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ENVIRONMENTAL PROTECTION AGENCY

The Environmental Protection Agency (EPA) is responsible for
protecting and improving the environment as a valuable asset
for the people of Ireland. We are committed to protecting people
and the environment from the harmful effects of radiation and
pollution.

The work of the EPA can be
divided into three main areas:

Regulation: We implement effective regulation and environmental
compliance systems to deliver good environmental outcomes and
target those who don 't comply.

Knowledge: We provide high quality, targeted and timely
environmental data, information and assessment to inform
decision making at all levels.

Advocacy: We work with others to advocate for a clean,
productive and well protected environment and for sustainable
environmental behaviour.

Our Responsibilities

Licensing

We regulate the following activities so that they do not endanger

human health or harm the environment:

» waste facilities (e.g. landfills, incinerators, waste transfer
stations);

* large scale industrial activities (e.g. pharmaceutical, cement
manufacturing, power plants),

* intensive agriculture (e.g. pigs, poultry);

* the contained use and controlled release of Genetically
Modified Organisms (GMOs);

» sources of ionising radiation (e.g. x-ray and radiotherapy
equipment, industrial sources);

 large petrol storage facilities;

» waste water discharges;

* dumping at sea activities.

National Environmental Enforcement

» Conducting an annual programme of audits and inspections of
EPA licensed facilities.

= Overseeing local authorities’ environmental protection
responsibilities.

* Supervising the supply of drinking water by public water
suppliers.

»  Working with local authorities and other agencies to tackle
environmental crime by co-ordinating a national enforcement
network, targeting offenders and overseeing remediation.

» Enforcing Regulations such as Waste Electrical and Electronic
Equipment (WEEE), Restriction of Hazardous Substances
(RoHS) and substances that deplete the ozone layer.

* Prosecuting those who flout environmental law and damage the
environment.

Water Management

* Monitoring and reporting on the quality of rivers, lakes,
transitional and coastal waters of Ireland and groundwaters;
measuring water levels and river flows.

» National coordination and oversight of the Water Framework
Directive.

* Monitoring and reporting on Bathing Water Quality.

Monitoring, Analysing and Reporting on the

Environment

* Monitoring air quality and implementing the EU Clean Air for
Europe (CAFE) Directive.

+ Independent reporting to inform decision making by national
and local government (e.g. periodic reporting on the State of
Ireland s Environment and Indicator Reports).

Regulating Ireland’s Greenhouse Gas Emissions

» Preparing Ireland’s greenhouse gas inventories and projections.

* Implementing the Emissions Trading Directive, for over 100 of
the largest producers of carbon dioxide in Ireland.

Environmental Research and Development

* Funding environmental research to identify pressures, inform
policy and provide solutions in the areas of climate, water and
sustainability.

Strategic Environmental Assessment
» Assessing the impact of proposed plans and programmes on the
Irish environment (e.g. major development plans).

Radiological Protection

* Monitoring radiation levels, assessing exposure of people in
Ireland to ionising radiation.

» Assisting in developing national plans for emergencies arising
from nuclear accidents.

* Monitoring developments abroad relating to nuclear
installations and radiological safety.

» Providing, or overseeing the provision of, specialist radiation
protection services.

Guidance, Accessible Information and Education

* Providing advice and guidance to industry and the public on
environmental and radiological protection topics.

* Providing timely and easily accessible environmental
information to encourage public participation in environmental
decision-making (e.g. My Local Environment, Radon Maps).

» Advising Government on matters relating to radiological safety
and emergency response.

» Developing a National Hazardous Waste Management Plan to
prevent and manage hazardous waste.

Awareness Raising and Behavioural Change

» Generating greater environmental awareness and influencing
positive behavioural change by supporting businesses,
communities and householders to become more resource
efficient.

» Promoting radon testing in homes and workplaces and
encouraging remediation where necessary.

Management and structure of the EPA

The EPA is managed by a full time Board, consisting of a Director
General and five Directors. The work is carried out across five
Offices:

» Office of Environmental Sustainability

» Office of Environmental Enforcement

» Office of Evidence and Assessment

» Office of Radiation Protection and Environmental Monitoring
* Office of Communications and Corporate Services

The EPA is assisted by an Advisory Committee of twelve members
who meet regularly to discuss issues of concern and provide
advice to the Board.
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Executive Summary

This research project focused on assessing toxins in
surface water and groundwater drinking supplies in
Ireland. Specifically, it focused on the assessment of
(1) natural organic matter (NOM), the precursor for
disinfection by-products (DBPs) and trihalomethanes
(THMs), and (2) the naturally occurring organic toxin
ptaquiloside from bracken. THMs are the only DBP
regulated by the European Union and, along with
ptaquiloside, are listed as “a possible carcinogen”

by the International Agency for Research on Cancer
(IARC). While the presence of THMs in drinking water
is a national concern, the World Health Organization
(WHO) states that “efficient disinfection must never
be compromised in attempt to meet the guidelines for
DBPs and that the microbiological quality of the water
must always take precedence”.

High-risk catchments for public and private water
supplies in relation to NOM across Ireland were
identified. Catchment characteristics such as peat
presence, high rainfall and mild slopes highlighted
areas that were at greater risk for increased NOM
and THMs. Statistical analysis of the national THM
dataset from 2006 to 2013 further differentiated
between water supplies that had (1) no NOM
treatment and (2) treatment with some degree of
NOM removal such that supplies with “treatment with
some degree of NOM removal” had higher THMs with
increasing percentages of peat and pasture land in the
catchment.

Three case study water supplies with raw water fed
from catchments with peat and pasture were selected
for further assessment of NOM quantity and quality,
and THMs. The findings highlighted that:

1. For a public water supply (PWS) abstracting
from a spring in a karst area, ozone and granular
activated carbon treatment was inadequate
to remove the NOM present in the raw water
resulting in THM exceedances. The average
raw and treated water dissolved organic carbon
(DOC) concentrations (a measure of individual
NOM compounds in the dissolved state) were 5.95
and 5.39mgL"", respectively. Specific ultraviolet
absorbance (SUVA) values in the treated water

X1

were indicative of low to moderate aromaticity.

