 0.35 0.35 0.35
P: (%) 3 4 3
ﬁ;ﬂg;‘ (mg 1240

3.3.3 P removal

The percentage of P removal, which includes the difference with the reference sample,
varies between 3 and 4% in the different sections (Table 3-3). If the P removal is
calculated without considering natural P in the soil (for which we have no measured
starting value), the removal percentages would vary between 8% and 9% for sections
A and B and 17% for section C.

3.4 Discussion

3.4.1 Water balance

Since no runoff has been observed in the discharge field, the significant amounts of
irrigation and precipitation compared with the evapotranspiration suggest that the soil
water retention capacity would have been exceeded and the excess of water will be
percolated to deeper layers. Currently, Knowle’s irrigation rate is 13 600 mm/a; which
situates it in the high rate range (Crites, Middlebrooks, & Sherwood (2006). This
percolation to deeper layers may be also be enhanced by preferential flow produced

in soil macro-pores.

3.4.2 Phosphorus inputs over the study period

The P inputs estimations of the discharge field are feasible when compared to other

published values, however, they have to be carefully approached due to several
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limitations in the calculations of the P added to the field. The main constraint in the
analysis is the lack of a complete dataset of inlet-outlet P concentrations of the STW
over the study period. To calculate the P load into the field, the preliminary hypothesis
of the irrigation periods from the water company operating the plant of a section of the
field never been irrigated was discarded, and instead, the irrigation periods were
stabilised in relation to the evidence of the presence of the irrigation pipe on historical
maps (from 1881) (Landmark Information Group, 1932). However, the maps referred

to broad periods of time with the consequent inaccuracy.

Although other studies, such as White and Hammond (2009), quantified very similar
values of P contributions from human excreta, household waste, and detergents (2.05
g/capita/day) in England and Wales, its evolution over time in the hospital was
assumed to resemble the domestic national trend, which was driven by the
introduction of washing machines. It is assumed that domestic wastewater
composition is comparable to that of hospitals because it was not a surgical hospital
and patients were living there. The influence of changes in diet over time could also
be relevant to the P content in the wastewater, but this was not accounted for in this
study since it has not been quantified yet. In addition, there is uncertainty regarding

the hospital population between known data from hospital registrations.

Despite the differences in the P loads, no significant differences were found in the
mean TP concentration (Cp) of the three sections. Cp values were higher than the
regional average (943 mgP/kg) and adjacent site references (938 mgP/kg) and close
to the soil P sorption maximum (Smax) of 1240 mg P/kg reported by Tyrrell (2016) for
the adjacent site, suggesting, that the soil is saturated with P irrespective of the
duration of the irrigation (Figure 3-3). However, it is unknown when this Smax removal
capacity was reached. All but one TP concentrations of the 30 samples were between
the maximum (3 996 mg P/kg) and minimum (296 mg P/kg) values for TP background
levels from topsoil analyses of 50 km radius for loam clay texture soils and permanent
grassland land use (National Soil Resources Institute, 2014). The sampling point that
is out of the upper range is situated very close to a former discharge point, which
means that it is more likely that has received more P through irrigation than other

points of the field.
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3.4.3 Phosphorus removal

The removal was low compared with other similar mass balance calculation studies of
P removal in soils. Those studies reported P removal between 58% and 99%, for
treatments aged between 10 and 27 years old (Dzakpasu, Scholz, McCarthy, et al.,
2015a; Jenssen, Krogstad & Halvorsen, 2014; Zhang & Dahab, 2006). Only Eveborn
et al. (2012) identified low removal (~12%) such as the ones obtained for Knowle’s
system. The main difference between Eveborn’s experiments and the other studies is
that removal was calculated through P concentrations in the soil, as in this study, rather
than inlet/outlet water quality samples of the system. The main drawback of using P
concentrations for P removal calculations is the strong influence in the results of the P
concentration in the reference sample. However, it simplifies the process of selecting
the outlet sampling points, which are usually harder to identify, or to access than in
large and engineered soil treatment systems studies. Traditional inlet/outlet field
measurements entail methodological limitations such as the difficulty of finding
representative inlet/outlet flow and sampling locations, insufficient monitoring time, or
lack of representation of groundwater interactions (Eveborn, Kong & Gustafsson,
2012). Reddy et al. (1999) pointed out the difficulty to identify outputs and inputs of P
and water as one of the main challenges in P assimilation studies in natural
wastewater treatments, along with the lack of monitoring and laboratory
methodologies. Such discrepancies make it difficult to compare studies and removal
performances of different treatments. P removal at the sections indicates that not all
the phosphorus discharged has been accumulated, and that if the soil could
accumulate all the P discharged, the binding capacities would have been higher than
engineered filter materials such as Filtralite® or steel slag, which have P sorption
capacities between 1350 and 4300 mg P/kg (Cucarella & Renman, 2009; Herrmann,
Jourak, Lundstrom, et al., 2012)
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Figure 3-3 Measured total phosphorus in soil in each section. Box plot show median
values (solid horizontal line), boundaries of the box indicate the interquartile (1Q) and
whiskers show sample minimum and maximum. Outliers (o) are cases with values
between 1.5 and 3 times the 1Q range and extremes (*) are cases with values more than
3 times the 1Q range. Regional average value shows the National Soil Inventory mean
value of 560 samples for total phosphorus analysis within a 50 km radius from the
sampling site for clay loam type soil and permanent grassland land use (mean= 943.0,
min= 269.0, max= 3996.0 st.dev= 403.02). Smax, P maximum sorption capacity from
Tyrrell (2016) clay loam soil texture and grassland land use from Knowle STW site.
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3.4.4 Phosphorus pathways (where is the P?)

The difference between the TP soil concentration and the estimated P load raises
questions concerning the fate of the discharged P Analysis of wastewater at Knowle
(Albion Water, personal communication 2015) reported that 90% of TP is dissolved
phosphate, which means that this physical retention mechanism will be less influential
than others. Plant and microbial uptake can also remove P from the soil. Crites et al.
(2006) proposed typical annual phosphorus nutrient uptake rates for forage crops in
LTS to be in the range of 20-84 kg/ha/a. Since the history of the site land management
is uncertain, no plant uptake has been considered in this study, however, if P was
assimilated at this rate and vegetation had been harvested and removed then plant
uptake would account for ~5% of the P applied to the soil (Pd4). Phosphorus can be
also stored as soil microbial biomass. Brookes et al. (1984) quantified the microbial P
mean annual flux of 8 grasslands to be 23 kg P/ha/a, what will account for 4% of the

P applied to the soil (Pa).

It is also plausible that part of the discharged P is retained in the soil but the sampling
method was not representative due to the high variability of P in the field because of
the irrigation methodology. This could be linked to the high variability of TP
concentration found in sections A and B, represented by the higher interquartile in
sections A and B compared to C, and by the outlier point with high TP content situated
close the discharge pipe (Figure 3-3). The high variability could be caused by non-
uniform distribution of the wastewater over the field generated by the natural
topography of the field, enhanced by the channelling caused by running water flow for
long periods and the arbitrary opening of the discharge gates for irrigation. Moura et
al. (2011) also observed high spatial variability in water extractable phosphorus
concentrations after 25 years of reclaimed water application in rapid infiltration basins.
The minimum values in each section are close to the reference concentrations, which

could also suggest a poor uniformity of distribution in the field.

However, if P has flowed downwards to deeper soil layers, it could be either adsorbed
at deeper levels (if the soil solution in deeper layers is less concentrated) or leached
to the groundwater. The subsurface water connections between the field, the River
Meon and the groundwater are unknown. However, Tyrrell (2016) measured the PO«

3 concentration in the River Meon, upstream and downstream of the discharge field
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monthly from June 2012 to July 2014. This revealed no statistical significance
(t=1.459; p=0.156) in paired samples t-test between both sampling sites. Therefore,
the discharge field has no detectable effect on the PO43 concentration in the river. It
is plausible that P from the discharge field reaches surface and groundwater but in
insufficient loads to affect concentrations appreciably. However, this hypothesis was
not possible to test in this study by obtaining data from a groundwater assessment.
This unfeasibility is due to limitations in the accessibility by the landowner. If access
for groundwater studies can be granted in the future, a further study would be
necessary to be able to provide additional data of groundwater quality to support this

hypothesis and to assess whether the P has been storage or release.

3.4.5 Practical implications of the study

There is a lack of field case studies of P removal capability in existing LTS, in longevity
methodology predictions and discussion of future applications. This case study has
demonstrated that, although the sorption capacity of the system seems to be
saturated, it has retained significant amounts of P, and that the P that has not been
retained has appeared to have had no significant impact on the receiving water bodies.
The P retention capacity is finite and this has to be taken into consideration for the
future role of these systems. Therefore, there is a need to build knowledge regarding:
management practices for P removal optimization, such as, which P loads and P
loading modes would contribute towards a higher removal rate or which type of plant
and how to vegetation manage could improve longevity. This results can help
designers and operators to evaluate LTS performance and their potential
implementation. However, such evaluations need to consider P removal in the context

of the other functions and services provided by LTS.

3.5 Conclusions

The duration of wastewater irrigation activity at Knowle (~85 years) offered the
possibility to study a unique LTS by comparing the P concentration in the soil of areas
that have been irrigated with wastewater for different periods. The different sections
of the discharge field did not show a significant difference in the soil TP concentration
despite being irrigated for different periods with secondary treated wastewater and the
P concentration levels indicated that the soil has reached P saturation capacity. The

TP retention (4%) was low compared with similar previous studies, which was mainly
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attributed to the exhaustion of the sorption capacity — possibly many years or even
decades ago. However, no evidence of nutrient pollution has been detected in the
nearby water bodies (River Meon and East Hants Chalk aquifer), suggesting that the
LTS is not affecting phosphate levels in the river or producing relevant nutrient

contamination.

Assessment of P removal performance in small long-term LTS can be challenging due
to the lack of historical datasets and outlet monitoring, thus methodologies based on
P accumulation in the soil could help to overcome this drawback, however,
representative reference samples are needed since the results are strongly influenced

by them.

These findings suggest that LTS can play a role in low energy phosphorus removal at
small works, in addition to the other contributions they make to tertiary treatment and
habitat provision. Gaps remain, however, in our knowledge of how to optimise their
performance through design and operational measures, and in how to forecast their

longevity and how to manage the finite adsorption potential of the soil.
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4 SIMPLIFIED LONG-TERM PHOSPHORUS MODEL FOR
A LAND TREATMENT SYSTEM FOR TERTIARY
WASTEWATER TREATMENT

4.1 Introduction

Since P removal capacity is finite in LTS, lifetime estimation of P removal is an
important management tool. However, the study of LTS behaviour in the long-
term is complicated, especially regarding the associated temporal and spatial
variability, which makes the studies expensive and time-consuming (DeJong &
Bootsma, 1996). Research is usually based on experimental data where
observations of experiments can provide accurate datasets in order to develop
and test theories. However, there are cases where getting experimental data is a
daunting task due to spatial and/or temporal scales (Wainwright & Mulligan,
2004). Environmental models can offer to researchers rapid simulations of long
periods and vast extension of space, helping them to understand how variable
contexts determine the nature and functioning of the system under study. This is
of critical importance in long-term studies, where models are used as predictive
tools to understand the impacts of current process over time. These
environmental research models offer a valuable aid in contexts where time is a
limited resource and a major constraint. Additionally, models offer a controllable
environment where mathematical descriptions of the system and processes can
be forced in a controlled way in order to isolate the impact of individual factors on
the behaviour of the study system (Graves, Hess, Matthews, et al., 2002).
Moreover, mathematical calculations and simulations can improve the
understanding of diverse aspects since experimental data in this type of systems

are usually expensive to obtain (Beach & McCray, 2003).

The use of numerical models for soil water dynamics relies on measurement of
physical, soil hydraulic and solute sorption characteristics. However, due to the
large number of parameters needed and the difficulty to measure some them at
plot scale, it is crucial to undertake a sensitivity analysis to examine the effect on
the model results of changing a particular parameter and to identify which
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parameters are most important in describing the system behaviour (Carey,
Erskine, Heathcote, et al., 2001). The aim of the chapter is to apply a
acombination of hydrological and solute transport model to identify relevant P

removal proceses in LTS.

The objectves of this chapter is to:

- To describe the conceptual model that simulates water flow and P
transport in a soil profile in a LTS.

- To parameterize a numerical model that simulates water flow and P
transport in a soil profile in a LTS.

- To test the model sensitivity to changes in these parameters.

4.2 Conceptual model: model domain, boundary conditions and
initial conditions.

The one-dimensional conceptual model represents the field as an isolated bucket
with upper and bottom boundaries to quantify the water and P inputs and outputs.
The water inputs are precipitation and secondary wastewater effluent discharge
from the WWTP, the water then is returned to the atmosphere through
evaporation from the land surface or, after plant uptake and use, by vaporization
from the stomata on the surfaces of leaves (transpiration), because of the
difficulty to assess these two pathways separately, the water balance is
presented instead with the evapotranspiration as a simple term that quantifies
together the two evaporative parameters. The water, when it reaches the soil can
either penetrate by infiltration or be lost by surface runoff. The infiltrated water
can either continue to downward percolation or be retained in the soil as stored
water. The P input comes from the irrigation with the secondary wastewater
effluent, and the P outputs are represented by plant uptake, runoff, plant residue
and leaching (Figure 4-1).
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Figure 4-1 Conceptual model

A simplified model was built to simulate vadose-zone phosphorus transport. The
modelling tool selected was HYDRUS-1D (v4.16.0110). HYDRUS-1D is a
software package for simulating water, heat and solute movement in one-
dimensional variably-saturated media (Sim(inek, Sejna, Saito, et al., 2013). This
numerical model is used to(Falkiner & Polglase, 1999) simulate long-term
(steady-state) vertical migration of secondary wastewater effluent from the

infiltrative surface to the bottom of a 40 cm soil profile.

This study used one isotropic profile, 0.4 m below ground surface based on
Falkiner and Polglase (1999) results on municipal effluent irrigation for 5 years
where only the first 50 cm of the soil profile participated in all the changes and
distribution of P through the soil profile. Discretization into 100 finite elements.
The soil hydraulic model is the single porosity van Genuchten-Mualem model with
air entry value of -2 cm with no hysteresis. The stability criterion (ratio of Peclet
to Courant’s number) was set to 2 in all simulations. Boundary conditions for
water flow and solute transport are specified at the top and bottom of the soil

profile. The top boundary conditions included time-variable (atmospheric)
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boundary conditions, which included precipitation, irrigation and potential
evapotranspiration rates for a grass cover. The solute transport top boundary
condition was set as constant concentration flux boundary. These boundary
conditions were chosen to represent the long-term secondary effluent loading
rates. The lower boundary conditions consisted of a free drainage boundary for
water flow and a zero concentration gradient for the solute transport. These lower
boundary conditions are appropriate since the groundwater level is unknown. The
solute transport model was an equilibrium model. The initial soil water conditions
were set to field capacity and zero initial concentration of the solute through the
entire soil profile. The water root uptake model selected was the Feddes with no
solute stress and only passive root solute uptake. Initial time step 0.05 days and
maximum time step 0.5 days. The maximum number of iterations was set to 10,
and the rest of criteria were set to the default values. Results have been checked

for a water balance and solute error <1%.

4.3 Model description
HYDRUS-1D model (v.4.16) (Simlnek, van Genuchten & Sejna, 2008) is a

Windows-based software for simulating water, heat and solute movement in one-
dimensional variably-saturated media using numerical analysis schemes. It
requires, as input, three sets of parameters: the soil hydraulic, solute transport,

and solute reaction parameters.