A humic-like, terrestrial-delivered reprocessed
organic matter fluorescent component was

most prominent in the treated water. The

average total THM (TTHM) concentration over

the study period was 109 ugL-". Chloroform

was the most prominent THM (72%),

followed by bromodichloromethane (20%),
dibromochloromethane (6%) and bromoform
(<1%). For all three humic-like components,
ultraviolet absorbance at 254 nm (UVA,,,) and total
nitrogen were significantly correlated to chloroform
as determined by Spearman’s rank correlations.

A zone of contribution had not previously been
defined for this supply, making the drinking

water safety plan approach to drinking water
problematic.

. For a PWS abstracting from the lower reaches of

the Boyne catchment, coagulation, flocculation
and clarification treatment followed by rapid gravity
filtration was inadequate to remove the NOM
present in the raw water. The average raw and
treated water DOC concentrations were 7.90 and
4.52mgL™", respectively. As with the spring supply,
the SUVA values present in the treated water were
indicative of low to moderate aromaticity, and a
humic-like, terrestrially delivered organic matter
fluorescent component was most prominent in the
treated water. TTHMs exceeded the parametric
value on one occasion, highlighting the episodic
nature of riverine NOM and that routine monitoring
not timed with episodic rainfall events does not
adequately assess NOM trends.

. For a private group water scheme abstracting

from a lowland lake, ultrafiltration membrane
treatment was inadequate to remove the

NOM present in the water, resulting in THM
exceedances. The average raw and treated water
DOC concentrations were 9.38 and 7.54mgL",
respectively. SUVA values present in the treated
water were indicative of moderate aromaticity, and
a humic-like, terrestrially delivered organic matter
fluorescent component was most prominent in the
treated water.
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In additional, temporal variation in NOM was evident in
all three case study raw waters, with autumnal peaks.

Hydrological, empirical and process-based
biogeochemical models coupled with an ensemble

of downscaled regional climate models allowed the
determination of scenarios for local-scale effects

of forest climate change on surface water DOC
concentrations and fluxes. DOC concentrations

were estimated for a PWS abstracting from the

River Boyne using high-resolution (frequency) online
DOC raw water monitoring data. Predicted mean
annual temperatures are set to increase in the Boyne
catchment by ~1°C. Total annual precipitation will
remain generally the same, and results show projected
monthly average decreases in spring through to late
summer. Predicted daily flows, averaged monthly

to demonstrate seasonal impacts, show an overall
decrease, and predicted DOC mean monthly
concentrations show an overall increase. Simulated
mean annual DOC export from the Boyne catchment
(5.8£1.3gCm=2per year) is in the higher reported
range for agricultural catchments and was strongly
linked to patterns in discharge and timing of vegetation
senescence at the end of the growing season. The
modelling approach adopted here suggests that, while
biogeochemical mechanisms controlling carbon within
a watershed are complex, representation of such
interdependent processes in a process-based model is
possible, even for a catchment with a low percentage
of peat and high use of pastures, using online high-
resolution water treatment plant (WTP) data and
routinely monitored parameters (i.e. temperature,
precipitation and flow). The authors believe that this

is the first modelling study to simulate the effects

of a changing climate on raw drinking water DOC
using routine monitoring data from a WTP for a large,
predominantly agricultural catchment. The results
highlight the unexplored resource of high-resolution
routine WTP monitoring data, together with routine
catchment monitoring data, coupled with high-
resolution climate models to predict NOM trends.

Initial bracken vegetation survey data collation
highlighted an overriding lack of bracken abundance
data for Ireland without which it was impossible to
determine the national risk. However, three private
drinking water sources with one or two domestic
houses and bracken in the surrounding catchment

Xii

were selected for investigation. Ptaquiloside
concentrations were quantified in the bracken fronds
from frond emergence to plant die-off. Ptaquiloside
was detected in the drinking water on only one
sampling occasion. Bracken ferns are classified by the
IARC as “possibly carcinogenic to humans”.

From a review of the limited research literature and
from the limited sampling carried out as part of this
research project, we do not believe that there is a
large-scale national risk from bracken ferns to drinking
water quality. However, areas have been identified for
further research such as (1) the need for a bracken
abundance map for Ireland; (2) a study of spatial and
temporal variations in ptaquiloside concentrations;

(3) a more intensive study with an increased number
of sampling sites and higher temporal resolution,
specifically targeting episodic rainfall events during
the plant die-off period; and (4) the effect of various
treatments on ptaquiloside.

The findings suggest that there is a need for
stakeholder awareness, with regard to ensuring
bracken-free zones close to water abstraction
sources, especially for supplies with short water
residence times. Investigation into the ptaquiloside
concentrations of bracken subjected to different
management treatments indicated that spraying
was the most effective means of control for reducing
ptaquiloside load, whereas cutting bracken may
increase the production of ptaquiloside in the short
term and hence the potential risk to drinking water
quality. However, asulam is a banned substance and is
itself potentially harmful in drinking water.

Historically, drinking water in Ireland was managed at
a local scale with a lack of connectivity between one
management unit and the next. With the establishment
of a new national water ultility, Irish Water, there is
significant opportunity for improving THM compliance
through systematic connectivity and viewing each
abstraction source as a function of its catchment rather
than of its management boundaries. This research
project served as an exploratory study assessing
TTHM data collected through routine monitoring from
2006 to 2013, prior to the establishment of Irish Water,
and case studies of water treatment supplies with
treatment plants designed prior to the establishment of
Irish Water.



1 Introduction

1.1 Context and Background of the
Project
1.1.1  Natural organic matter

Successive Environmental Protection Agency (EPA)
reports have shown that Ireland has an unacceptably
high number of drinking water supplies exceeding
the parametric value of 100 ugL-" for average total
trihalomethanes (TTHMSs). In fact, Ireland has been
reporting the highest non-compliance with respect to
TTHMs in drinking water across the 27 EU Member
States (Figure 1.1).

THMs are the most well-known class of disinfection
by-products (DBPs) in treated water and the only
one currently regulated by the European Union
(Drinking Water) Regulations 2014 (S.l. 122 of 2014),
although more than 600 different DBPs have been
acknowledged. DBPs are formed when natural water
is treated to control microbial presence during the
drinking water treatment process. THMs are used as
an indicator for the presence of DBPs and do not give
a true representation of the extent of DBP presence
in drinking water. DBPs consist of halogenated and/
or non-halogenated compounds, depending on the
nature of disinfectants used and precursors present.

-
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THMs are typically formed when chlorine reacts with
aromatic structures in natural organic matter (NOM);
however, non-aromatic NOM can also form THMs.

In Ireland, water suppliers add sufficient chlorine to
ensure a 0.1mgL~" level of residual chlorine at the end
of the network (EPA, 2012).

An upward trend in aquatic NOM concentrations

has been observed at an international scale and

will augment the challenges for Irish drinking water
suppliers in meeting the parametric value for THMs.
Increases in NOM from peaty catchments have been
attributed to global warming (Freeman et al., 2001;
De Wit et al., 2007; Evans et al., 2016). This has
been amplified by decreasing atmospheric sulfur
deposition, the implication being that reductions in
soil solution sulfur cause significant increases in soil
solution and surface water dissolved organic carbon
(DOC) concentrations (Evans et al., 2012). In this
post-acidification period, the focus has shifted to

the impacts of land management practices, such as
peat harvesting, peatland forestry and agriculture, on
changing aquatic NOM quantity and character (Jones
et al., 2001).

Ireland has a large number of public and private
water supplies (3664) for a relatively small population
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Figure 1.1. Non-compliance for THM exceedances in EU Member States reporting 20.1% non-compliance
for 2010. Large water supply zones refer to zones supplying more than 5000 people and small supply

zones to those supplying fewer than 5000 (EC, 2014).
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compared with other EU countries (EPA, 2016). For
example, in comparison with Scotland’s 242 supplies
(DWQR, 2015), Ireland has 973 public water supplies
(PWSs) for a similar population size (EPA, 2016).
Management of Ireland’s water supplies is complex
owing to a suite of identified factors: (1) the variation
in supply types, i.e. groundwater/surface water source;
(2) geographical location; (3) size; (4) treatment
processes; (5) management; (6) consumers; (7)
ownership issues; (8) distribution networks; and (9) a
lack of investment in water infrastructure over many
years (EPA, 2016).

A national-scale assessment of the catchment
characteristics driving THMs is necessary to support
an evidence-based approach in dealing with the
THM issue. NOM characterisation of raw waters
forms a critical component of the work required to
understand how different treatment processes will
perform in removing NOM and to understand how
land management practices upstream of abstraction
can impact on treatment performance. The drinking
water safety plan (DWSP) approach is based on a
risk assessment from source to tap and, while water
suppliers take the lead in incorporating DWSPs, it is
a key objective of the DWSP to identify that others
have responsibilities towards ensuring the safety of
water and for them to work with the water supplier on
risk reduction, i.e. agriculture and forestry workers,
landowners, other utilities, local government and
consumers (WHO, 2011).

1.1.2  Ptaquiloside

In addition to concerns over NOM giving rise to DBP
toxins, there is increased recognition and concern
around toxins that occur naturally, such as the
phytochemical ptaquiloside produced by bracken
[Pteridium aquilinum (L.) Kuhn], and whether or

not they can make their way to raw drinking water
(Clauson-Kaas et al., 2016; O'Driscoll et al., 2016).

Bracken ferns have a vast array of diverse
phytochemical armaments, which contain a substantial
number of potentially harmful substances, including
ptaquiloside (Figure 1.2). Phytochemical armament

is an effective and widespread defence strategy

in promoting direct vegetative survival, and it is a
relatively new area of scientific interest that has
become known only in the last 40 years. Ptaquiloside,
a highly water soluble phytotoxin, was first isolated in

Figure 1.2. Chemical structure of ptaquiloside.

1983 and has been identified as having carcinogenic,
mutagenic and clastogenic properties. Along with other
natural phytotoxins, ptaquiloside is receiving increased
attention from scientists and land use managers.

There is an urgent need to increase empirical evidence
to understand the scale of phytotoxin mobilisation

and its potential to enter the environment. Bracken
ferns are classified by the International Agency for
Research on Cancer (IARC) as “possibly carcinogenic
to humans” and there has been limited evidence
available to be able to adopt a health-based risk
assessment approach.

1.2 Overall Project Aims and
Objectives

The overall aim of the project was to quantify more
accurately the risk of NOM, including the naturally
occurring (organic) toxin, ptaquiloside, to surface
water and groundwater supplies in Ireland. The main
objectives of the project were to:

e identify high-risk catchments for public and private
water supplies in relation to NOM across Ireland;

e undertake a surveying and monitoring programme
in three high-risk catchments;

e estimate likely NOM concentrations in raw
water sources in the selected catchments using
predictive modelling under different climate
change scenarios for the next 30 years;

e assess the risk of ptaquiloside to drinking water
supplies;
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e develop guidelines to reduce risk of NOM and
ptaquiloside in drinking waters.

1.3 Literature Review

1.3.1  Natural organic matter and THMs

The term “natural organic matter” refers to a wide
spectrum of carbon-based compounds that result
from natural processes in the environment. It
originates from living and dead plants, animals and
microorganisms and from the degradation products

of these sources (Chow et al., 1999). The presence

of NOM causes many problems in drinking water
treatment processes. In addition to aesthetic problems
such as colour, taste and odouir, it contributes to the
fouling of membranes, serves as a precursor for the
formation of DBPs, increases the exhaustion and
usage rate of coagulant and disinfectant doses, and
increases levels of complex heavy metals, adsorbed
organic pollutants and possible toxins. In addition,
certain fractions of NOM can promote microbial growth
and corrosion in the distribution system.