Water flow is modelled using Richards’s Equation (4-1), and the solute transport

is modelled using the convection-dispersion equation (4-2)

00(h) @ oh (4-1)
ot —a[’(x“’) (a“)]is
d(6Rc) @ (4-2)

Where:

6 is the volumetric water content (-),

h is the soil water pressure head (L),
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tis time (T),

zis depth (L),

K is the hydraulic conductivity (LT™"),

R is a retardation factor accounting for sorption or exchange (-)
c is the solute concentration of the liquid phase (ML™3),

D is the solute dispersion coefficient (L2T™"),

q is the Darcy—Buckingham volumetric water flux (LT")

S (T™") is the sink or source of water,

and ¢ (ML™3T™") is the sink or source for solutes.

The HYDRUS-1D is a software tool that enables the translation of the transport
processes and pathways of P in soils of the model described in section 1.1.3 into
mathematical equations. It operates first the water module (Figure 4-2) that is
driven by the Richard’s equation (A-1)which, under the initial conditions and the
boundary conditions, determines the moisture content (6) and pressure head (h)
at each spatial (dx) and each temporal increment (dt) in the soil profile. These
results are transferred it into Richard’s equation, where Richard’s velocity is
determined (q) together with the seepage velocity (v) at each dx and dt and time
step, which is incorporated into the ADE equation (A-8)to estimate solute
transport by advection and dispersion. The portion of PO4 adsorbed to the soil to
PO4 soluble in solution (ds/ dc) is determined by the HYDRUS assumption of
equilibrium interaction between solution (¢) and sorbed (s) concentrations and it
is related by a non-linear adsorption isotherm, and expressed as the retardation
factor (R) at the ADE equation. Finally, the ADE will be numerically solved and
will provide the PO4 concentration in soil solution at each spatial and temporal

increment. The complete development of the equations is described in 7Appendix
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Figure 4-2 Framework of the water and solute model

The baseline parameters and scenario proposed are based on Knowle’s (UK)

LTS which location and operational characteristics are described in Chapter 3.

4.4 Parameterization

The model has been parameterized for the discharge field in Knowle (UK), which

is described in section 3.2.1.

4.4.1 Assumptions and assertions of the model

Once the model has been described, along with the processes and the objectives

that the model will cover, it is necessary to set up a series of assumptions and

conditions under which the equations of the model will be solved (based on
(Nahra, 2006)).

The model simulates P form as PO43 (POa).

The model takes into consideration matrix flow only; macro-pore flow is
not considered in the model.

The nature of P adsorption is considered to be non-linear.

Both steady-state and transient boundary conditions are considered.

The model simulates water flow under variably saturated conditions.

Only one-phase flow is considered. Air and water vapour flow are not

modelled.
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- Constant temperatures are considered throughout the soil profile.

- The model operates on homogeneous and isotropic soil column.

- Root water uptake and solute uptake are simulated in the model.

- The model simulates solute transport and water flow in one-dimension,
vertically down the soil profile because the flow in the soil profile is
predominantly in the vertical direction and to simplify long-term
simulations.

- The model considers three main processes to simulate PO4 transport in
the soil- water environment: advection, hydrodynamic dispersion, and
adsorption.

- The sorption processes include adsorption, chemisorption, absorption,
and ion exchange reactions, together with precipitation processes (Jourak,
Frishfelds, Staffan, et al., 2011)

4.4.2 Meteorological parameters

Meteorological data were obtained from Southampton (50° 53' 59" N 01° 23' 44"
W) (Mettofice, 2016) (Table 4-1). Average monthly max and min temperature for
the period 1855 to 2000 was used to calculate long-term average monthly
evapotranspiration (ETc) with the Penman-Monteith equation. Air humidity, wind
speed and radiation were obtained from Southampton (Southampton Weather,
2016) for 2011. Daily precipitation of the year 2011 was selected as an average
year (annual precipitation for 2009-2015 period is 828.2 mm/a and 663 mm/a for

2011) based in its similarity with an average year for the study period.

Table 4-1 Meteorological data (Southampton Weather, 2016)

Average

TMax Tmin ETc  precipitation

(°C) (°C) (mm/month) 2011

(mm/day)

January 8.2 2.0 0.5 3.3
February 8.6 1.9 0.8 2.4
March 11.0 29 1.6 0.5
April 13.9 4.6 2.7 0.1
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Average

TMax Tmin ETc  precipitation

(°C) (°C) (mm/month) 2011

(mm/day)

May 17.2 7.8 34 1.4
June 20.0 10.6 4.1 2.6
July 21.7 12.5 4.2 1.0
August 21.7 12.4 3.6 3.0
September 19.5 10.2 2.6 1.9
October 15.6 7.9 1.4 1.3
November 11.3 4.3 0.7 1.6
December 8.7 2.3 0.5 2.8

4.4.3 Irrigation

Irrigation, as the secondary wastewater effluent discharged from the STW to the
discharge field, was obtained from the average water consumption in Knowle
hospital and village over the study period. Average domestic water consumptions
were estimated to be 126 l/capita in 1930 and currently 150 I/capita (Anglian
Water Ltd. 2008), resulting in an estimated discharged average of 250 m3/day
over the field surface (20000 m?). Weekly water quality analysis of the discharged
wastewater were carried out by an independent laboratory for Albion Water from
December 2014 to March 2016 with an average of 8.17+1.14 mg/L for TP and
7.08 £0.51 mg/L PO43.

4.4.4 Crop data

The crop data necessary to calculate potential evapotranspiration are crop
height, albedo, LAl (Leaf Area Index), and root depth. Crop height was specified
based on observational data over the different seasons (60 cm for April, May and
June, 120 cm for July, August, and September and 30 cm for the rest of the year),
albedo was set 0.23 , typically set equal to 0.23 for most green field crops with a
full cover (Jensen, Burman & Allen, 1990) and root depth to 20 cm, with a spatial
root distribution of the root occupation in the soil from 100% on the top to 0% at

20 cm (Ramos, Simudnek, Gongalves, et al., 2011). The LAl was calculated from
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surface cover fraction with a constant for the radiation extinction by the canopy
of 0.463 and Fedde’s parameters for the plant water stress response functions
were taken from the default HYDRUS-1D software.

4.4.5 Soil physical and hydraulic parameters

Soil hydraulic parameters (8s, 6r, a and n) Table 4-2) were obtained using the
Rosetta Lite v1.1 (Schaap, Leij & Van Gencuhten, 2002) program. Rosetta Lite
is integrated into the HYDRUS software package and estimates water retention
and saturated and unsaturated hydraulic conductivity using soil texture, bulk
density and one or two water retention points and it is based on neural network
analyses and pedotransfer functions. Soil texture, bulk density and water
retention points at 33 and 1500 kPa and the longitudinal dispersivity (DL) were
obtained from Tyrrell (2016). DL represents the effects of the porous media (pore
size, path length and friction) in the average water flow direction (Fetter, 1999).
A 1D model assumes dispersion along the vertical direction of transport and
neglecting lateral dispersion. This is a conservative approach from an
environmental-protection perspective because lateral dispersion would reduce
the concentrations obtained with the 1D model (Heatwole & McCray, 2007). Pore
connectivity parameter was assumed equal to an average value of 0.5 for many
soils (Li, Simanek, Jing, et al., 2014).

4.4.6 Adsorption parameters

Equilibrium isotherm experiments were performed with air-dried and sieved soil
samples from a composite sample of Section C, which is the section that has
been irrigated for the shorter period. The sampling site and methodology for the
soil sampling undergone in this experiment have been presented in section 3.2.2.
2 g of each composite sample was placed in 100 ml flask with 50 ml solution
(1:20) prepared with KH2PO4 at known P concentrations (pH 7.0) of 0, 0.5, 2, 5,
8, 10 and 15 mg P/l with water as solvent. The concentrations were chosen to
mimic typical domestic wastewater concentrations, and to replicate sorption
processes at low concentrations. The mixture was continuously shaken at 175

rpm for 5 days at a room temperature (21°C). 175 rpm is suggested to be
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appropriate to avoid abrasion and altering the properties of the soil (Cucarella &
Renman, 2009; Drizo, Comeau, Forget, et al., 2002). The contact time was longer
than the normal 24h to enable the solution to reach equilibrium and to allow more
realistic measurements of P maximum sorption (Hu, Zhang, Kendrick, et al.,
2006; Eveborn, Kong & Gustafsson, 2012; Eveborn, Gustafsson, EImefors, et al.,
2014). The soil suspension was allowed to settle and the supernatant was filtered
through a 0.45 um membrane. The absorption capacity was calculated using the
difference between the initial P concentrations added to the solution and the P
concentration in the filtered solution. Sorption maximum was estimated using

Langmuir sorption model Eq. (4-3)

Smax K- C (4-3)
1+K-C

S =
where

C is the concentration of P in the solution at equilibrium (mgP/I)

Smax is the maximum P adsorption capacity (mg P/kg soil)

K the constant related to the binding strength of P onto the material (I/mgP)

S is the amount of P adsorbed per unit mass of the material (mg P/kg soil)

Input parameters required for HYDRUS-1D input were determined using the best
available data (Table 4-2). The baseline parameters and scenario proposed are
based on Knowle’s (UK) LTS, the location and operational characteristics of

which are described in Chapter 3.

Table 4-2 Parameters required in the HYDRUS-1D model

Module Parameter Description Method of Value Units
estimation
6 Saturated Rosetta-Lite  0.505 cm3cm?®
Hydraulic water content  model
model [L3|_-3]
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Module Parameter Description Method of Value Units
estimation
6 Residual water Rosetta-Lite 0.0794 cm?3/cm?
content [L3L°]  model
a Empirical Rosetta-Lite  0.0286 cm
parameter [L''] model
(inverse of the
pore entry
value)
n Empirical Rosetta-Lite 1.2982 -
parameter [-] model
(pore size
distribution
index)
/ Pore Lietal. 2014 0.5 -
connectivity
parameter [-]
Ksat Saturated Rosetta-Lite  60.06 cm/day
hydraulic model
conductivity
[LT]
kq Equilibrium 0.0434 cm®* mg
constant-
adsorption
isotherm _
coefficient (M- Fitted from
Solute 1L3] experimental
" o results from
reaction — p Shape fitting adsorption 35 cm3/mg
parameter — experiment.
adsorption
isotherm
coefficient [M-
1|_3]
Pb Bulk density Tyrrell (2016) 1.12 kg/cm?
(M°L]
Solute D, L.ongltu.dl.nal Tyrrell (2016) 10 cm
dispersivity
transport
[L]
Ci(x) Initial Tyrrell (2016) 0.960 mg/cm?3
concentrations
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Module Parameter Description Method of Value Units
estimation

of P in soail
[M3L-3]

4.5 Sensitivity analysis

A sensitivity analysis was undertaken to examine the effect on the model results
of changing a particular parameter and to identify which parameters are most
important in describing the system behaviour (Carey, Erskine, Heathcote, et al.,
2001). This is of critical importance in the study model since limited field
observations are available to test the model. The results from the sensitivity
analysis were later used to define the scenarios that needed to be tested for

management purposes.

The results of the sensitivity analysis will:

- Show which parameters have a greater influence on the model results

- If results stay in an observed range after value change.

The test was performed according to the following equation (4-4) at ‘one-
parameter at-a-time’ procedure. Although this procedure does not show
interactions between parameters, it is simple to understand and implement, which
simplifies the interpretation of the results. This advantage is the main reason why
this method was selected due to the complexity of factor interactions in
environmental modelling:

R; — Ry
Ry

(4-4)

AR=( )100

where

AR is the percent change in the result value of the output
Rtis the result value for using the test parameter

Rb is the result value for using the baseline parameter value
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Two output parameters were selected:

- The cumulative bottom flux in order to observe the influence of the
hydraulic parameters
- The cumulative solute bottom flux to study the influence of the solute

transport parameters.

The values for the parameters tested were obtained from the literature (Table
4-3). The values were chosen from a range of physically possible values of the
parameters. The three values selected correspond to upper, middle and lower
value ranges for typical parameter values. Simulations were run for 5, 10, 50, 85

and 100 years.

HYDRUS-1D reports the amount of solute in the entire flow domain (mg/cm?) at
differently selected print-times. Therefore, the quantity of solute (POa)
accumulated in the field surface can be calculated multiplying it by the surface of
the discharge field (20 000 m?). The soil accumulation under a different range of

values for the selected parameters will help to identify the trend in the long-term.
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Table 4-3 Values selected for the input parameters used in the sensitivity analysis

0s 6r Ksat ka Ci D. pb
Parameter | Source
Output (L33 [L3L9) (LT ML) [M3L3] [L] ML3]
P cm3/cm?® cm3/cm3 cm/day cm3/mg mg/cm?® cm mg/cm?®
Baseline 0.505 0.0794 60.06 0.0434 0 10 1200
Rawls et al 0.32
0. | sy [Coai
Cumulative (1982) 0.55
value of the 0.174
bottom 6 R ot 0.001
boundary 0.794
flux 5 (U-tS- t 12.18
3 2 epartmen
(cm’/cm?) Keat of 36.54
Agriculture, 120
2005)
H . 0.019
anson e
kd al. (2006) 060158953
Cumulative National ' 0.0089
solute flux c = Soil 0.1
i esources
across the ! Institute, .
bottom of (2014)
the soil Bourazanis o
profile D. etal, 12
(mg/cm?) (2017) 15
Nah 500
anra
pb (2006) 1500
2000
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4.6 Results and discussion

The sensitivity analysis showed (Table 4-4) that the most influential parameters
in the HYDRUS-1D of water and solute transport model under a variable
saturated soil conditions are: the equilibrium constant-adsorption isotherm
coefficient (Ky), saturated hydraulic conductivity (Ks), bulk density (pp) and the

initial solute concentration of the soil (Ci):

Table 4-4 Results of the sensitivity analysis for a 100 years simulation time

Parameter CumAuII?ative CumAlfative

Parameter ch(eol/:)ge flux solute flux

(%) (%)

-37% 0% 0%

0 -19% 0% 0%
+9% 0% 0%
+335% 0% 0%

6: -98% 0% 0%
+99% 0% 0%
-80% -0.10% 0.81%

Ksat -39% -0.07% 0.00%
+99% -0.14%%  -0.01%
-56% 0% 2%

ka +37% 0% 1%
+326% 0% -11%
- 0% 0%

Ci - 0% 1%
- 0% 11%
-50% 0% 0%

D. +20 0% 0%
+50% 0% 0%
-55% 0% 14.99%

pb +34% 0% 0%
+79% 0% -7.49%

* The data cannot be presented in relation to the change in the parameter since

the baseline value is zero mg/cm?® concentration.
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Kais the most influential parameter for the P accumulation and leaching related
output tested. This is reasonable because it is the parameter that defines the
sorption capacity of the soil and it is a key parameter in the CE equation. Figure
4-3 shows a negative linear relationship (R?= 1) and very similar slope in the long-
term simulations of 50, 85 and 100 years, which indicate that one unit change in
Kd causes a decrease in the cumulative solute flux by 0.003. For years 5 and 10
the relationship is still close to a linear relationship (R?= 0.79 and 0.97) but the
negative values of the slope are higher (0.28 and 0.41), meaning that in the long
term the changes in the Kq affect the mass of solute that flows through the bottom

boundary less than in the first years of operation.

The bulk density (pb) (Figure 4-4) is also an influential parameter of the
cumulative bottom solute flux. There is a linear relationship for all values (R? from
0.89 to 1) and negative slopes from 0.47 in year 10 to 0.16 in year 100, indicating
as well, that it is more influential during the first years of operation. This is logical
because higher po entails more solids per unit volume of soil and therefore more
retention capacity, where higher pp can affect infiltration volumes. Moreover,
these results should be carefully approached since a change in the pp must also
be associated with a change in the Bs (saturated soil water content) because it is
associated with the water retention capacity of the soil. However, since the
sensitivity analysis has revealed that changes in the saturated soil water content
(Bs) and residual soil water content (6r) has no influence in the output tested, it is
assumed that for the sensitivity study purposes the results can be endorsed. In
this case, the one-at-a-time procedure was considered as an initial step of
examination of HYDRUS-1D sensitivity to different parameters over different
simulation time-steps, the reason is that it would allow a clear identification of
single parameter effects, regardless that in some changes in parameters are not
isolated and may affect others.

The initial concentration of the solute in the soil (Ci) also has an influence on the
cumulative solute bottom flux (Table 4-4). The data cannot be presented in
relation to the change in the parameter since the baseline value is zero mg/cm?

concentration. A change in the concentration from 0 mg/cm?® to 0.93 mg/cm?,
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which is close to saturation, produces a change in the cumulative value of the
solute bottom flux of 11% at year 100, however a change in the initial
concentration from 0 mg/cm3 to the minimum regional value has no influence on
the results. Therefore, small changes in the initial concentration will not have a

strong impact on the cumulative solute flux at the bottom boundary.

Regarding the sensitivity analysis of the hydraulic parameters, the saturated
hydraulic conductivity (Ks) is the only parameter that has a small influence on the
change in the cumulative bottom flux. It was expected that Ksat would have an
influence since it is a key parameter in the Richards’ equation (J. SimGnek, M.
Sejna, H. Saito, M. Sakai, 2013). The change in the parameter follows a less
clear linear relationship (R?=0.6 and 0.8) than the solute transport related
parameters and the change in the output tested is less than in the case of solute
transport parameters, being < 1% in all cases. With respect to the other
parameters Bs and 6, their influence on the results can be neglected which

changes in the output tested of 0%.

These results are consistent with results from other sensitivity analyses of
HYDRUS-1D such as Cheviron & Coquet, (2009) study of dual-porosity, transient
mobile—immobile case study related with the fate of pesticides fate in soils. In this
study, the parameters related to the retardation effects such as the sorption
coefficient were identified as very sensitive. Nahra's (2006) sensitivity analysis
simulating water flow and PO« transport with HYDRUS-1D also found that the Ksat
and Cj were the most influential parameters on the solute transport bottom flux,
which also influenced following a linear relationship. However, the researchers
did not find K4 or p» to be sensitive to the changes even if the study points out
that it would expect to be sensitive to Ka due to the fact that it has a direct
relationship with the concentration of solute in solution. This study also did not
show DL as a sensitive parameter, which is surprising because it is a key
parameter in the advection-dispersion equation. In addition, Tyrrell's (2016)
sensitivity analysis with HYDRUS-1D, which was only performed for hydraulic

parameters, showed the Ks as the most sensitive parameter for water content
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output. Complete results of the sensitivity analysis for all parameters and

simulation time can be founded in 7Appendix B Sensitivity analysis results
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Figure 4-3: Sensitivity analysis results for fitting parameter for the Langmuir
adsorption isotherm coefficient (K4) parameter

72



40%
y =-0.1679x + 0.057

R2=1
20%
<
v 0%
= -80% NC105/ ghII ~40%.... -20% 0% 20% 40% 60% 80% 100%
e T 20%-....
s e
,,C_,) ..... @, —
8 ° 40% e ){_T‘:O.1675x-0.1282
e OR2 =1
= Teeal
2 "=~s60% y =-0.2863x - 0.2217
e e Tl Rz =0.9998
B B0% | el = -0.474x - 0.6837
g ® — ~< R?=0.9225
3 100% - & T TRl e
S
< -120% y =-0.2425x - 0.8515
< ) R?=0.897
g AChange in p (%)
Linear (Year5)  ===-- Linear ( Year 10)  «eeeeeeee Linear ( Year 50)
Linear ( Year 85) Linear ( Year 100)

Figure 4-4 Sensitivity analysis results for bulk density (py) parameter
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Figure 4-5 Sensitivity analysis results for hydraulic conductivity (Ks) parameter
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Regarding the mean P accumulated in the first 40 cm of the soil Table 4-4, results

show that the P retained reaches a steady state in between 10 and 50 years of

irrigation simulation.

§,000—
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4,000

3,000

Mean P accumulated (kg)
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1,000

1
3 10

Years

Error Bars: 95% CI

a0

g3

Figure 4-6 Mass (kg) of phosphorus accumulated in the first 40 cm of the discharge
field for different simulation periods and the sensitivity analysis values used for

each parameter tested.
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4.7 Conclusions

The sensitivity analysis showed that the cumulative bottom flux and solute flux
are most sensitive to the equilibrium constant-adsorption isotherm coefficient (Ka)
and bulk density (pb). In addition, the saturated hydraulic conductivity (Ks) is
influential but to a lesser extent. Small changes in the soil initial concentration (Ci)
will not have a strong impact on the amount of P leached. The rest of the
parameters studied residual (6r), saturated water content (8s), and longitudinal
dispersivity (Dv), had no influence on the results of the output tested. Regarding
the mean P accumulated in the first 40 cm of the soil, results revealed that the P
retained reaches a steady state between 10 to 50 years of irrigation simulation.
Therefore, the model will be used to study the system behaviour in order to
estimate system longevity for soils with different equilibrium constant-adsorption

isotherm coefficient (Ka).
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5 MODELLING PHOSPHORUS TRANSPORT AND
ACCUMULATION IN THE UNSATURATED ZONE OF A
LAND TREATMENT SYSTEM FOR LONGEVITY
ESTIMATIONS.

5.1 Introduction

In the field of environmental research, especially with forecasting purposes, there
are a number of management and process interactions that are relevant enough
to justify its study, but a limited number of them can be physically monitored due
to time and resource constraints. The use of computer models allows the
simulation and prediction of the outcomes of those management and process

interactions in a timely and cost-efficient manner (Vadas, Bolster & Good, 2013).

The model presented in Chapter 4 can be used as a tool to study land treatment
system (LTS) behaviour under long-term secondary wastewater effluent
irrigation. Alternatively, it can also aid in the assessment of the remaining
longevity of actual systems by foreseen P leaching or can also be used as a
planning tool to study the potential longevity of new systems before initiating the
planning process or upgrading existing ones. Additionally, it is necessary to test
the model to check its ability to predict system behaviour by comparing it with
time and space domain for which data are available (Wainwright & Mulligan,
2004). Afterwards, the model can be run under different scenarios that are
defined as changes in relevant variables under plausible values designed as
management scenarios, to evaluate how changes in management inputs affect

P accumulation and longevity.

The aim of this chapter is to explain system behaviour in order to estimate system

longevity under different soil conditions and management practices.

The objectives are:

e To compare the model performance with respect to the field
measurements to explain system behaviour.
e To assess the impacts of soil conditions and management practices on

system longevity.
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e To propose management practices that can improve the longevity of the

systems.

5.2 Materials and methods

5.2.1 Longevity in Knowle LTS system

Firstly, the acceptability of the model needs to be tested, which depends on its
purpose, which in this case is to explain system behaviour in order to estimate
system longevity. The complexity and long-term basis of the present study are
bounded by a lack of data sets to calibrate and validate the model. Due to this
limitation, a simple comparison based on the results of soil analysis of TP
concentration in the soil at Knowle system (see Chapter 3), and the model results
of the amount of solute in the entire flow domain (mg/cm?) at the end of a
simulation run of 85 years with Knowle baseline parameters and boundary
conditions was proposed. Despite that the results from the field study are
expressed in TP concentrations, and the results from the sorption experiment in
POs (filterable reactive phosphorus), they still can be compared since analysis of
wastewater at Knowle (Albion water, personal communication 2015) reported that

87% of the TP of the secondary effluent (irrigation) accounts for POa.

5.2.2 Management scenarios and soil conditions

To understand the impacts of model variable changes in system dynamics over
time, different management scenarios were simulated. The scenarios selected
are based on changes in input variables and relevant parameters that influence
the model behaviour that can be adjusted under management practices and
based on system location. The variables selected were: soil cover, loading rate,
loading mode, P concentration of the secondary wastewater and soil type (Table
5-1). All the scenarios were run with the baseline parameters, model domain,
boundary conditions and initial conditions described in Chapter 4 parameterized
for Knowle LTS. Based on the sensitivity results from Chapter 4, the simulation
period was set to 15 years to allow the system to reach a steady state (when the
pore water at the bottom of the model soil profile reaches the same concentration
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as the irrigation wastewater), this is the moment when it is reached the maximum

longevity of the system.

5.2.2.1 Soil cover

Vegetation plays different roles in LTS. They are used for nutrient removal,
economic return, support of the biological activity and erosion protection (Crites,
Reed & Bastian, 2000). In connection with the aim of the study, only the influence
of nutrient uptake is considered, which depends on the type of vegetation.
Herbaceous vegetation obtains most of the P that it needs from the soil pore
water and translocates it to aboveground vegetation to support active vegetative
growth. As it is referred in Chapter 1, biotic P is assimilated by vegetation, After
senescence, the residual detrital material is deposited on the soil surface and
released back into the water column as a result of decomposition (Reddy, Kadlec,
Flaig, et al., 1999). Hence, the nutrient removal of herbaceous vegetation is
defined by the nutrient content of the plant at the moment of harvest, which has
been quantified to make up generally around 0.2% of the plant’s dry weight
(Schachtman, Reid & Ayling, 1998), being 0.22 % of the dry percent of P
harvested material for alfalfa and 0.18% for ryegrass (USEPA, 2006).

HYDRUS-1D assumes that P uptake can be described by the interaction of the
soil and plant modules by balancing the supply of the soil and the plant needs.
The sink terms in Eq (4-1) and Eq (4-2), S and ¢, are related to root water and
solute uptake. The sink term S, is defined as the volume of water removed from
unit volume soil per unit time due to plant water uptake and it is dependent on the
plant potential transpiration and the capacity of the plant to uptake water based
on the water content of the soil, which is defined by the water stress response
function defined by the Feddes (Feddes, Kowalik & Zaradny, 1978) for each crop
(J. Simanek, M. Sejna, H. Saito, M. Sakai, 2013). The sink term ¢ represents
nutrient uptake through the product of root water uptake, S, and available
phosphorus concentration in the soil solution. However, HYDRUS-1D through
this unlimited sink term does not consider the return of the P to soil after death
and decomposition, simulating that all the P that the vegetation assimilates is
removed by the system, continuously exporting P from the system.
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The nutrient uptake intensity is determined by the root distribution, for this model
it is set up so that the roots grow in between the first 20 cm of the soil profile
because it is when they are supposed to be denser. The passive root water
uptake is simulated by multiplying root water uptake with the dissolved nutrient
concentration for soil solution concentration values below a threshold
concentration. In this case, the threshold concentration is defined to be equal to
the P concentration of the irrigation water, therefore all the solute uptake is driven
by passive nutrient uptake. This is because the crop is assumed to uptake as
much PO4 as available by passive means since the concentrations of P in plant

available form is usually very low in natural systems.

The soil cover scenarios that have been proposed are vegetation cover scenarios
based on low maintenance and low manpower inputs. This condition is related to
how LTSs are currently managed in the UK water industry and how the trends of
future implementation of these systems are planned, with minimum maintenance
requirements for minimum costs. Therefore, the proposed vegetation covers are
grass and forage crops that have no rotation, are easy to establish under the site
weather conditions and with minimum management requirements. The scenarios
were selected among the available by default HYDRUS-1D software root water

uptake parameters.

Two scenarios have been proposed:

- V1: Alfalfa.
- V2: Grass.

5.2.2.2 Loading rate

The optimal hydraulic loading rate is a function of the site-specific hydraulic
characteristics, including infiltration, percolation, lateral flow, and depth to
groundwater, as well as the quality of the applied wastewater and the treatment
requirements (USEPA, 2006). Small sewage treatment works (STW) usually lack
hydraulic structures design to retain, regulate and control the flow of water.
Therefore, changes in the loading rates with no supplementary regulation

infrastructure have to be addressed through changes in the areas of irrigation.

80



The proposed loading rate scenarios are based on current and lower loading
rates for Knowle STW effluent flow (250 m3/d) in different discharge areas (See
Chapter 3). Higher loading rates scenarios are not considered because they
would rapidly saturate the soil profile and increase runoff and therefore it would
cause direct discharge of the secondary effluent to the nearby water bodies.

Three scenarios have been proposed:
- LR1: 35.7 mm/d: irrigation only over the section A (current situation).

- LR2: 12.5 mm/d: irrigation over the whole area of the discharge field (Sections
A, B, and C).

- LR3: 6.3 mm/d: irrigation over a field an area double than at Knowle LTS, in

order to test the impact of lower irrigation rates than the current ones.

5.2.2.3 Loading mode

Design and operation manuals of LTS advise that drying periods are necessary
to restore the infiltration capacity and to renew the biological and chemical
treatment capability of soil system (USEPA, 2006). The ratio of wetting to drying
in LTS varies but normally is less than 1.Two loading mode scenarios have been
tested: intermittent loading (LM1) and continuous loading (LM2). In this study, to
provide an intermittent loading to small LTS without storage capacity during no
irrigation periods, the discharge field has been divided into two equally sized
sections that will be irrigated continuously with a loading rate of 25 mm/d for 1

week, while the other half of the field remains drying (LM1) (

Figure 5-1). The wetting/drying ratio it is set to 1 also to allow a simple

management practice to the plant operator.
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Week 1 Week 1
Week 2 Week 2
Week 3 Week 3
Week 4 Week 4
Section 1 Section 2

Figure 5-1 Monthly schedule for intermittent loading rate for the discharge field

5.2.2.4 Irrigation phosphorus concentration

Two main scenarios were considered for the PO4 concentration of the secondary
treated effluent. The current situation in Knowle STW discharging an average
POs* concentration of 7.96 mg/l (C1) and 1 mg/l (C2). This concentration was
selected because recent consideration about the environmental risk associated
with the discharge of P from wastewater treatment plants to freshwater, has led
to the introduction of permissible direct discharge to medium and small SWT to a
waterbody limit to 0.5-2 mg/l (Parliamentary Office of Science and Technology,
2014). HYDRUS-1D includes precipitation and irrigation in the same input
variable, therefore, both are assumed to have the same concentration. This
assumption will not lead to a major impact on results as the secondary
wastewater effluent discharged to the field (irrigation) dominates in comparison

with precipitation (see Chapter 3).

5.2.2.5 Soil type

Treatment performance depends on wastewater characteristics, loading rates,
and soil type. Thus, it is required to analyze a modelling scenario based on soill
type. Moreover, soil type affects water flow parameters of the soil and reaction
parameters that describe the sorption capacity (Kd), which was found to be the
most influential parameter during the sensitivity analysis of the model (Section
4.4). Two main study scenarios were proposed: the first one is based on a sandy
soil. Sandy soils generally have higher saturated conductivities than finer textured

soils because they have more macropore space, which is the is the factor that
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accounts for most of the water moment in saturated soils (Brady & Weil, 2008).
Additionally, sandy soils are expected to have low P sorption capacity since they
have lower clay, Al and Fe content than a clay loam soil (Ho & Notodarmojo,
1995).

The soil hydraulic parameters that define the sandy soil were derived from
HYDRUS-1D default parameters (Simdnek & van Genuchten, 2008) and the
reaction parameters are based on Kadlec and Wallace (2009) summary of
Freundlich isotherm parameters for various substrates in treatment wetlands
(sand) (ST1). The second scenario is a clay loam soil type scenario (ST2) based

on soil characterization of the soil at Knowle’s LTS.

5.2.2.6 Scenarios evaluation

The scenarios evaluation will be based on the following outputs from HYDRUS-
1D: P accumulated at the discharge field (kg), which is derived from the
concentration in the soil profile and the area of irrigation; P leached (kg) obtained
from the cumulated solute across the bottom of the soil profile, long-term P

removal (%), and time to achieve steady state.