The degree to which NOM affects water treatment
processes is determined by its quality or character
and quantity. NOM rich in aromatic structures has
been found to be highly reactive with chlorine, with a
higher potential to form DBPs (Reckhow et al., 1990).
However, non-aromatic NOM can also form THMs
(Fram et al., 1999). Large molecular hydrophobic
humic substances are enriched with aromatic
structures and are easily removed by conventional
drinking water treatment consisting of coagulation,
flocculation, clarification (CFC) and filtration. Low
molecular weight hydrophilic and less aromatic NOM is
more problematic to remove and is a major contributor
of easily biodegradable organic carbon, which
promotes microbiological regrowth in the distribution
system. An understanding of the behaviour of different
fractions or constituents of NOM present in water is
crucial to understanding their fate and impact during
water treatment and in water distribution systems.
Therefore, accurate characterisation of NOM in raw
water and along the treatment process would be an
important basis for the selection of water treatment
processes, monitoring of the performance of different
treatment steps, and assessing distribution system
water quality.

The structural composition of NOM is highly variable
and depends mainly on the origin of the precursor
material and the degree of modification it has
undergone (Lankes et al., 2008). NOM, measured
as DOC concentration and colour in stream water,
has been shown to be positively correlated with
catchment characteristics such as increasing
percentage peat, presence of forestry and discharge
being significant (Grieve and Marsden, 2001; Billett
et al., 2004; Kortelainen et al., 2006; Austnes et al.,
2010; Cool et al., 2014). Slope has been shown to be
negatively correlated and, specifically, slopes of less
than 5° significantly predicted stream water colour

in catchments with multiple soil types (Mitchell and
McDonald, 1995). This has been attributed to the
slower rate of runoff and the extended period that the
soil water has to dissolve organic matter on milder
slopes. In addition, Parry et al. (2015) elaborated

on this, adding that the majority of peatlands form
the deepest and most well-developed deposits in
flat terrain where the peatland is able to spread
unimpeded over extended areas.

Temporal variation has also been reported, with
significantly lower DOC concentrations from late
winter and early spring to higher concentrations in
autumn and early winter (Liu et al., 2014). However,
high-resolution monitoring at an individual catchment
scale demonstrated a higher level of complexity of the
interactions between climate and land management
(Ryder et al., 2014).

Apart from spatial and seasonal variability, a long-
term upward trend in increases of riverine DOC
concentrations has been identified and reported

on an international scale (Fabris et al., 2008).
International research collated over the past decade
has indicated an increase in surface water DOC
concentrations linked to global warming (Worrall et
al., 2003; Freeman et al., 2004), which is amplified

by decreasing atmospheric sulfur. Anthropogenic

land management change can also significantly alter
river carbon delivery and composition, potentially
increasing organic material inputs to streams (Jones et
al., 2001). In Scotland, DOC concentrations from wind
farms established on peatland ranged from 2.9mgL™"
to 57.1mgL~", with flux rates of 9.0gm=2per year

and 42.3gm2per year (Murray, 2012). Application

of organic slurries to agricultural soils can also result
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in increased carbon losses to groundwater and
surface waters (Murnane et al., 2016). The great
seasonal variability and the trend towards elevated
NOM concentrations present challenges for the water
industry and water treatment facilities in terms of
operational optimisation and proper process control
(Fabris et al., 2008).

The operational classification of NOM present in
raw water intended for drinking (i.e. humic/non-polar
and non-humic/polar; Krasner et al., 1996) based on
what is adsorbed (or not) on XAD resins (Malcolm
and MacCarthy, 1992) is not widely accepted. Non-
humic/hydrophilic fractions of NOM show some of
the properties typically observed for classic humic
fractions (Barret et al., 2000). Operationally defined
aquatic humic substances can be divided into two
main fractions: humic acids (insoluble at pH <1) and
fulvic acids (soluble at all pH levels). Aquatic humic
substances typically account for ~50% of the DOC

present in natural waters. Non-humic NOM consists of
hydrophilic acids, proteins, amino acids, amino sugars

and carbohydrates (Figure 1.3).

In addition, NOM can be characterised based on its
source (Sharma et al., 2011):

1. allochthonous NOM - originating from decay of
biomass (vegetative debris) and soil leaching
(runoff) in the catchment and primary derivation of
NOM (Brooks et al., 1999);

2. autochthonous NOM — originating from in situ
sources (algae, phytoplankton and macrophytes)
and related to photosynthetic activity and decay
products of algal matter;

3. effluent organic matter — composed of drinking
water NOM not removed during wastewater
treatment in addition to soluble microbial products
formed during biological treatment of wastewater.

NOM is initially characterised via the fractionation

of total organic carbon (TOC) into operationally
derived fractions of particulate organic carbon (POC)
(=0.45 um particle size) and DOC (<0.45um) prior

to direct measurement. Real-time NOM monitoring is
possible via online UVA,_/UVT (ultraviolet absorbance
at wavelength 254 nm/ultraviolet transmission)
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Figure 1.3. DOC fractionation diagram classifies DOC based on polarity (hydrophobic/hydrophilic),
acid/neutral/base properties, compound class characteristics, specific compound characteristics and
compound complex characteristics (Leenheer and Croue, 2003).
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analysers. UVA,, provides an indication of the amount
of aromatic and/or reactive NOM in water. Specific
ultraviolet absorbance (SUVA) is defined as the ratio
of UVA,, to DOC in a sample. SUVA of 2L mg~'m™

is indicative of non-humic NOM that has relatively

low hydrophobicity, is less aromatic and is of lower
molecular weight; SUVA of 2-4L mg~'m~" indicates a
mixture of aquatic humics, hydrophobic and hydrophilic
NOM and a mixture of molecular weights (Edzwald
and Tobiason, 1999). Organic nitrogen, representing

a small fraction of NOM in natural waters (Westerhoff
and Mash, 2002), may also react with disinfectants to
form carcinogenic nitrogenous DBPs (Richardson et
al., 1999).

Fluorescence excitation—emission matrix (F-EEM)
spectroscopy has been used to distinguish different
types and sources of DOC in natural waters and

has gained popularity in recent years as a simple

and relatively inexpensive, yet sensitive, approach
(Baghoth et al., 2011). F-EEM spectroscopy has been
used to characterise DOC and identify humic- and
protein-like fluorescent signals in water samples from
different aquatic environments (Coble, 1996). F-EEMs
coupled with PARAFAC (multi-way data analysis using
parallel factor analysis; Stedmon et al., 2003) can
provide even more detailed information about NOM
character. PARAFAC has been employed successfully
to track the fate of problematic NOM fractions and to
optimise the design and operation of drinking water
treatment processes for their removal (Shutova et al.,
2014) as well as to indicate DOC source (Kraus et al.,
2010).