The long-term removal was calculated with Eq. (5-1):

P—PC100 5-1
T_Pl (-)

Where
Pcis the mass of P in the first 40 cm of the soil profile (kg), that can be calculated

as the sum of the solute leached and the solute accumulated.

P, is the estimated mass of P discharged to the field (kg).
5.3 Results and discussion

5.3.1 Longevity in Knowle LTS system

The comparison of soil analysis of TP concentration in the soil and model results
points towards an underestimation of P concentration in the soil profile by model

simulations. The average soil P concentration of the three sections from soil
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analysis was 0.57 kg/m? for section A, 0.67 kg/m? for section B and 0.41 kg/m?
for section C and 0.35 kg/m? for reference samples (See Chapter 3), whilst, model
results presented an average concentration for the entire discharge field of 0.12
kg/m? which corresponds to around 5 times less P concentration in the soil. Our
results are consistent with the recommendations from the USEPA (2006) process
design manual for LTS of municipal wastewater effluents, which advises that
actual phosphorus retention in long-term soil treatments can be from 2 to 5 times
greater than values obtained with 5-day phosphorus adsorption, however this is
recommendation is exclusively from sorption models and no from integrated

water and solute transport models.

There are no other studies that compare long-term full-scale irrigation with
HYDRUS-1D results for P transport. The ones that compare HYDRUS-1D results
with column studies found that whilst water flow was accurately modelled, the
final P sorbed was overestimated, probably due to preferential flow and incorrect
adsorption isotherm ( Nahra 2006; Naseri et al. 2011; Elmi et al. 2012;). However,
there are several drawbacks inherent in column studies that affected the model
results that hinder the comparison with full-scale systems studies. For instance,
the preferential flow that might occur between the walls of the columns and the
soil, or the time-scale of the studies being hours rather than years. Other factors
that might affect the comparison of the results from both studies is that, in the
sorption experiment in the column study was run over a shorter period of time
(18h rather than 5 days), that regardless of the effect of the vegetation has been
demonstrated to be very limited, the column study did not take into account the
effect of vegetation on water flow and P uptake, or that the column study
calculates the final sorbed concentrations by using the isotherm model. That
means that the final mean concentrations in soil solution are plugged in the
isotherm model to calculate concentrations sorbed to the soil. However, in our
study it was decided to compare concentrations that the model provides as an
output directly, to avoid to use the model isotherm again for calculations due to
its limitations. Additionally, the column experiment obtains reaction parameters
from non-irrigated samples whilst, the in this study, model's P reaction

parameters were derived from sorption experiments in irrigated soil samples,
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consequently, the lower soil P concentration might be a result of the effects of

previous saturation of the soil samples.

Based on modelling results, the estimation is that Knowle system retains P during
approximately 12 years. The outlet concentration follows an S-shaped curve with
a slow beginning where the concentration remains low, a more steep phase
where the rate of retention decreases as the concentration of the outlet increases
until a plateau phase when the equilibrium is achieved at soil saturation (Figure
5-2). After that period, the P concentration of the irrigation equals the
concentration of the leaching through the lower model boundary (0.40 cm) and
therefore the soil does not retain additional P. Although the depth of the
unsaturated layer in Knowle LTS system is unclear, it is expected to be around 2
m (Tyrrell, 2016), therefore the remaining thickness of soil might also contribute
to increasing the LTS longevity. That might be the reason why the longevity
estimation is lower than other treatments such as the 36 years calculated by
Jenssen et al. (2014) for Bardu (Norway) wastewater infiltrations basins, which
considers, for longevity calculations, the sorption capacity of the soil (gravel
deposit) and a depth of 6 m. In fact, additional simulation modelling results
obtained in this study considering an isotropic soil layer of 2 m at Knowle,
achieved steady state in 28 years, doubling longevity with respect previous
calculations with a 40cm soil profile layer. However, it has to be considered that
previous studies suggested that the accumulation of P in the soil was higher in
the uppermost soil layer (0.5 m) (Falkiner and Polglase 1999; Nahra 2006;
Eveborn et al. 2012)
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5.3.2 Impacts of management scenarios and soil conditions on
system longevity
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Figure 5-2 Modelling scenario results for 15 years simulation of P concentration at
40 cm deep of the soil profile a) soil cover b) loading rate c) loading mode d)
irrigation concentration e) soil type. Solid line show baseline results for Knowle
system.
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Table 5-1 Results of the amount of P retained at the discharge field, amount of P
leached and P retained for the simulated management scenarios after 15 years of
irrigation.

P retained at ;—gﬁii\}g
) ) the discharge P leached ) P
Variable Scenario ID field retained steady
) (kg) (%) state
(kg) (years)
Alfalfa V1 2451 8224 23% 11.8
Vegetation
Grass V2 2451 8224 23% 11.8
6.3 mm/d LR1 2444 4641 34% >15
Loading rate 12.5 mm/d LR2 2451 8224 23% 11.8
35.7 mm/d LR3 2451 30260 14% 4.6
Intermittent LM
loading 2451 10625 23% 11.8
Loading mode
Continuous LM2
loading 2451 10675 23% 11.8
1 mg P/l C1 374 364 51% >15
P concentration
7.96 mg P/I C2 2451 8224 23% 11.8
] Sand ST1 350 12130 3% 1.8
Soil type
Clay loam ST2 2451 8224 23% 11.8

5.3.2.1 Soil cover

Different vegetation cover (grass and alfalfa) had no influence in the P leached
through the bottom boundary of the model (Table 5-1). This can be explained
because the potential transpiration and root water uptake parameters (Fedde’s
parameters) for the selected vegetation are almost equal. The parameters specify
the water stress response functions and they only differ for grass and alfalfa in
the limiting values below which roots can no longer extract water at the maximum
possible rate. Consequently, type of vegetation cover will have a small influence
in well-irrigated systems such as LTS for wastewater treatment where the
evapotranspiration is very small compared with irrigation (see Chapter 3)
because of the high water availability. Higher uptake rates could be achieved with
vegetation with higher water consumption such as corn or sugar cane, however,
those type of vegetation are annual crops that would require more intense
maintenance task and therefore would be not suitable for low maintenance LTS,

additionally the incorporation of non-native grass would prevent the LTS from
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providing alternative ecosystem services such as biodiversity and wildlife
(Charlesworth, Bennett & Waite, 2016).

Model results present a long-term P uptake of 6.1 kg/ha/a. In LTS designed for
high infiltration rates, perennial grasses are the most recommended vegetation
cover as they generally achieve the highest uptake of phosphorus. Crites et al.
(2000) presented P uptake rates for a selection of forage crops and field crops
and estimated alfalfa P uptake to be 22-33 kg/ha/a. The difference in the uptake
rates might be associated with the HYDRUS-1D calculation of P assimilated by
the plants, which is not based on phosphorus crop harvest content (kg/unit yield)

but on water needs and P availability in the soil solution.

Forage and turf crops used in LTS need to be well adapted to conditions of the
place (climate, soil type or soil moisture), to be low sensitive to wastewater
components (salinity or trace metals) and tolerate waterlogged conditions. Field
crops are not strongly recommended for LTS due to this low capacity of
wastewater renovation until the crop is fully established and that harvesting
require expensive machinery and labour that would increase maintenance cost
(Kadlec & Wallace, 2009). Additionally, if vegetation is used as food crops it
should be taken into account that they need a suitable pre-application treatment
to be harmful to human health, although no risk has been identified any risk when
they are used for grazing purposes. Therefore, modelling results suggest that
alternative vegetation with the requirements of being low maintenance crops has
little influence in the net P removal in the long-term, but literature has extensively
demonstrated other benefits that vegetation, especially perennial grasses, can
provide in the short-term to LTS such as erosion control, effects on hydraulic
loading rate, biomass production, microbial community structure, and activity, or
toxic organic degradation and habitat provision (Paranychianakis, Angelakis,
Leverenz, et al., 2006). However, as Roberts et al. (2012) points out in his study
related to phosphorus retention in vegetated buffer strips it would be beneficial to
identify and evaluate plant traits that enhance physical and biological retention of

dissolved phosphorus, and to extend Charlesworth et al. (2016) study of heavy
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metals and TSS of uptake effectiveness and retention of grass species to

phosphorus.

5.3.2.2 Loading rate

The three loading rates tested have different effects on the P concentration of the
bottom of the soil profile over time. The steady state is reached first by the highest
loading rate 35 mm/d in 4.6 years, while it takes 11.8 years with 12.5 mm/d and
>15 years (23.9 years) with a loading rate of 6.3 mm/d. If the loading rate is
doubled the time to achieve steady state is doubled and if the loading rate is
increased 2.8 times the time the longevity increases by 2.5. Therefore, there is a
proportional relationship in the years needed to achieve steady state and the
loading rate. The relationship is not exact maybe due to the numerical methods
that HYDRUS uses to solve the equations, which will deliver approximate
solutions. It is clear that when more P is added to the soil profile through higher
loading rates the sooner the saturation is reached. However, even if the time to
achieve steady state is proportional, in lower loading rates the contribution to
phosphorus removal after 15 years is lower because the portion of PO4 adsorbed
to the soil to PO4 soluble in solution (ds/ dc) reduces over time, and regardless
the soil might not be strictly saturated, the further contributions to nutrient removal

will be insignificant.

If the system is not correctly designed it can result in the release of untreated
wastewater because it was been exceed the infiltration capacity (O’Keeffe,
Akunna, Olszewska, et al., 2015). Published process design manuals for LTS
(USEPA, 2006; Crites, Reed & Bastian, 2000) propose annual loading rates for
systems irrigated with secondary wastewater based on measured infiltration rates
and recommend that it should be not greater than 2-4% of the measured
infiltration (using cylinder infiltrometers). This is because cylinder infiltrometers
overestimate infiltration rates in the long-term, which may vary over time due to
solids clogging and macropore development. Tyrrell (2016) obtained an
infiltration rate of 13.7+10.7 cm/h with a double ring infiltrometer for trial plots at
Knowle STW. This infiltration rate would allow, for tertiary treatments following

the mentioned recommendations, loading rates between 65-131 mm/day, which
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is in the high range of the one tested. Management practices based on this high
loading rate would allow the system to work properly hydraulically but will saturate

the system in less than 5 years.

Loading rate in LTS is closely related to land availability, and it is one of the main
constraints in the planning process of this type of systems. They are normally
design based on the nearby STW effluent volumes and the land area available,
that is the reason why is very unlikely that water companies decide to install LTS
in locations where land it is difficult and expensive to obtain. Consequently, these
systems are usually recommended for small and rural STW, where it is more
feasible to obtain the necessary land to achieve treatment requirements.
Therefore it is recommended that even if infiltration tests would allow the system
to perform well hydraulically under high loading rates, it has to be taken into
account that the soil profile will saturate faster not being able to further contribute

to nutrient removal.

5.3.2.3 Loading mode

Intermittent irrigation application in LTS allows ammonia removal, restoration of
aerobic conditions, renew infiltration rates, and allow oxidation of organic matter
(USEPA, 2006). The scheduled loading mode based on one week of drying
period and one week of irrigation was tested based on recommendations from
irrigation design manuals (Crites & Pound, 1976; USEPA, 2006). Regardless of
the wetting and dry periods, no differences were found in the modelled solute
concentration at the bottom of the profile or in the amount of P retained in the soil
profile after 15 years of simulation and consequently in longevity estimations
(Figure 5-2). This is because in both scenarios the same amount of water and
solute was applied, due to the increase in the loading rate to allow the discharge
of all the effluent from the STW. The main reason is associated with the fact that
drying periods are too short to have any influence due to almost permanent water
saturation of the soil. In the light of the results, it was considered to be interesting
to test the possibility of applying rapid infiltration systems management strategies
to overland flow systems, that means that, instead of short non-irrigation periods
of one week, to consider 6 months every year of no irrigation; during this time,
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the only water input will be the rainfall (with no P concentration). The loading rate
considered for the irrigation period was 25 mm/d to allow all the STW effluent to
be discharged and 12.5 mm/d in case there is land availability to extend the
surface area, the irrigation months was considered to be during the summer
season (April to September). The results obtained (Figure 5-3) suggested that
long resting periods might be beneficial to reduce P leached, achieving lower
solute concentrations in the steady state (0.0068 mg/cm?), probably due to non-
continuous irrigation and the non-solute concentration in the rainfall contributing
with some dilution of the solute plume, the extension of the longevity up to 20
years, and that the benefits will be further enhanced by a reduction of the loading

rate.
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Figure 5-3 Loading mode and loading rate combination scenarios
Usually drying and wetting cycles have been studied in relation to restore aerobic
conditions and renew infiltrates rates, but they have not been extensively studied
related to their influence in P removal, for instance, not studies other than Bisone
et al. (2016) studied the influence of loading rate and modes on infiltration of
treated wastewater in soil-based constructed wetland columns. The study
reported no differences between continuous and intermittent loadings regarding

P retention. However, the same study confirmed the benefits of intermittent
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feeding (3 days and 2 followed by a rest period of 7 days) in a clay soil enhanced

infiltration, nutrient removal, and nitrification.

5.3.2.4 Irrigation phosphorus concentration

The P concentration of the secondary treated wastewater has a strong influence
on the total amount of P retained and longevity. When the influent concentration
is 1 mg P/l the P retained in 15 years simulation is 50% of the P applied with
irrigation, whilst it will be retained 23% with an influent P concentration of 7.96
mg/l. The leaching with a 1 mg/l P concentration is 22 fold less than with a
concentration of 7.96 mg/l. Regarding the behaviour of the solute concentration
at the bottom of the soil profile, the concentration does not reach steady state
after 15 years while it takes 11.8 years with 7.96 mg/l of P irrigation concentration.
Lower concentrations of P achieve a concentration plateau in less time than it
might be expected, however, this can be as a result of the irrigation rate, not
allowing enough contact time with the soil particles. Additionally, it has to be taken
into account that in all simulations, the model assumption of equal P
concentration of precipitation and irrigation, which will lead to an underestimation

of longevity predictions.

5.3.2.5 Soil type

The two soil types proposed have a clear influence on P retention in soils. Steady
state is reached in the sandy soil in less than two years while it takes 11.8 years
in clay loam soils. The amount of P retained after 15 years of simulation is 3% in
a sandy soil and 23% in a clay loam soil, indicating the limited capacity of the
sandy soil for phosphorus sorption. This can be caused because of the poor
hydraulic retention time of sandy soils under high irrigation loads, and because
of low sorption for phosphate that sandy soils are expected to have since they
have lower clay, Al and Fe content than a clay loam soil (Ho & Notodarmojo,

1995) and higher reactive surface area of clay soils.

Sand P sorption capacity is considerably lower than other substrates and soils
types. Xu et al. ( 2006) screened different subtracts and soils used in constructed
wetlands for P removal and demonstrated that sandy soils had the lowest sorption

capacity (0.13-0.29 g P/kg) and that it was because of physicochemical
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characteristics and OM content. A summary of Freundlich isotherm parameters
for various subtracts in wetland treatments also showed the lowest values for
sand (Kadlec & Wallace, 2009). Alternative studies of P sorption materials and
soil sorption capacity (Cucarella & Renman, 2009; Vohla, Kdiv, Bavor, et al.,
2011) also report low values of P sorption for sand. Additionally, high infiltration
rates in sandy soils can allow effluent to move rapidly towards deeper layers not
allowing enough time for treatment. The sensitivity analysis also revealed P
sorption characteristics as the most influential parameter affecting the model P
retention capacity. Therefore, the longevity of LTS is strongly influenced by the

type of soil.