An understanding of the behaviour of different
fractions or constituents of NOM present in water is
crucial to understanding their fate and impact during
water treatment and in water distribution systems.
Furthermore, treatment processes are capable of
changing the composition of NOM (Matilainen, 2007;
Gonsior et al., 2014).

Treatment methods used to remove NOM with varying
degrees of success include but are not limited to
(Baghoth, 2012):

1. Enhanced coagulation. Enhanced coagulation/
optimisation of the conventional (CFC) treatment
process by selection of appropriate types of
coagulant, coagulant dosage and pH adjustment

as determined by jar testing is recommended for
hydrophobic and relatively high molecular weight
NOM, as indicated by moderate to high SUVA
values. Enhanced coagulation is less effective for
the removal of intermediate and lower molecular
weight organic matter (Volk et al., 2000).

. Ozonation and granular activated carbon (GAC).
Ozonation degrades intermediate molecular
weight organic carbon to low molecular weight
organic carbon and is efficient when followed
with an activated carbon filter (Matilainen, 2007).
GAC filters remove NOM through adsorption and
biological degradation. Ozonation oxidises organic
carbon and, when placed upstream of GAC,
extends the life of the activated carbon; since both
processes have high capital and operating costs,
careful economic analysis is required (Parsons
and Jefferson, 2006).

3. Membrane filtration. Membrane filtration
systems, i.e. ultrafiltration and nanofiltration,
can be used to remove larger organic matter
components left after coagulation, and certain
dissolved NOM components. Ultrafiltration may
be used to effectively remove larger molecular
weight organic compounds but is limited by its
molecular weight cut-off in effectively removing
a significant fraction of lower molecular weight
organic matter. Nanofiltration membranes could
be used effectively for removal of NOM fractions
that cannot be removed by ultrafiltration (Frimmel
et al., 2006). Nanofiltration following conventional
treatment has been shown to be 100% efficient in
removing high molecular weight organic carbon
and the reduction in intermediate molecular weight
was 52-100% depending on the membrane type.
Reduction in low molecular weight organic carbon
ranged between 43 and 79% (Matilainen, 2007).

THMSs are the most prominent class of halogenated
DBPs in treated water (Krasner et al., 1989) and the
only one regulated by the European Union (Drinking
Water) Regulations (S.l1. 122 of 2014). THMs are

used as a surrogate for DBPs in many countries

but do not give a true representation of the extent

of DBPs present in drinking water (Krasner, 2009).
Exposure pathways include oral, inhalation and dermal
contact (Basu et al., 2011). It has been estimated that
prominent identifiable DBPs constitute only 50% of
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the total organic halogen formed during chlorination
(Zhang et al., 2000). THMs have both genotoxic and
carcinogenic effects, particularly in the liver and kidney
(WHO, 2011). A parametric limit of 100 ugL~" has been
adopted in Europe and 80 ugL~" in the United States.

In a joint position statement, the Health Service
Executive (HSE) and the EPA echo the IARC'’s stance
on chlorinated drinking water, which states that
“chloroform and bromodichloromethane, two individual
THMSs, were classified as possibly carcinogenic to
humans (Group 2B carcinogen — inadequate evidence
of carcinogenicity in humans and sufficient evidence
of carcinogenicity in experimental animals)” (HSE

and EPA, 2011). Risk evaluation must be balanced
between disabling pathogens and creating harmful
by-products. The European Union (Drinking Water)
Regulations state that “any contamination from
disinfection by-products is kept as low as possible
without compromising the disinfection” (EU, 2014).

In Ireland, NOM is one of the main sources of
environmental pollution of drinking water supplies.
Concentrations of TTHMs exceeded 100 ugL,

the parametric value set by the Drinking Water
Regulations (S.I. 278 of 2007), in 13% of all PWSs
during 2012, where the figure for the public group
water schemes was 39.7% (EPA, 2013). The majority
of THM failures identified by the EPA were caused by
either the absence of adequate treatment to remove
organic matter or the presence of treatment that is
incapable of removing high levels of organic matter
(EPA, 2013). The highest TOC concentrations in raw
water have been identified downstream of forestry
catchments and lowland lakes (Ryan Hanley, 2012).

With numerous studies publishing results on DOC
concentrations across much of northern and north-
western Europe, process-based biogeochemical
models of DOC are required to understand and predict
the complex dynamics of organic carbon in soils and
surface waters (Evans et al., 2005; Palmer et al.,
2005; Futter et al., 2007). The Integrated Catchments
Model for Carbon (INCA-C) (Futter et al., 2007) was
the first model of DOC cycling to explicitly include the
effects of different land cover types, hydrological flow
paths, in-soil carbon biogeochemistry and surface
water processes on in-stream DOC concentrations.
Naden et al. (2010) combined the Generalised
Watershed Loading Function hydrological model with
a DOC model. Most DOC flux and modelling studies

have been carried out in the context of catchment
carbon balance and DOC concentrations, as opposed
to fractions and composition of NOM.

1.3.2  Bracken and ptaquiloside

There is increased recognition of and concern

about toxins occurring naturally in the environment.
Bracken fern is the fifth most common weed species

in the world. Bracken contains a diverse array of
phytochemical armaments, present as a large

number of potentially harmful substances, including
ptaquiloside, illudane and protoilludane glycosides
(Page, 2002). Bracken ferns are classified by the IARC
as “possibly carcinogenic to humans”. The majority

of research into bracken toxins has focused on
ptaquiloside (Ramwell et al., 2010). Human and animal
populations are exposed to ptaquiloside through
multiple routes (Vetter, 2009). Ptaquiloside — bracken’s
carcinogenic metabolite — is very soluble in water. It
has been reported that bracken’s contamination of
local water supplies and cow’s milk could cause gastric
cancer (Vetter, 2009).