Whereas in other engineered natural treatments systems, such as wetlands or
soil infiltration systems, the filter material can be chosen within a large range of
P-sorbing substrates (slag material, LECA, Filtralite, etc), in LTS soil type is
associated with the location and therefore their sorption characteristics are
predetermined. However, studies point out that P retention capacity in soils
capacity can be enhanced by the addition of amendments substances. Dong et
al. (2005) studied the addition of oyster shell to different filter media used in
constructed wetlands and concluded that the P adsorption could be increased.
However, Ann et al. (1999) indicated that it was required a high amount of them
to effectively minimize P release due to complexation of P binding cations with
organic matter of the use of chemical amendments. Nevertheless, it would be
interesting to study how long-term modelling results vary under different
combinations of soil and amendments, in order to estimate optimal combinations

for longevity optimization in natural soils.

5.3.3 Model limitations and improvements

The model limitations and improvements can be associated with the inherent
drawbacks of environmental modelling and model conceptualization, model
inputs assumptions or how HYDRUS-1D calculates and simulates water flow and

solute transport.
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First, environmental modelling has a number of limitations that must be taken into
account when assessing the performance of the model such as it is a
simplification of processes or the limitations associated with parameterization;
especially sorption parameterization, since it is based on empirical models such
as sorption isotherms, where parameters are valid for the conditions under which
the experiment has been conducted, or the vast number of parameters
interactions and unpredictability of natural processes. Secondly, the assumption
of regular inputs, such an average climatic year over the simulation period or the
assumptions of constant flow and concentration of the irrigation water. Those
limitations could be overcome with reliable input data from the STW or weather
stations and the model being simulated in batches of known inputs. However, the
lack of long-term monitoring in this type of system makes this model improvement
nonviable. Finally, there are several limitations from HYDRUS-1D that might be
responsible for the underestimation of the model results of P concentration in the
soil profile when they are compared with the field scale results. This limitation will

be further addressed in the final discussion of the thesis (Chapter 6).

It would be desirable that the root water uptake was determined by a crop model
simulation, such as STICS model (Zimmer, Sierra, Bertuzzi, et al., 2003) or EPIC
(Jones, Cole, Sharpley, et al., 1981), where the growth and plant development
are simulated as a function of the soil-plant-atmosphere dynamics and plant
density, and where the decay and plant harvesting it can be also incorporated. It
would also be advisable to incorporate the description of clogging processes due
mainly to bacterial growth or particulate organic matter. However, the main
limitation of HYDRUS-1D comes as it fails to simulate the multiple solute pools
and their chemical connections based on soil pH and OM, and simulates P
sorption by batch experiments and sorption isotherms which have been
demonstrated to have several limitations when they are used solely to forecast
the longevity of LTS. Additionally, and even if in this particular case losses by
runoff are not relevant, it would be beneficial to have the possibility to model
losses of particulate and dissolved P as well as desorption processes to study
the P flushed out of the system after rainfall events.
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5.4 Conclusions

Model results of Knowle LTS underestimate P concentration in the soil profile in
comparison with field analysis. According to the simulations results, the system
has successfully accumulated P in the soil surface (40 cm) during the first 15
years of operation. The extrapolation of the model to different scenarios explained
how, vegetation, loading rate, loading mode, soil type characteristics and P
concentration of the irrigation affected the longevity. Loading rate and soil type
are both related to specific site characteristics and land availability, rather than
management variables that can be adjusted by operational procedures, whilst
irrigation’s P concentration depends on the treatment capacity of the STW. Long
term simulations suggest that different types of low maintenance vegetation have
no influence in the time the systems takes to achieve steady state, therefore they
do not affect the longevity of LTS. An increment in the loading rates decreases
proportionally the time to achieve steady state, however, the P retention rate after
15 years is very limited. Loading modes based on weekly wet/drying cycles have
no effect on longevity, but longer resting periods (6 months) can enhance the
longevity of the system several years. Soil type and P concentration is the most
influential scenario affecting longevity, with clay-loam soils being able to, under
the same management conditions, increase longevity by five times compared to
sandy soils, and P concentrations changes from ~8 mg /L to 1 mg/l reduces the

amount of P leached 22 times while increases longevity.

Regardless that the model seems to underestimate the P longevity of the soll
treatment due to modelling limitations, it can be used as a tool to predict a range
minimum of longevities under different scenarios, for example, different loading
rates and loading concentrations for a specific site. However, to withdraw
conclusions the modeller has to be aware that the fate of P in soils in the long-
term have a large uncertainty associated with the sorption characterization of soil
samples and its transferability to the model reaction parameters, the inherent
simplifications of reality, the vast number of parameters needed and the natural

unpredictability of natural processes.
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6 DISCUSSION

Due to the finite nature of P removal processes in LTS, improved P-removal and
lifespan predictions are beneficial to operators and regulators as they provide
greater confidence in this technology and support long-term wastewater
treatment planning. In this section, how the findings from the previous chapters
can contribute to improving P-retention and longevity in LTS are discussed, and
support, as an indicator of the treatment’s sustainability, the current and future

role of LTS in the sustainable wastewater industry.

6.1 Knowle: a long-term land treatment system in the UK.

The duration of wastewater irrigation activity at Knowle (~85 years) offered the
possibility to study a unique LTS and identify management practices and
processes that help to better understand the P dynamics in long-term full-scale

systems.

The secondary effluent discharged to the field (irrigation) dominates the
hydrological balance in comparison with precipitation during the operation period
which suggests that the soil water retention capacity might be exceeded and the
excess of water is percolated to deeper layers. The study field has been irrigated
with secondary wastewater effluent for different periods and, despite the
differences in the P loads, no significant differences were found in the mean TP
concentration of the field sections. Additionally, the P concentration values in soil
samples were higher than the regional average and adjacent site references and
close to the soil P sorption maximum reported in the literature for that adjacent
site suggesting, that the soil is saturated with P irrespective of the duration of the
irrigation. The long-term P removal was low compared with other similar mass
balance calculation studies of P removal in soils. These results were confirmed
by the modelling simulations, explaining that this saturation took place after
approximately 12 years of irrigation. Therefore, due to the P saturation and the
high hydraulic loads, it is plausible that P from the discharge field reaches surface
and groundwater but no evidence of nutrient pollution has been detected in the
nearby water bodies (River Meon and East Hants Chalk aquifer).
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However, as shown by the results from the modelling section, the system would
have prolonged its longevity from 12 to more than 24 years and would have
achieved lower solute concentrations in the steady state if the irrigation area had
been constant and made maximum use of the entire field over the entire operation
period, and by introducing alternate periods of irrigation and long resting periods.
However, the current management of Knowle LTS is tied by the land ownership.
The water company that operates the system is not the owner of the discharge
land, and consequently, there are many impediments associated that prevent an
optimal management of the system such as the need for permissions to operate
and investigate. In fact, the irrigation area in Knowle system, as was described in
Chapter 3, is currently restricted by these impediments to a small section of the
irrigation field which leads to high loading rates. This situation brings the soil to
be close to saturation for many months of the year, which may result in additional

removal processes, such as nitrification, being slowed down or eliminated.

The soil measurement results also presented a high variability that is attributed
to the lack of design and management procedures of the site, with the minimum
values in each section being close to the reference concentrations, which
suggests poor irrigation uniformity of distribution in the field. As a result, it
produces high variability of the soil and the associated difficulty of finding
representative samples to characterize the site and, to link management
practices and their impacts on the system treatment. This is one of the main
drawbacks when it comes to assessing the performance of this type of system
along with insufficient monitoring. Moreover, the lack of site long-term monitoring
at Knowle hindered the characterization of the secondary treated wastewater
quantity and quality over time that had to be calculated based on literature
assumptions of water use and P content in wastewater for the operation period,
with the consequent impact on the confidence in the results. The lack of a clarity
in the irrigation history of the site meant the lack of a clear reference or control
sample for the study. The preliminary hypothesis of the irrigation periods from the
water company operating the plant of a section of the field never been irrigated
was discarded, and instead, the irrigation periods were stabilised in relation to the

evidence of the presence of the irrigation pipe on historical maps (from 1881).
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However, the maps referred to broad periods of time with the consequent

inaccuracy.

Even if the system is no longer contributing significantly to P removal, when it
comes to evaluating the contribution of the LTS to the sustainability of the
sewerage services of Knowle village, the water company in charge recognizes
the site contribution beyond its nutrient removal potential and acknowledges the
creation of a richer biodiversity habitat in the area. The operator highlights how
the field creates a high soil invertebrates biomass that provide a source of food
for a thriving population of reptiles, amphibians, bats and birds, and contributes
as support for threatened species of bees and wasps and hibernation sites for
bats and reptiles (Knaggs, 2014; Albion Water, 2017).

However, future work should be done to confirm the sustainability results
obtained from Knowle by increasing the knowledge of the current situation of
these long-term LTS systems that are still functioning in the UK. Therefore it is
urgent to complete the results obtained by Sweaney (2011) for 13 grass plots in
operation in the UK to complete the data collection of P performance in LTS, and
determine if they have also achieved their longevity, when, and if there is any risk

of P pollution to the nearby water bodies.

6.2 Phosphorus retention processes in land treatment systems

As described in Chapter 1, soil P retention processes are physical, chemical and
biological processes. Through a combination of measurements and literature, the
main phosphorus pathways were identified for Knowle LTS (Chapter 3) and
results have improved our understanding of the long-term P retention processes

in LTS as follows:

First, physical retention mechanism will be less influential in LTS treating
wastewater because the nature of the P coming from the STW is dissolved
(Albion Water, personal communication 2015). Physical retention mechanisms
have greater influence in removing particulate P than dissolved P because it uses
the above-ground vegetation and a dense root system to decrease the overland

flow velocity and energy to transport particulates that will be deposited in the soil.
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Second, regarding the plant uptake, the P and hydrological inputs are driven by
the secondary wastewater irrigation, which is on average 5.5 times larger than
the precipitation. The evapotranspiration, which accounts for the evaporation
from the soil and the plant transpiration, was on average 13% of the water inputs
(rainfall and irrigation), with a minimum contribution in the winter months of only
3%. Since P uptake is related to the plant transpiration potential; this pathway is
not critical in well-irrigated systems where the evapotranspiration is very small
compared with irrigation. Additionally, the vegetation management does not
remove vegetation from the site with the consequent re-incorporation to the

system of the P that has been previously assimilated by the plant.

Third, the P microbial biomass storage was calculated through literature to be 4%
of the total P discharge for the 85 years operation period, but literature
quantification was related to agricultural fields and therefore for more accurate
quantification of this removal pathway the microbial biomass storage for an LTS

should be better quantified.

Finally, since no runoff was observed, the main P removal process contributing
to P removal are chemical processes, which include a range of processes
(solution—precipitation, ion exchange, complexation, redox reactions and
sorption-desorption processes), which are difficult to differentiate and
characterized in the long—term. These results agree with previous studies that
identified sorption processes, which mainly refer to adsorption capacity, to be the
most important process in natural wastewater treatments (Drizo, Frost, Grace, et
al., 1999; Reddy, Kadlec, Flaig, et al., 1999; Kadlec & Wallace, 2009; Vohla, Koiv,
Bavor, et al.,, 2011; Dzakpasu, Scholz, McCarthy, et al., 2015b), therefore
adsorption capacity characterization is crucial to determining the P-removal

capacity and longevity.
6.3 Methods of estimating phosphorus removal in land
treatment systems

Estimations of removal efficiency in full-scale LTS are needed as an indicator of
treatment performance, however, there are no simple alternative methods to

predict phosphorus removal rates at the site level in an LTS (Office of Research
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and Development U.S. Environmental Protection Agency, 2002). The field case
study presented in Chapter 3, aimed to calculate the P removal efficiency of an
LTS based on P concentrations in the soil. This method is based on the capacity
of the soil to adsorb P and calculates P accumulation as a percentage based on
the concentration of P in the soil before and after the discharge of wastewater.
This methodology overcomes the challenge of obtaining inlet-outlet monitoring
datasets, because of the difficulty to identify inputs and outputs of P and water
when there are no clear outlets or after-treatment collection points. This method
also eliminates the difficulties associated with the use of lysimeters or suction
cups to collect soil moisture samples when there are no free water samples
available because of their implementation cost and skills needed to install it and
operate (USEPA, 2006). However, as discussed in Chapter 3, this method has
two main limitations. Firstly, it is strongly influenced by the pre-treatment
reference soil sample and therefore, reference sample locations have to be
carefully chosen in order to accurately represent P accumulation due to
wastewater irrigation and no other possible P sources, such as diffuse pollution
from agriculture. Second, it only considers the removal processes associated with
the sorption capacity of the soil that are the main removal processes in LTS but
not the only one. Additionally, this method is very dependent on finding
representative samples due to the previously mentioned soil variability in this type
of systems and in the assumption that the removal capacity is only taken place in
the first 40cm of the soil layer. Modelling could also be used to assess the P-
removal in an LTS, however, the inherent incapacity of a model to accurately
represent full-scale systems and the vast amount of parameters needed prevent
the use of modelling exclusively for this purpose.

Therefore, due to the previously mentioned limitations, this method is not very
strong to determine P removal in the long term. However, it could be valid to
assess the changes in the removal capacity regularly in order to detect when the
saturation of the P retention capacity of the soil is reached, and hence, notice
when the soil will no longer contribute to further treatment. However, it would be
necessary to compare the results of both methods, even if this is difficult to do

with confidence, in the same system treatment to obtain further conclusions about
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the accuracy and suitability of this method for assessing treatment performance
in LTS.

6.4 Modelling phosphorus dynamics in land treatment systems

As discussed in Chapter 2, it is well accepted that estimation of the P sorption
capacity of soils by batch or column experiments has several limitations when it
is used solely to forecast the longevity of the system and that lifespan predictions
of LTS based exclusively on sorption experiments would share that series of
limitations. These limitations include the incapacity to represent long-term soils
modifications and sorption’s evolution after long-term wastewater irrigation, and
the inability to simulate field conditions that can provide results that could be
translated to full-scale experiences. Modelling tools have been proposed in this
thesis to link the discrepancies discussed between laboratory experiments and
full-scale systems and to overcome the temporal limitations of long-term studies.
As was identified in Chapter 2, few attempts to estimate the P longevity of LTS
through models have been found and none of them has been completed and
published due to several limitations and further development and research needs
(uncertainties in data acquisition, empirical models, models not validated or

neglecting important variables of the removal processes).

The modelling tool selected aimed to improve the previous attempts by
calculating the P changes in the concentration in the soil solution over time. The
longevity is achieved when the system reaches the steady state (when the pore
water at the bottom of the model soil profile reaches the same concentration as
the irrigation wastewater). The modelling tool selected in this study, HYDRUS-
1D, is a mathematical model based on Richard’s equation that adapts Darcy’s
law to water flow under variably saturated conditions. The Richards equation’s
solution requires specification of initial boundary conditions for the domain study
area as well as flow initial condition but presents some limitations such as the
definition of boundaries conditions in continuous models, the requirement of
demanding computational numerical solutions and the need of intense number of
inputs to describe the soil system (Nelson & Parsons, 2007). Regardless of these

limitations, it was preferred from field capacity-water balance models or tipping
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bucket algorithms because the latter assumes that the water exceeding field
capacity flows to the soil layer below if the following layer is not saturated (Nolan,
Bayless, Green, et al., 2005). This assumption does not consider the possibility
of water flow under other different water contents and might lead to large
percolation events forecast rather than continuous drainage (Nelson & Parsons,
2007). HYDRUS-1D was also selected for its capacity of simulating in the long-
term because it has a windows interface, it is easily available and, it also provides
stable numerical solutions through the finite element techniques for governing
equations in space and the finite difference in time. Additionally, it has an active
user support and discussion forum available, and it has been reasonably well
tested against column and field conditions in several previous studies, including
P transport (Naseri, Hoseini, Moazed, et al., 2011b; Elmi, Nohra, Madramootoo,
et al., 2012; Ben-Gal & Dudley, 2003; Morrissey, Johnston & Gill, 2015; Sinclair,
Jamieson, Gordon, et al., 2014; Beach & McCray, 2003; Radcliffe & Bradshaw,
2014; Claveau-Mallet, Courcelles & Comeau, 2014).