The percentage of land covered by bracken is
reported to be trending upwards, with an average
annual increase estimated at 1% of total land mass

in the UK (Gil da Costa et al., 2012). The invasion

of bracken is anticipated to be more aggressive
considering that a ban on asulam, the mostly effective
herbicide in bracken control used in the EU, came into
effect in 2012 (Viney, 2012). In Ireland, percentage
bracken coverage and its historical trend has not
been researched or quantified. Holland and Alpin
(2012) presented a super-resolution image analysis
approach to monitoring bracken distributions in the UK
incorporating 4m IKONOS imagery and considering
temporal changes and hard classifications using

the freely available 30 m Landsat sensor imager
(Woodcock et al., 2008).

In the UK, existing ptaquiloside data is limited
(Ramwell et al., 2010) and there are no ptaquiloside
data available for Ireland. There are only two reports
quantifying ptaquiloside in UK bracken. Rasmussen
(2003a) reported levels of ptaquiloside of between
50ug g fronds and 5900 ugg-1 fronds (average value
of 1142 ug g~ fronds) throughout the growing season
in Scottish bracken. Smith et al. (1994) quantified

the ptaquiloside content of bracken and found that

the ptaquiloside content of British bracken was in the
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range of 447-1211ugg". There is limited empirical
knowledge relating to the quantity of ptaquiloside that
is available for leaching.

Rasmussen et al. (2003b) showed for the first time
that ptaquiloside can be found in the soil layers
beneath bracken stands, indicating that ptaquiloside
is transferred from bracken to the underlying soil from
where it may leach to surface- and groundwaters,
impairing the quality of drinking water. Rasmussen et
al. (2005) characterised the solubility, degradation and
retention of ptaquiloside, reporting that leaching to the
aqueous environment will be most extensive on sandy
soils, which have pH>4 and poor organic matter
content and are exposed to high precipitation rates
during cold seasons.

Clauson-Kaas et al. (2014) revealed unequivocally
the presence of ptaquiloside and its degradation
product pterosin B in groundwater and surface

water. While ptaquiloside is regarded as “possibly
carcinogenic to humans”, pterosin B is not believed to
be harmful. While concern has been raised about the
ptaquiloside content in bracken spores and exposure
via inhalation (Galpin et al., 1990; Alonso-Amelot and
Avendario, 2001; Tubridy, 2013), Rasmussen et al.
(2013) reported a considerably low abundance of
spores in breathing air under normal conditions and
recommended that this exposure route is secondary to
the milk and drinking water ingestion route.

Advances in testing methods have allowed the
detection of low concentrations of ptaquiloside

in groundwater and drinking water. In particular,

a combination of methodologies from Jensen et

al. (2008) and Fletcher et al. (2011) provides a
robust and successful method for the detection of
ptaquiloside and its degradation product pterosin B.
The liquid chromatography—mass spectrometry/
mass spectrometry (LC-MS/MS) method presented
by Jensen et al. (2008) allows quantification of
ptaquiloside and pterosin B in soil and groundwater
samples at environmentally relevant concentrations
and gives reliable identification because of the
structure-specific detection method. Fletcher et al.
(2011) showed that including a step that hydrolysises

the ptaquiloside to pterosin B is essential for
recoveries.

Furthermore, the gap in our knowledge of long-term
effects makes rational decisions with regard to
allowable levels of these substances a major problem.
Recently, Ramwell et al. (2010) carried out a desk
study to quantify the risk that ptaquiloside and other
bracken toxins may pose to the quality of drinking
water supplies in England and Wales using the PEARL
model to predict the concentration of ptaquiloside in
raw water. In Ireland, while bracken is included in the
Habitat Survey Guidelines (Smith et al., 2011), limited
abundance data exist and empirical knowledge is
needed to quantify ptaquiloside and related bracken
toxins in Irish surface- and groundwaters.

Ramwell et al. (2015) undertook a monitoring
programme in eight water supplies in England and
Wales (four private supplies and four public supplies).
The catchments were selected based on the findings
of a preliminary high-risk catchment study (Ramwell
et al., 2010). The key findings of the monitoring
programme were that there was no positive detection
of ptaquiloside in any of the PWSs, although they
had been identified as potentially high risk because
of the dense bracken coverage in the catchment, the
proximity of the bracken to the abstraction point and
the pH of the water; ptaquiloside was expected to be
stable because the water was in the range of pH4 to
<8. Similarly, no positive ptaquiloside detections were
identified at any of the four private water supplies,
although they had also been identified as high risk
because of the aforementioned factors and because
of the absence of any water treatment. Ptaquiloside
was detected in a feeder stream to a reservoir at one
of the study sites; the maximum concentration per
rain event was <0.05-0.35 ugL™" in three episodic
rain events sampled in the autumn period. The
presence of ptaquiloside in the small feeder stream,
albeit absent in the raw water of the reservoir, was
reported to demonstrate that in-stream dynamics,
storage conditions and dilution may be important
factors to consider in the absence of ptaquiloside in
the reservoir.



2 High-risk NOM Catchment Maps

2.1 Approach

A desk study was carried out investigating the drivers
of TTHM exceedances using routinely collected
monitoring data for the period 2006 to 2013.
Geographical information system (GIS) coordinates
for the abstraction sources were obtained and further
GIS datasets included soil data from the National
Soil Dataset (from the EPA); the Derived Irish Peat
Map (DIPM) (Connolly and Holden, 2009); long-term
rainfall averages (LTAs) for Ireland (Walsh, 2012);
the Digital Elevation Map for Ireland (from the EPA);
and Irish Rivers and Lakes Segments (from the EPA).
Groundwater vulnerability, derived by combining the
two GIS layers of subsoil thickness and permeability,
plus karst features where present, was obtained from
www.gsi.ie (Misstear et al., 2009; Hunter Williams et
al., 2013).