HYDRUS-1D is not specifically designed to model P but, through sorption
equations and soil hydraulics parameters, can simulate P transport within the soil
profile (Radcliffe, Reid, Blomback, et al., 2015). The conceptual model
representing the hydrological and P inputs and outputs required to simulate long-
term (steady-state) vertical migration of secondary wastewater effluent was
presented in Chapter 4, where leaching and soil P concentration were used as

parameters indicators for removal estimation and longevity.

The convection-dispersion equation used in HYDRUS-1D to model PO4 retention
and leaching in the soil profile incorporates the theory of the Langmuir isotherm,
which is referred to sorption processes of gases to uniform surfaces. These
sorption processes were clarified by Fetter (1999) to be referred to surface
reactions (adsorption, chemisorption, absorption and ion exchange). However,
other studies such as Jourak et al. (2011) allow the Langmuir isotherm also to
account for classical chemical reactions such as precipitation, as it is considered
in this study because of the long shaking time (5 days) executed at the adsorption

experiment (Chapter 4) would allow also precipitation reactions to take place.
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This longer shaking time and concentrations close to average discharge from
secondary wastewater treatments were also chosen to overcome the limitations
of traditional methods discussed in Chapter 2. These long-term batch
experiments were selected based on Hu et al. (2006) and Eveborn et al. (2014)
long-term sorption experiment experiences. They were preferred to long-term
exhaustion columns studies as the one performed by Drizo et al. (2002) during
278 days because of time constraints of the project. One-year column experiment
is unreasonable time-consuming to characterize small rural sites. However, long-
term column experiments can be appropriate to characterize man-made filter
materials which characteristics are homogeneous and constant, compared with
natural soils. However, further work is needed to increase our understanding of
P retention in soils in the long-term and to identify measures at laboratory scale
that will lead to more reliable methods to test long-term sorption processes in

soils.

Chapter 5 revealed a model underestimation of P concentrations in the soil profile
after long-term wastewater irrigation. This is the first study that compares long-
term full-scale irrigation with HYDRUS-1D results for P transport. The ones that
compare HYDRUS-1D results with column studies found that whilst water flow
was accurately modelled, the final P sorbed was overestimated, probably due to
preferential flow caused in the between the column walls and the soil and
incorrect adsorption isotherm (Nahra 2006; Naseri et al. 2011; EImi et al. 2012;).
The previously discussed incapacity of the sorption experiment and the sorption
isotherm to represent long-term sorption processes in the long-term could be one
of the reasons for this discrepancy. In fact, as discussed in section 6.2 sorption
processes are the most relevant in LTS and model sensitivity analysis (Chapter
4) revealed that the sorption parameter is the most influential model parameter.
However, even if the sorption isotherms have been extensively criticized to
calculate binding capacity for soils or filter materials, especially in the long-term,
it is how HYDRUS-1D models the solute reactions. Thus, until HYDRUS-1D code
offers an alternative model for sorption solute representation or an improved
methodology for sorption experiments is proposed, it would be advisable in order

to use HYDRUS-1D to compare longevity estimations from different sites to set

104



up the same sorption experiment methodology to determine the sorption
parameters. To overcome this limitation, Nahra (2006) coupled the non-ideal
competitive adsorption (NICA) model, introduced by Koopal et al. (1994) with the
HYDRUS-1D code by replacing the sorption isotherms with the NICA model
equations. The study obtained better results than the predictions with HYDRUS-
1D using Freundlich isotherms for agricultural soils in southern Quebec (Canada.
The incorporation of the NICA model to the HYDRUS-1D code would broaden
the offer of solute reaction parameters of the modelling tool by incorporating a
chemical aqueous model coupled by a hydrological-transport model that
considers pH and ionic strength that theoretically could get more accurate results.
However, the model has not been tested against other soils and regions and was
only tested in re-packed column experiments, and the code has not been

incorporated into HYDRUS-1D commercial version.

If the model wants to be used to model alkaline’s filters materials longevity, such
as Filtra P, Filtralite® P and Polonite®, sandy soils or aquifers, it would require a
more accurate description of precipitation processes, in these cases, it is
advisable to use the HP1 model which is a model that results from HYDRUS-1D
been coupled with the biogeochemical program PHREEQC. However, as it is
discussed by Herrmann (2014), it neglects several potential variables and
processes that might occur in filter materials for wastewater treatment such as
adsorption, removal of particle—bounded P from wastewater or effects of bacterial
growth. For a complete representation of precipitation and sorption processes, it
would be needed to add a first-order decay term to the ADE equation. However,
this multi-component approach where different forms of P and pH are required is
uncommon in P studies due to the difficulty to differentiate adsorption and
precipitation in data, and the additional complexity in model parameterization and

computational requirements (McCray, Lowe, Geza, et al., 2009).

Nevertheless, not only could the sorption representation be responsible for the
discrepancies found in the modelling results. They could be also associated with
the fact that HYDRUS-1D is not representing other P removal mechanisms such

as microbial uptake or filtration of particulate P, and also does not take into
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account the soil organic matter content in the soil, which improves P retention in
soils by providing additional retention sites (Paranychianakis, Angelakis,
Leverenz, et al., 2006). The model could be improved if HYDRUS-1D could offer
the biokinetic model for describing biochemical transformation and degradation
processes that are available in the HYDRUS wetland module (Langergraber &
Simanek, 2005). Additionally, HYDRUS-1D does not represent soil P
transformation in the different P soil pools such as mineralization/immobilization,
the movement of particulate material, or desorption process, which are relevant
to study the P flush-out processes in saturated systems caused by rainfall or
flooding events. HYDRUS-1D describes dispersion and sorption processes of P
transport in soils through water movement, while other dynamics models
represent P in the soil in the field scale where P flows between pools are
quantified. These dynamics models are mainly used to calculate the P available
for the plant for agronomics purposes, but they could be also used in the context
of this research to calculate how much P it is retained in the soil. However, these
models are based on preliminary results using empirical equations for specifics
countries and soil types for fertilization applications (McGechan & Lewis, 2002)

preventing them from being generally implemented and applied in this context.

P uptake by vegetation might be also a limitation to a more accurate model result.
Plant nutrient uptake in HYDRUS is simulated by evapotranspiration and
capabilities of roots to extract water from different water content conditions in
soils. The model considers the P uptake by plants to be removed from the system
but does not consider additions for plant death and decomposition with the
consequent possible leaching and resolubilization of P into the system. Therefore
related to the P dynamics representation of plant uptake, growth and decay,
HYDRUS-1D is a very limited tool that would need further improvements. Another
reason for the inaccuracy of the model results might be also due to the
assumptions of irrigation and soil uniformity assumed by the model. The model
fails to simulate as a simplification of the reality, the soil heterogeneities, as a
one-dimensional model the lateral transport and, possible preferential flows or
macropores that are happening at the field scale and could affect P transport

were not considered due to the lack of parameters need to accurately represent
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it. However, HYDRUS-1D offers the possibility to simulate a number of non-
equilibrium flow and transport processes such as macropores it if the

corresponding parameters are acquired.

It would be desirable to validate the model or test it in alternative long-term
treatment systems by either the same method as in the study, through P
concentration in soils, or if possible through direct comparison of HYDRUS-1D
outputs such as solute flux concentrations. In this study, this comparison was not
possible due to the limited permit to operate in the field described in section
6.1.The model will achieve better results if: is used to simulate LTS where
vegetation is cut and removed from the site, if reactions parameters for the solute
transport are obtained from long-term laboratory experiment, and if the P
concentrations used to obtain the reactions parameters in the laboratory are

similar to the ones that will be used on site.

Regardless of all these model limitations, the model proposed is a practical tool
that is sufficient to provide site operators with indications of P accumulation and
leaching behaviour over long periods of time in full-scale LTS by integrating the
water and solute transport reactions of the system. Therefore, the model can be
still valid and easily used with two main purposes, firstly, to evaluate the current
situation and effects of LTS or secondly, during the planning process of a
construction of a new LTS. To fulfil those purposes, the model can be easily
adjusted using meteorological data from any location and the corresponding
loading rate as an input parameter for variable boundary conditions, and by
changing the soil hydraulic parameters to the ones from the new location. If the
model needs to be used to evaluate the current situation of a recently installed
LTS, itis recommended that the meteorological data used is the one for the study

period instead of an average year as was done in this study.

The results of the different management scenarios showed that despite of no
differences in low maintenance vegetation with respect to P removal in LTS
where low maintenance is a management priority, the model can be used to
forecast P removal dynamics and trends in systems where vegetation is used
with different purposes such as biomass production. Additionally, it can be used
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to test system behaviour for a specific treatment capacity in terms of volume of
sewage disposal and effluent quality (loading rate and P concentration of the
effluent). Depending on the water storage capacity of the sewage treatment work,
it can be managed under different loading modes to enhance P removal, as
demonstrated with the modelling in Knowle LTS, where longer resting periods (6
months) can enhance the longevity of the system over several years. Soil type,
again as shown in the modelling results, is one of the most influential scenarios
affecting longevity, through influencing flow and reactions parameters of the
system. Although soil type cannot be considered a management practice,
differences in soil absorption parameters and hydraulic conductivity can be found
in different locations of the same site and therefore, the modelling could be used
to test the best location for the LTS.

6.5 Land treatment system and sustainability

This research has contributed to improving our understanding of the long-term
sustainability of the LTS. Although some of the processes are sustainable in time
such as microbial and plant uptake, the main sorption processes reduce over
time, and consequently, LST can successfully contribute to P removal for a
number of years depending on site conditions and management practices.
Modelling simulations showed that in a clay loam soil irrigated with a secondary
effluent from a small STW, with native vegetation and minimum management the
system longevity can range from 4.6 to 24 years. The minimum longevity is
obtained with high loading rates and with soils types with less P and water
retention capacity (sandy soil). The maximum longevity is reached with low
loading rates and introducing long resting periods and low loading rates.
Modelling simulations also confirmed that if the STW associated with the LTS
increases its P-removal capacity and therefore the P concentration in the
irrigation is lower, the longevity can be also enhanced. The vegetation in LTS
should be easy to establish under the site weather conditions and with minimum
management requirements, modelling simulations demonstrated that longevity
and P removal was not affected in the long-term by variations on this type of
vegetation, but the incorporation of native grass would benefit the LTS to provide
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alternative ecosystem services previously mentioned such as biodiversity and
wildlife habitat (Charlesworth, Bennett & Waite, 2016). It would be beneficial to
further study the identification and evaluation of P uptake in LTS of different
combination of native grass. This knowledge would be also valuable in other

areas such as the design and operation of sustainable drainage systems (SuDS).

However, as it was discussed in Chapter 3 although the system is no longer
contributing to significant P removal, it does not necessary means it harms the
nearby water bodies. Indeed, it is important to remark that longevity of LTS
usually is related to the time when the material sorption capacity is exhausted.
However, if the purpose is to assess the sustainably of the system it is more
appropriate to consider the time during the effluent it is under a target effluent
concentration (Heistad, Paruch, Vrale, et al., 2006). This target concentration is
usually related to the national legislation of nutrient discharge. Thus, to test a
specific system’s sustainability the results of the scenarios need to be tested
against a standard, for example, a target leaching concentration. Therefore,
should be preferable to favour, in this type of sustainable treatments, more
flexible and smart legislation regarding environmental permitting based on risk
assessment and monitoring effects rather than percentages of removal or target
concentrations, which will also contribute to alleviating the drawbacks of current

legislation of assessment performance discussed in section 6.3.

This research has provided a tool to gain confidence in this prediction and to
demonstrate that although they have a limited lifespan of P removal, they can still
contribute for a number of years depending on the site design and management.
Therefore, they can be considered as a tertiary treatment option upgrade to meet
tighter P removal requirements in small and rural STW by providing the
appropriate tertiary treatment in a flow sheet of a low carbon, low cost and low
maintenance STW. Additionally, they can also provide a security barrier on peak
flow events or treatment failures. LTS treatment capacity and longevity, as it has
been demonstrated, could be enhanced the better the primary and secondary P

removal treatments perform and the lower the designed loading rates.
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In the light of the study results about the P treatment capacity and its
sustainability, LTS systems can be also implemented in the context of the
sustainable urban water management (SUWM) which aims to approach the
urban water cycle to produce ecologically sustainable water services (Sapkota,
Arora, Malano, et al., 2014). They can contribute as a final polishing step in urban
hybrid systems that aim to provide fit-for-purpose water quality to each demand
(Marlow, Moglia, Cook, et al., 2013) and that not necessary can cause a risk after
reaching their maximum P removal capacity. Although LTS are recommended to
be considered as a part of the flow sheet of a STW, this system could be also
used to treat the P contained in the urban run-off which main sources are
atmospheric deposition, residential fertilizers, pet excrements or soil weathering
(Hobbie, Finlay, Benjamin, et al., 2017) and where P concentration is lower than
secondary wastewater (TP<2 mg/l) (Miguntanna, Goonetilleke, Egodowatta, et
al., 2010). These urban LTS treatments could be implemented to help to develop
green urban areas such as parks, green roofs or vegetated roadsides that would
benefit for few years of pollutants treatment (including P) while contributing to
alleviating the effects urban water demands by using storm and reclaimed water
forirrigation of urban landscapes (Toor, Occhipinti, Yang, et al., 2017). This thesis
has contributed to gain knowledge about P removal capacity and longevity of
LTS, and the more we know about LTS, the more they could be implemented to

assist in the current challenges of the sustainable water industry.
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7 CONCLUSIONS

This research aimed to develop improved estimations of P removal and longevity
in LTS in the context of sustainability. By combining the review of existing
knowledge, the assessment of a unique long-term field case study and the
development of a water and solute transport model, this research has contributed
to advance the empirical knowledge of P removal and dynamics in LTS and

improve the methodology of P longevity assessment in LTS as follows:

First, this research demonstrates that, although the P removal processes are
finite, they can contribute as a sustainable option for tertiary treatment in small
STW, supporting STW with further treatment for a number of years. However, the
process design and management practices, such as low hydraulic load and long

resting periods, should be adjusted to maximize their treatment potential.

Second, when assessing the system treatment removal performance, the
difficulty in identification and quantification of system inputs and outputs
demonstrated the need for an alternative methodology that does not rely on inlet
and outlet samples but able to detect if the system still can contribute to P
removal. The methodology tested was based on the comparison of soil P
concentration before and after the irrigation and confirmed that it can detect the
soil’ P saturation. However, its main drawback is that it is dependent on accurate

reference samples.

Third, a compilation of previous research and new empirical data has confirmed
soil sorption process as the main removal processes in LTS. Therefore, to
accurately predict P removal and longevity it is needed an adequate model able
to describe long-term sorption properties over time. However, this is a hard task
that researchers have not solved. Therefore, to add accuracy to long-term
sorption estimations studies, it is recommended to use variations from the
standard sorption methodology such as longer testing times or P loads close to

the real loading.

Finally, the use of hydrological and solute transport model can enhance P

removal and longevity estimations by incorporating not only sorption soil
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properties but hydrological and solute transport characterization and
management practices. The findings provide empirical evidence that highlight the
need for further research mainly to accurately represent P soil sorption processes
over-time, P plant uptake and management, and soil P transformation in the

different P soil pools.