Four THMs — chloroform (CHCI,), bromodichloro-
methane (CHBr,Cl), dibrochloromethane (CHBrCl,)
and bromoform (CHBr,) — were routinely measured

in water samples taken from randomly selected

taps in each water scheme by Irish local authorities
or water suppliers in each county. The sum of the
concentrations of the four individual THMs is the TTHM
concentration. Only TTHM data were available for this
study. The statutory limit for TTHMs for drinking water
in Ireland is 100 ugL-" (EU, 2014). Water schemes
differ by area, population size and volume of water
supplied. Not all schemes are accounted for in the
final dataset owing to lack of abstraction information.
Repeated measurements from each scheme were
averaged between and within years. Only schemes
for which the water source did not change over the
study period were included. For statistical analysis
this left 684 water schemes serving 1,062,700.91 m?
of water daily to a population of 2,289,539 (Figure
2.1). Of these, 270 schemes abstracted from surface
water (serving 1,777,888) and 414 from groundwater
(serving 511,651). The number of samples taken per
scheme is determined by the amount of water provided
and the size of the population served, in accordance
with the European (Drinking Water) Regulations (EU,
2014). There are four supply types in Ireland, which
for the purposes of this study were combined to form

two levels: (1) private group water schemes (PGWSs)
and private schemes form the level PRI; and (2) public
group water schemes and PWSs form the level PUB.

2.1.1 High-risk catchment maps

The high-risk catchment maps were created by
integrating geo-located data from three layers, which
detailed information about presence of peat, yearly
average rainfall and slope.

1. Extracted peat areas were combined with the
rainfall layer to identify the peat areas with annual
average rainfall greater than 1400 mm.

2. Mean slope has been reported to be a strong
(and negative) determinant of DOC in high-NOM
riverine systems (Cool et al., 2014; Parry et
al., 2015). Defra (2005) classifies >5.25% as
moderate to high slope and catchments with slope
<5.25% were considered higher risk.

3. Schemes abstracting water from groundwater
vulnerability classes extreme (E) and high (H),
located in peat areas with annual average rainfall
greater than 1400 mm and slope <5.25% were
considered high risk.

2.1.2  Statistical analysis

Further layers used in the statistical analysis were
generated using the “tabulate intersection” tool in
ArcGIS. The sub-catchment of each abstraction point
was used to calculate the percentage area upstream
of the abstraction point (Table 2.1). A general linear
mixed model (GLMM) was fitted to study the effects
on the response average TTHM of certain explanatory
or input variables and possible interaction effects
among these. As the number of observations was

not the same for all schemes and as the variance of

a sample mean depends on the sample size used,
care must be taken to account for the heterogeneity of
variance of the response for the various combinations
of input variables used in the experiment; typically,
this is achieved by using a weighted least squares
analysis (e.g. with weights inversely proportional to the
variances).
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Figure 2.1. Map of Irish water schemes with the catchment boundaries used in the statistical analysis.

Table 2.1. Variables used to identify the drivers of
TTHM concentrations

TTHM (pg L) EPA
Treatment code 1 —no NOM treatment

2 — treatment with some degree of
NOM removal

Vulnerability Surface water?
High vulnerability (E and H)?
Low vulnerability (M and L)?

Peat (%) DIPMP

Forest (%) CLC12°

Upland (%) Land >150 m¢

Avrtificial surfaces (%) CLC12°

Arable land (%) CLC12¢

Crops (%) CLC12°

Pastures (%) CLC12°

Heterogeneous (%) CLC12¢

aLee et al. (2008) and Hunter Williams et al. (2013).
bConnolly et al. (2009).

‘Lydon and Smith (2014).

4Perrin et al. (2014).

CLC12, Corine Land Cover Class 12.

Residual diagnostics were conducted to examine

any violations of assumptions underlying the linear
model that are needed to justify the analysis. These
assumptions include the linearity of the model
(relating the response to the explanatory variables),
the normality of the response at each combination

of values of the input variables, the homogeneity of
variances of these responses and the independence
of the responses. While normality was not crucial in
the present study because of the reasonably large
sample size available (n=684), where other violations
occurred, transformations of the response were
conducted in addition to the possible weighting alluded
to above.

The choice of transformations of average TTHM
applied were guided by a Box—Cox procedure.
Statistical analyses were conducted with IBM SPSS
Statistics v22.0 software (IBM Corp., 2013) and
Minitab 17 Statistical Software (2010), and graphical
representations were conducted in R (R Core Team,
2008).

At each stage of the model-fitting process diagnostics
were performed on the adequacy of the fitted model.
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Addressing violations of assumptions, along with
large variance inflation factors (VIFs) caused by high
correlation among many pairs of input variables,
while endeavouring to produce a parsimonious
model, resulted in many competing fitted models.
These models varied according to the input variables
included, and differed according to a number of criteria
commonly used to assess the appropriateness of a
model and to compare various competing models.
The choice of variables to include in a model was
initially guided by best subset regression followed by
various stepwise regression routines. Criteria for the
evaluation of the resulting model included a variety

of residual plots (including a plot of residuals versus
fitted values for each potential model), statistical tests
including a test of homogeneity of variances, and
various criteria such as R?, R? adjusted for degrees of
freedom (R*-adj), R? predicted (R?*-pred), Mallow’s C ,
VIFs and p-values associated with each input variable
included in the model.

A GLMM allowed the response to be modelled as a
function of covariates along with fixed and random
factors. In this study, most river basins in Ireland were
sampled and “Basin” was not included as a random
factor directly because of loss of degrees of freedom.
It was not our objective to compare basins, only to
adjust the analysis for possible within-basin correlation
period.

2.2 Findings

2.2.1 High-risk catchment maps

The results of the high-risk catchment exercise
demonstrated that surface water and groundwater
drinking water sources most at risk of TTHM
exceedances occur on the west coast of Ireland
(Figure 2.2). In Ireland, peat soils cover 20% of the
national land area (Connolly and Holden, 2009) and
contain more than 75% of the national soil organic

Figure 2.2. Surface water and groundwater sources in peat areas with slope <5.25% (O’Driscoll et al.,

2017a).
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carbon (SOC). The association between peat soils
and TTHMs, as highlighted by the high-risk catchment
maps, is in agreement with the general consensus that
water draining upland catchments with organic-rich
soils receive large quantities of NOM (Mitchell, 1991).

When the TTHM results were overlaid on top of this
high-risk catchment map, a correspondence between
TTHM results and the high-risk catchments was
observed (Figure 2.3).