In conclusion, through a profound revision of the previous knowledge of practice,
new empirical evidence and new methodological approach, this research
demonstrate that LTS is a sustainable option as a tertiary treatment for small
STW for a number of years and that modelling can be used to get a prediction of
P removal performance and longevity in LTS through a combination of
hydrological and solute transport modelling. However, the need of improved
methodological assessment of sorption processes over time, and their links with
the changes in the system are key aspects that need further improvement to get
accurate P removal and longevity estimations of P in LTS and to identify
management practices that will enhance the longevity of the systems. Further
development of the current model limitations will support LTS contribution in the
sustainable management of wastewater treatments and the enhancement of the

ecosystem services that they provide.
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APPENDICES

Appendix A Representational model

A.1 Water module

The modelling approach used assumes one-dimensional vertical flow and

transport in the vadose zone.

Limitations of this approach with respect to lateral dispersion are described in
more detail in the section on input parameters (4.4.5-Soil physical and hydraulic

parameters).

HYDRUS-1D solves the mixed water content—pressure head form of Richards
equation (Richard, 1931) Eq. (A-1):

ae(h) [K (h)( >] s (A-1)

where

6(h) is the volumetric water content [L3 L-3]

h is the pressure head [L]

x is the vertical spatial coordinate [L]

tis the time coordinate [T]

S is the sink term accounting for root water uptake [L3 L3 T-],
K(h) is the unsaturated hydraulic conductivity [L T-"]

Equation (A-1) simulates water flow in variably saturated conditions in one
dimension assuming that water flow in the soil porous media follows laminar flow
conditions. The expression needed to solve Richards’ equation is obtained by
combining the Van Genuchten (1980) function with the Mualem (1976) pore-size
distribution model and is shown below in (A-2). The water content is calculated
for each element and each time step in the simulation, and the unsaturated
hydraulic conductivity K(h) [LT"], is calculated from water content using (A-3)(A-
4)(A-5)(A-6).
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s — Or (A-2)

6(h) = Or + [1+ |ah|?]™ h <O
6, h=0
6—-6 A-3
g -6 (A-3)
Hs _95
1P (A-4)
K(h) = Ksat .Sel. ll - (1 - S;n)ml
(A-5)
m+1——, n>1
B th (A-6)
1= dx

where
6: is residual water content
Os is the saturated water content

a is an empirical constant that is inversely related to the air-entry pressure value
(L]

m and n are empirical parameters related to the pore-size distribution.
Se is the effective saturation

From the above equations, five parameters are specified in HYDRUS-1D for each

soil type: Or, 6s, a, n, Ks.

A.2 Solute module

For solute transport, HYDRUS-1D solves the convection-dispersion equation
(CDE) (A-7) for one-dimensional (vertical) unsaturated flow and transport. The
model simulates advection, hydrodynamic dispersion and adsorption of PO4 in
the soil water environment. HYDRUS-1D represents the CDE partial differential

equation represented as (A-8) (A-9). When the solid phase concentration is
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expressed by an adsorption isotherm, it is reduced to the following form (A-8) (A-
9) (Simtinek & Hopmans, 2009).

Psoil—solution = ]advection +]dispersion +]sorption (A'7)
9 Rac 0 (QDW a(:) dc +es (A-8)
o T ax U7t ax) Tox T
py 0s (A-9)
R=1+~——
6 dc

where

0 is the volumetric water content [L3 L-?],

pb is the bulk density [M L],

q is the volumetric flux density [L T-],

S is the sink term [L3 L3 T-],

c is the solute concentration in solution [M L],

s is the solute concentration adsorbed to the soil [M M- 1],
D is the dispersion coefficient [L? T-'] in the liquid,

R is the retardation factor, defining the partitioning of nutrient between the solid

and liquid phase.
x is the vertical distance,
tis time.

The ratio ds/ dc is the portion of PO4 adsorbed to the soil to PO4 soluble in

solution.
The dispersion coefficient [L2 T-"] is defined as:

D= Av (A-10)
Where

A is dispersivity [L],(D. for HYDRUS-1D)
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and

v is average pore water velocity [L T-].

A.3 Root water and solute uptake model

The root water uptake sink term (A-8), S, is defined by the volume of water
removed from unit volume of soil per unit of time (SimGnek, Sejna, Saito, et al.,
2013). The selected model is the one defined by Feddes et al. (1978) where S is
defined in terms of pressure head (h) to account for water stress (Shouse, Ayars
& SimUnek, 2011). The root water uptake rate S is normally related to the
potential transpiration rate, Tp (L-T™"), which is spread in the root zone according
to the normalized root density distribution function, B (z, t) (L™"). The potential
transpiration is determined by the atmospheric demand, and controlled by
meteorological variables such as net radiation, air temperature, wind speed, and
relative humidity, but does not consider the plant soil and environment (Simtinek
& Hopmans, 2009). The potential transpiration rate can be calculated from the
meteorological variables using the FAO-recommended Penman-Monteith
combination equation (FAO, 1990). No solute stress is considered in the model.
Passive root solute uptake is considered since the crop is assumed to uptake as
much PO4 as available by passive means since the concentrations of P in plant

available form is usually very low on solution.

Appendix B Sensitivity analysis results
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Table_Apx B-1 Sensitivity analysis results for saturated water content (8s)

Cumulative

135

solute flux  Amount of o???nu::e Cumulative % change in % change in

8 across the P in the entire value of the the indicator % change in tI:e indigator %

Years 31 bottom of discharge bottom accumulative the P . change
(cm3/lcm?®) . - flow . accumulative -
the soil field . boundary solute accumulation in O
- domain bottom flux
profile (kg) 2 flux (cm) bottom flux
(mglcm?) (mg/cm?)

Year 0 0.32 0.00E+00 1.9 0.0096988 0.07601 - -1.7% 98052% -37%
(t=1 days) 0.41 0.00E+00 2.0 0.0098632 0.000870383 - 0.0% 1024% -19%
0.5057 0 2.0 0.0098643 7.74409E-05 - 0.0% 0% 0%
0.55 0 2.0 0.0098646 3.34949E-05 - 0.0% -57% 9%
Year 1 0.32 7.16E-03 783.3 3.9166 436.195 0% 0% 0% -37%
(t=365 days) 0.41 0.0071478 783.4 3.9168 433.345 0% 0% 0% -19%
0.5057 0.0071389 783.5 3.9173 430.278 0% 0% 0% 0%
0.55 0.0071296 783.5 3.9175 428.911 0% 0% 0% 9%
Year 5 0.32 6.821 2436.6 12.183 2191.97 0% 6% 6% -37%
(t=1825 days) 0.41 6.8071 2306.0 11.53 2189.13 0% 0% 0% -19%
0.5057 6.7926 2309.4 11.547 2186.08 0% 0% 0% 0%
0.55 6.785 2311.2 11.556 2184.7 0% 0% 0% 9%
Year 10 0.32 23.685 24414 12.207 4386.73 0% 0% 0% -37%
(t=3650 days) 0.41 23.663 2441.0 12.205 4383.85 0% 0% 0% -19%
0.5057 23.641 2446.0 12.23 4380.83 0% 0% 0% 0%
0.55 23.629 2448.6 12.243 4379.45 0% 0% 0% 9%
Year 50 0.32 163.69 2441 .4 12.207 219449 0% 0% 0% -37%
(t=18250 days) 0.41 163.66 2445.8 12.229 21942.2 0% 0% 0% -19%
0.5057 163.64 2451.0 12.255 21939 0% 0% 0% 0%




Cumulative

solute flux  Amount of Amf)unt Cumulative % change in .
ac th Pin th of P in the s o . % change in
6. ross the P in the entire value of the the indicator % change in the indicator %
Years (cm3cm?) bottom of discharge flow bottom accumulative the P lati change
the soil field domain boundary solute accumulation atc):cumu ?tlve in O
profile2 (kg) (mglcm?) flux (cm) bottom flux ottom flux
(mg/cm?)
0.55 163.62 2453.6 12.268 21937.3 0% 0% 0% 9%
Year 85 0.32 286.21 2441.4 12.207 37307.1 0% 0% 0% -37%
(t=31025 days) 0.41 286.17 2445.8 12.229 37305.1 0% 0% 0% -19%
0.5057 286.16 2451.0 12.255 37302.2 0% 0% 0% 0%
0.55 286.14 2453.6 12.268 37300.8 0% 0% 0% 9%
Year 100 0.32 338.71 2441.4 12.207 43889 0% 0% 0% -37%
(t=36500 days) 0.41 338.68 2445.8 12.229 43888.4 0% 0% 0% -19%
0.5057 338.67 2453.4 12.267 43885 0% 0% 0% 0%
0.55 338.67 2453.6 12.268 43884.5 0% 0% 0% 9%
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Table_Apx B-2 Sensitivity analysis results for residual water content (8,)

Cumulative

137

solute flux  Amount of Am?unt Cumulative % change in o .
. of P in the s o . % change in o

e across the P in the entire value of the the indicator % change in the indicator Yo

Years (cm3l<r:m3) bottom of discharge flow bottom accumulative the P accumulative change
the soil field domain boundary solute accumulation bottom flux in 6,
profile (kg) 2 flux (cm) bottom flux
A (mg/cm?)
(mg/cm?)

Year 0 0.174 0 2.0 0.0098646 0.00175706 - 0.0% 2169% 335%
(t=1 days) 0.001 0 2.0 0.0098646 0.00049108 - 0.0% 534% -98%
0.04 2.0 0.0098643 0.00007744 - 0.0% 0% 0%
0.0794 0 2.0 0.0098643 0.00000000 - 0.0% -100% 99%
Year 1 0.174 0.0071225 783.5 3.9175 431.0 0% 0% 0% 335%
(t=365 days) 0.001 0.0071299 783.5 3.9175 430.6 0% 0% 0% -98%
0.04 0.0071389 783.5 3.9173 430.3 0% 0% 0% 0%
0.0794 0.0071539 783.5 3.9173 429.7 0% 0% 0% 99%
Year 5 0.174 6.7937 2311.2 11.556 2186.8 0% 0% 0% 335%
(t=1825 days) 0.001 6.7929 2306.0 11.53 2186.4 0% 0% 0% -98%
0.04 6.7926 2309.4 11.547 2186.1 0% 0% 0% 0%
0.0794 6.7906 2303.0 11.515 2185.4 0% 0% 0% 99%
Year 10 0.174 23.643 2448.6 12.243 4381.5 0% 0% 0% 335%
(t=3650 days) 0.001 23.641 2441.0 12.205 4381.2 0% 0% 0% -98%
0.04 23.641 2446.0 12.23 4380.8 0% 0% 0% 0%
0.0794 23.637 2436.6 12.183 4380.2 0% 0% 0% 99%
Year 50 0.174 163.64 2453.6 12.268 21939.7 0% 0% 0% 335%
(t=18250 days) 0.001 163.64 2445.8 12.229 21939.2 0% 0% 0% -98%
0.04 163.64 2453 .4 12.267 21939.0 0% 0% 0% 0%




Cumulative

solute flux  Amount of Amf)unt Cumulative % change in o .
. of P in the -~ o . % change in o
o across the P in the entire value of the the indicator % change in the indicator Yo
Years 33 bottom of discharge bottom accumulative the P . change
(cm’/lcm?®) . " flow . accumulative .
the soil field domain boundary solute accumulation bottom flux in 6,
profile (kg) (mg/cm?) flux (cm) bottom flux
(mg/cm?) 9
0.0794 163.63 2441.4 12.207 21938.6 0% 0% 0% 99%
Year 85 0.174 286.16 2453.6 12.268 37303.1 0% 0% 0% 335%
(t=31025 days) 0.001 286.17 24458 12.229 373021 0% 0% 0% -98%
0.04 286.16 2453.4 12.267 37302.2 0% 0% 0% 0%
0.0794 286.15 2441.4 12.207 37301.9 0% 0% 0% 99%
Year 100 0.174 338.68 2453.6 12.268 43887.4 0% 0% 0% 335%
(t=36500 days) 0.001 338.69 24458 12.229 43885.7 0% 0% 0% -98%
0.04 338.67 2453.4 12.267 43885.0 0% 0% 0% 0%
0.0794 338.65 2441.4 12.207 43885.0 0% 0% 0% 99%
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Table_Apx B-3 Sensitivity analysis results for bulk density (pd)
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Cumulative Amount
solute flux Amount of P of Pin Cumulative % change in % change in
across the in the the entire  value of the the indicator % change in o chang %
Pd . . the indicator
Years 3 bottom of discharge flow bottom accumulative the P . change
(g/em?) . . . . accumulative .
the soil field domain boundary solute accumulation in pg
i bottom flux
profile (kg) flux (cm) bottom flux
(mg/cm?) (mg/cm?]
Year 0 0.5 0 1.97302 0.0098651 -7.74409E-05 0.00% 8.11005E-05 0 -55%
(t=1 days) 1.12 0 1.97286 0.0098643 -7.74409E-05 0.00% 0 0
1.5 0 1.97286 0.0098643 -7.74409E-05 0.00% 0 0 34%
2 0 1.97324 0.0098662 -7.74409E-05 0.00%  0.000192614 0 79%
Year 1 0.5 0.000048187 708.46 3.5423 430.278 -99.33% -0.10 0.00 -55%
(t=365 days) 1.12 0.0071389 783.46 3.9173 430.278
1.5  7.0552E-13 821.08 4.1054 430.278 -100.00% 0.05 0.00 34%
2  2.0828E-16 823.64 4.1182 430.278 -100.00% 0.05 0.00 79%
Year 5 0.5 2.0647 1107.8 5.539 2186.08 -69.60% -0.52 0.00 -55%
(t=1825 days) 1.12 6.7926 2309.4 11.547 2186.08
1.5 0.018186 3945.4 19.727 2186.08 -99.73% 0.71 0.00 34%
2 0.0022183 3988.6 19.943 2186.08 -99.97% 0.73 0.00 79%
Year 10 0.5 14.519 1108.98 5.5449 4380.83 -38.59% -0.55 0.00 -55%
(t=3650 days) 1.12 23.641 2446 12.23 4380.83
1.5 1.1656 7444 4 37.222 4380.83 -95.07% 2.04 0.00 34%
2 0.34784 7702 38.51 4380.83 -98.53% 2.15 0.00 79%
Year 50 0.5 153.48 1108.98 5.5449 21939 -6.21% -0.55 0.00 -55%
(t=18250 days) 1.12 163.64 2451 12.255 21939
1.5 110.94 13805.2 69.026 21939 -32.20% 4.63 0.00 34%




Cumulative Amount
solute flux Amount of P of Pin Cumulative % change in % change in
across the in the the entire  value of the the indicator % change in o chang %
Pd . - the indicator
Years 3 bottom of discharge flow bottom accumulative the P . change
(g/cm3) . . . . accumulative .
the soil field domain boundary solute accumulation bottom flux in pq
profile (kg) flux (cm) bottom flux
(mg/cm?) (mg/cm?]
2 90.915 18129 90.645 21939 -44.44% 6.40 0.00 79%
Year 85 0.5 276.01 1108.98 5.5449 37302.2 -3.55% -0.55 0.00 -55%
(t=31025 days) 1.12 286.16 2451 12.255 37302.2
1.5 233.18 13863 69.315 37302.2 -18.51% 4.66 0.00 34%
2 211.84 18460.6 92.303 37302.2 -25.97% 6.53 0.00 79%
Year 100 0.5 328.52 1108.98 5.5449 43885.2 14.99% -0.55 0.00 -55%
(t=36500 days) 1.12 285.69 2451 12.255 43885.2
1.5 285.69 13864 69.32 43885.2 0.00% 4.66 0.00 34%
2 264.29 18472.2 92.361 43885.2 -7.49% 6.54 0.00 79%
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Table_Apx B-4 Sensitivity analysis results for the equilibrium constant-adsorption isotherm coefficient (Kq)
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Cumulative Amount
solute flux  Amount - Cumulative % change in o .
. of P in the -~ o . % change in o
across the of Pin the - value of the  the indicator % change in s Yo
Kq . entire . the indicator
Years 3 bottom of  discharge bottom accumulative the P . change
(cm3/mg) . " flow . accumulative ]
the soil field . boundary solute bottom accumulation in Kq
. domain bottom flux
profile (kg) (mglcm?] flux (cm) flux
(mg/cm?) 9
Year 0 0.019 0 0.0 0 -7.74409E-05 0% 0% 0% -56%
(t=1 days) 0.04341 0 2.0 0.0098643 -7.74409E-05 0% 0% 0%
0.0593 0 0.0 0 -7.74409E-05 0% 0% 0% 37%
0.185 0 0.0 0 -7.74409E-05 0% 0% 0% 326%
Year 1 0.019 0.25438 704.8 3.5239 430.278 3463% -10% 0% -56%
(t=365 days) 0.04341 0.0071389 783.5 3.9173 430.278
0.0593 0.00087346 794.3 3.9716 430.278 -88% 1% 0% 37%
0.185 4.7716E-10 817.7 4.0886 430.278 -100% 4% 0% 326%
Year 5 0.019 12.435 1086.8 5.4339 2186.08 83% -53% 0% -56%
(t=1825 days) 0.04341 6.7926 2309.4 11.547 2186.08
0.0593 4.2531 2866.0 14.33 2186.08 -37% 24% 0% 37%
0.185 0.098949 3884.4 19.422 2186.08 -99% 68% 0% 326%
Year 10 0.019 29.932 1087.8 5.4389 4380.83 27% -56% 0% -56%
(t=3650 days) 0.04341 23.641 2451.0 12.255 4380.83
0.0593 19.689 3299.4 16.497 4380.83 -17% 35% 0% 37%
0.185 3.0517 6970.4 34.852 4380.83 -87% 184% 0% 326%
Year 50 0.019 169.96 1087.8 5.4389 21939 4% -56% 0% -56%
(t=18250 days)  0.04341 163.64 2451.0 12.255 21939
0.0593 159.52 33384 16.692 21939 -3% 36% 0% 37%




Cumulative

Amount

solute flux Amount of P in the Cumulative % change in % change in
K across the of P in the entire value of the  the indicator % change in tt:e indigator %
Years (cm3/(:n ) bottom of  discharge flow bottom accumulative the P accumulative change
g the soil field . boundary solute bottom accumulation in Kq
profile (kg) domalnz flux (cm) flux bottom flux
(mglcm?) (mg/cm?]
0.185 126.96 10352.2 51.761 21939 -22% 322% 0% 326%
Year 85 0.019 292.48 1087.8 5.4389 37302.2 2% -56% 0% -56%
(t=31025 days)  0.04341 286.16 2451.0 12.255 37302.2
0.0593 282.04 3338.4 16.692 37302.2 -1% 36% 0% 37%
0.185 249.45 10358.6 51.793 37302.2 -13% 323% 0% 326%
Year 100 0.019 345 1087.8 5.4389 43885.2 2% -56% 0% -56%
(t=36500 days)  0.04341 338.67 2451.0 12.255 43885.2
0.0593 334.56 3338.4 16.692 43885.2 -1% 36% 0% 37%
0.185 301.96 10358.6 51.793 43885.2 -11% 323% 0% 326%
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Table_Apx B-5 Sensitivity analysis results for the equilibrium constant-adsorption isotherm coefficient (Kq)

Cumulative Amount of Amount of  Cumulative % change in o .
solute flux . . - o . % change in o
across the P in the P in the value of the  the indicator % change in the indicator %o
Years D.(cm) bottom of the discharge entire flow bottom accumulative the P accumulative change
soil profile field domain boundary solute accumulation bottom flux in D,
(mgF;cmz) (kg) (mg/cm?) flux (cm) bottom flux
Years 5 0.00 1.97 0.01 7.74409E-05 0% 0% 0% -50%
Year 0 10 0.00 1.97 0.01 7.74409E-05 0% 0% 0%
(t=1 days) 12 0.00 1.97 0.01 7.74409E-05 0% 0% 0% 20%
15 0.00 1.97 0.01 7.74409E-05 0% 0% 0% 50%
5 0.00 779.12 3.90 430.278 -96% 0% 0% -50%
Year 1 10 0.01 779.12 3.90 430.278
(t=365 days) 12 0.01 784.06 3.92 430.278 80% 1% 0% 20%
15 0.02 784.14 3.92 430.278 231% 1% 0% 50%
5 6.24 2381.40 11.91 2186.08 -8% 3% 0% -50%
Year 5 10 6.79 2309.40 11.55 2186.08
(t=1825 days) 12 6.96 2309.40 11.55 2186.08 2% 0% 0% 20%
15 7.16 2264.60 11.32 2186.08 5% -2% 0% 50%
5 23.40 2450.40 12.25 4380.83 -1% 0% 0% -50%
Year 10 10 23.64 2446.00 12.23 4380.83
(t=3650 days) 12 23.73 2451.00 12.26 4380.83 0% 0% 0% 20%
15 23.84 2441.00 12.21 4380.83 1% 0% 0% 50%
5 163.42 2451.00 12.26 21939 0% 0% 0% -50%
Year 50 10 163.64 2451.00 12.26 21939
(t=18250 days) 12 163.71 2451.00 12.26 21939 0% 0% 0% 20%
15 163.81 2451.00 12.26 21939 0% 0% 0% 50%
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Cumulative

solute flux Amount of Amountof Cumulative % change in % change in
across the P in the P in the value of the  the indicator % change in tI:e indigator %
Years Di(cm) bottom of the discharge entire flow bottom accumulative the P accumulative change
soil profile field domain boundary solute accumulation bottom flux in D
2
(mglcm?) (kg) (mg/cm?) flux (cm) bottom flux
5 285.94 2451.00 12.26 37302.2 0% 0% 0% -50%
Year 85 10 286.16 2451.00 12.26 37302.2
(t=31025 days) 12 286.24 2451.00 12.26 37302.2 0% 0% 0% 20%
15 286.33 2451.00 12.26 37302.2 0% 0% 0% 50%
5 338.46 2451.00 12.26 43885.2 0% 0% 0% -50%
Year 100 10 338.67 2451.00 12.26 43885.2
(t=36500 days) 12 338.75 2451.00 12.26 43885.2 0% 0% 0% 20%
15 338.85 2451.00 12.26 43885.2 0% 0% 0% 50%
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Table_Apx B-6 Sensitivity analysis results for the solute initial concentration of the soil profile (Ci)

Cumulative

solute flux Amount o?g]?nu:‘r:e Cumulative % change in % change in
Ci across the of P in the entire value of the the indicator % change in tr:e indigator %
Years (mglcm3) bottom of  discharge flow bottom accumulative the P accumulative change
g the soil field . boundary solute bottom accumulation in Ci
. domain bottom flux
profile (kg) flux (cm) flux
(mg/cm2) (mg/cm2]
Year 0 0 0 1.97286 0.0098643 7.74409E-05 - -
(t=1 days) 0.0089  1.4208E-08 73.172 0.36586  7.74409E-05 - 3609% -
0.1 1.7082E-07 801.98 4.0099 7.74409E-05 - 40551% -
0.96 4.7508E-06 7682 38.41 7.74409E-05 - 389284% -
Year 1 0 0.0071389 783.46 3.9173 430.28 -
(t=365 days) 0.0089 0.086443 836.54 4.1827 430.28 1111% 7% 0% -
0.1 0.96045 1366.74 6.8337 430.28 13354% 74% 0% -
0.96 18.56 4655 23.275 430.28 259884% 494% 0% -
Year 5 0 6.7926 2309.4 11.547 2186.08 -
(t=1825 days) 0.0089 7.097 2314.8 11.574 2186.08 4% 0% 0% -
0.1 10.237 2365.4 11.827 2186.08 51% 2% 0% -
0.96 42.75 2603.2 13.016 2186.08 529% 13% 0% -
Year 10 0 23.641 2446 12.23 4380.83 -
(t=3650 days) 0.0089 23.971 2446 12.231 4380.83 1% 0% 0% -
0.1 27.344 2451 12.255 4380.83 16% 0% 0% -
0.96 60.976 2457 12.287 4380.83 158% 0% 0% -
Year 50 0 163.64 2451 12.255 21939 -
(t=18250 days) 0.0089 163.97 2451 12.255 21939 0% 0% 0% -
0.1 167.35 2451 12.255 21939 2% 0% 0% -
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Cumulative

solute flux Amount o?g]?nu:‘r:e Cumulative % change in % change in

Ci across the of P in the entire value of the the indicator % change in tr:e indigator %
Years (mglcm3) bottom of  discharge flow bottom accumulative the P accumulative change
9 the soil field . boundary solute bottom accumulation in Ci
. domain bottom flux
profile (kg) flux (cm) flux
(mg/cm2) (mg/cm2]

0.96 201.03 2451 12.255 21939 23% 0% 0% -
Year 85 0 286.16 2451 12.255 43885.2 -
(t=31025 days) 0.0089 286.49 2451 12.255 43885.2 0% 0% 0% -
0.1 291.93 2451 12.255 43885.2 2% 0% 0% -
0.96 323.55 2451 12.255 43885.2 13% 0% 0% -
Year 100 0 338.67 2451 12.255 43885.2 -
(t=36500 days) 0.0089 339 2451 12.255 43885.2 0% 0% 0% -
0.1 342.39 2451 12.255 43885.2 1% 0% 0% -
0.96 376.07 2451 12.255 43885.2 11% 0% 0% -

146




Table_Apx B-7 Sensitivity analysis results for the saturated hydraulic conductivity (Ks)
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Cumulative = Amount Amount
solute flux of Pin of Pin Cumulative % change in o change in
K across the the the entire value of the indicator % change in tr:e indicg:ator %
Years 3.3 bottomof discharge flow the bottom accumulative the P - change
(cm’/cm?) . . . . accumulative .
the soil field domain boundary solute accumulation in Ks
. bottom flux
profile flux (cm) bottom flux
(mg/cm?)
(kg) (mglcm?]
Year 0 12.18 0 1.97292 0.0098646 1.59E-05 - 0.00% -79% -80%
ga=31/s) 36.54 0 1.97264 0.0098632 4.78E-05 - 0.00% -38% -39%
60.19 0 1.97286 0.0098643 7.74E-05 -
120 0 1.93976 0.0096988  0.0001571 - -1.70% 103% 99%
Year 1 12.18  0.0074951 78.35 0.39175 431.885 4.99% -90.00% -90.00% -80%
S;SSG)S 36.54  0.0071414 783.36 3.9168 429.689 0.04% -0.01% -0.01% -39%
60.19  0.0071389 783.46 3.9173 430.278
120  0.0071309 783.32 3.9166 431.129 -0.11% -0.02% -0.02% 99%
Year 5 12.18 6.8829 2311.2 11.556 2201.87 1.33% 0.08% 0.08% -80%
g:;f)% 36.54 6.7905 2306 1153 218551 -0.03% -0.15% -0.15% -39%
60.19 6.7926 2309.4 11.547 2186.08
120 6.7948 2303 11.515 2186.91 0.03% -0.28% -0.28% 99%
Year 10 12.18 23.875 2448.6 12.243 4414.35 0.99% 0.11% 0.11% -80%
g;jffo 36.54 23.638 2441 12205  4380.28 0.01% -0.20% -0.20% -39%
60.19 23.641 2446 12.23 4380.83
120 23.644 2436.6 12.183 37302 0.01% -0.38% -0.38% 99%
Year 50 12.18 164.99 2453.6 12.268 22113.7 0.82% 0.01% 0.01% -80%




Cumulative  Amount Amount
solute flux of Pin of Pin Cumulative % change in o change in
K across the the the entire value of the indicator % change in tr:e indigator %
Years (cm3lzm3) bottom of discharge flow the bottom accumulative the P accumulative change
the soil field domain boundary solute accumulation in Ks
; bottom flux
profile flux (cm) bottom flux
(mg/cm?)
(kg) (mg/cmZ]
(t=18250 36.54 163.64 24458  12.229 21938 0.00% 0.31% 0.31% 39%
dayS) . . . . . 0 =-U. (o] =-U. 0 - 0
60.19 163.64 2453.4 12.267 21939 0.00%
120 163.64 2441 .4 12.207 21939.8 0.00% -0.49% -0.49% 99%
Year 85 12.18 288.49 2453.6 12.268 37600.5 0.81% 0.01% 0.01% -80%
S:SQ)O% 36.54 286.17 24458  12.229 37300.4 0.00% -0.31% -0.31% -39%
60.19 286.16 2453.4 12.267 37302.2
120 286.15 2441.4 12.207 37302 0.00% -0.49% -0.49% 99%
1\5%” 12.18 341.42 2451 12.255 44237.9 0.81% -0.10% -0.10% -80%
g;:/sgwo 36.54 338.67 24518 12259 438834 0.00% -0.07% -0.07% -39%
60.19 338.67 2453.4 12.267 43885
120 338.65 2450 12.25 43884.3 -0.01% -0.14% -0.14% 99%
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Table_Apx B-8 Mass (kg) of phosphorus accumulated in the first 40 cm of the
discharge field for different simulation periods and the sensitivity analysis values
used for each parameter tested

Parameters
Years Os 6: pb DL € Ci Ksat
kg
Year 0 1.9 2.0 2.0 2.0 0.0 2.0 2.0
(t=1 days) 2.0 2.0 2.0 2.0 2.0 73.2 2.0
2.0 2.0 2.0 2.0 0.0 802.0 2.0
2.0 2.0 2.0 2.0 0.0 7682.0 1.9
Year 1 783.3 783.5 7085 779.1 704.8 7835 784
(t=365 days) 7834 7835 7835 779.1 783.5 836.5 7834

783.5 783.5 821.1 7841 794.3 1366.7 783.5
783.5 783.5 823.6 7841 817.7 4655.0 783.3
Year 5 2436.6 23112 1107.8 2381.4 1086.8 23094 2311.2
(t=1825 days) 2306.0 2306.0 2309.4 2309.4 23094 2314.8 2306.0
2309.4 23094 39454 2309.4 2866.0 2365.4 2309.4
23112 2303.0 3988.6 2264.6 3884.4 2603.2 2303.0
Year 10 24414 2448.6 1109.0 2450.4 1087.8 2446.0 2448.6
(t=3650 days) 24410 2441.0 2446.0 2446.0 2451.0 2446.2 2441.0
2446.0 2446.0 74444 2451.0 32994 2451.0 2446.0
2448.6 2436.6 7702.0 24410 69704 2457.4 2436.6
Year 50 24414 2453.6 1109.0 2451.0 1087.8 2451.0 2453.6
(t=18250 days) 24458 24458 2451.0 2451.0 2451.0 2451.0 244538
2451.0 24534 13805.2 2451.0 33384 2451.0 24534
2453.6 24414 18129.0 2451.0 10352.2 2451.0 24414
Year 85 24414 24536 1109.0 2451.0 1087.8 2451.0 2453.6
(t=31025 days) 24458 24458 2451.0 2451.0 2451.0 2451.0 24458
2451.0 24534 13863.0 2451.0 33384 2451.0 24534
2453.6 24414 18460.6 2451.0 10358.6 2451.0 24414
Year 100 24414 24536 1109.0 2451.0 1087.8 2451.0 2451.0
(t=36500 days) 24458 24458 2451.0 2451.0 2451.0 2451.0 2451.8
24534 24534 13864.0 2451.0 33384 2451.0 24534
2453.6 24414 184722 2451.0 10358.6 2451.0 2450.0

*sensitivity analysis values for each parameter can be found in Table 4-3
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