This output suggests that this desk-based GIS
approach can be used to indicate the spatiality of
TTHM exceedances. Some select areas, i.e. the
south-east and the mid-north-west, were highlighted
by the TTHM map and showed no correspondence
with the high-risk catchment map. This highlights to

a degree that, while rainfall and peat are important
contributory factors in explaining higher national TTHM

values, variables other than those selected for the
high-risk categories are driving TTHM concentrations.

2.2.2  Statistical analysis

A total of 684 schemes were included in the statistical
analysis. The average TTHM concentration was
32.66+35.74 ugL-". Taking all possible input variables
into consideration, the chosen fitted model included
main effects of Peat_perc, Pastures_perc, Treatment
type (Treatment 1 and 2), Vulnerability (set at High,
Low and Surface water) and interaction terms
Peat*Pastures_perc, Pastures*Forest_perc and Peat_
perc*Treatment type. This model is shown in Table

2.2 and, for clarity, gives the fit separately for each
combination of the Treatment type and Vulnerability.
This model explained 62.9% of the variation in the data
(R?), with only slight deviations for R?-adj (62.42%) and

Figure 2.3. Surface water and groundwater sources in peat areas with slope <5.25% and annual average
rainfall >1400 mm and with corresponding TTHM concentrations overlaid (O’Driscoll et al., 2017a).
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Table 2.2. Model of TTHM concentration (ugL-") for each level of treatment (p-values associated with each
coefficient in the model are significant at the 5% level of significance)

Factor combinations  Equation

Treatment 1 and High
vulnerability

Treatment 1 and Low
vulnerability

Treatment 1 and
Surface water

Treatment 2 and High
vulnerability

Treatment 2 and Low
vulnerability

Treatment 2 and
Surface Water

(a)

200

150
|
o
co o o

THM pg -1
100

50

E@O@OITC OO QOO O

Treatment code

TTHM, ,=1.4575+0.001956 x Peat_perc—0.001193 x Pastures_perc+0.000055 x Peat_perc*Pastures_
perc—0.000103 x Pastures_perc*Forest_perc

TTHM, ,=1.4931+0.001956 x Peat_perc—0.001193 x Pastures_perc+0.000055 x Peat_perc*Pastures_
perc—0.000103 x Pastures_perc*Forest_perc

TTHM, ,=1.9740+0.001956 x Peat_perc—0.001193 x Pastures_perc+0.000055 x Peat_perc*Pastures_
perc—0.000103 x Pastures_perc*Forest_perc

TTHM, ,=1.7766—-0.000332 x Peat_perc—0.001193 x Pastures_perc+0.000055 x Peat_perc*Pastures_
perc—0.000103 x Pastures_perc*Forest_perc

TTHM, ,=1.8122-0.000332 x Peat_perc—0.001193 x Pastures_perc+0.000055 x Peat_perc*Pastures_
perc—0.000103 x Pastures_perc*Forest_perc

TTHM, ,=2.2931-0.000332 x Peat_perc—0.001193 x Pastures_perc+0.000055 x Peat_perc*Pastures_
perc—0.000103 x Pastures_perc*Forest_perc

(b)

100 150 200
- {o@@oo o o o

I+(n: o @o® O oo
— }»I«‘ooo @ac @ o

THM pg -1

50

High Surface_Water

,,
o
=
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Figure 2.4. Comparison of average THM concentrations (ug L") at each level of (a) treatment code (level 1
— absence of adequate treatment to remove organic matter; level 2 — treatment with some degree of NOM
removal) and (b) vulnerability (high, low and surface water) before the effects of other variables were

removed.

R?-pred (61.72%). Mallow’s C_ (7.6) was very close
to the number of included variables in the model (i.e.
seven variables).

Treatment type was highly significant in explaining
variation in the data. Four hundred schemes had
treatment plants that could be defined by “absence of
treatment to remove organic matter” (Treatment code —
level 1) and 284 schemes were defined by “treatment
with some degree of NOM removal” (Treatment

code — level 2). Treatment 2 gave significantly higher
average TTHMs than Treatment 1, suggesting that a
greater proportion of schemes have treatment, but the
designs did not consider the quantity or character of

12

NOM in the raw water (Figure 2.4a). Two hundred and
seventy schemes abstracted water from surface water,
296 from groundwater with High vulnerability and 118
from groundwater with Low vulnerability. Schemes with
surface water sources had significantly higher average
TTHM concentrations than schemes with High or Low
vulnerability sources (Figure 2.4b). Surface water is
susceptible to runoff from land management activities
with typically higher NOM and consequently higher
TTHM concentrations than groundwater (Keegan et
al., 2001).

Statistical analysis showed that Peat_per cent in
the catchment above the abstraction point was a
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strong (and positive) determinant of average TTHMs
at Treatment code level 1. These water supplies
essentially chlorinate abstracted water for disinfection
purposes. Numerous studies have demonstrated

that DOC concentrations are positively correlated
with the size of the soil carbon pool and are highest
in organic soil pore waters and freshwaters draining
wetlands and peatlands, especially where runoff is
low (Eckhardt and Moore, 1990; Evans et al., 2005).
Kothawala et al. (2015) showed that land cover alone
explained 49% of the variability in dissolved organic
matter (DOM) composition in comparison with 8%
seasonal fluctuations in a study in north-central
Sweden. POC exports from peatlands are considered
small, but exceptions occur in areas with steep
topography, high precipitation and bare peat (Worrall
et al., 2011; Evans et al., 2016). DOC is a measure
of individual organic compounds in the dissolved
state and is chemically more reactive than POC. In
general POC represents a minor fraction (<10%) of
TOC (Thurman, 1985). In agreement with Liu et al.
(2014) the variable Forest did not show any significant
effects; however, historically forests in Ireland were for
the most part planted on peat (44% of all state-owned
forestry).

Pastures_per cent was shown to be a strong (and
negative) determinant of average TTHMs for all
combinations of treatment type and vulnerability
(Table 2.2). Well-drained soils have been shown to be
negatively related to DOC concentrations (Liu et al.,
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2014). Aitkenhead-Peterson et al. (2007) observed
that spring DOC export was negatively correlated
with both the percentage cover of arable land and

the sum of improved and rough grass in stream
catchments in Scotland. Similarly, the interaction term
Pastures_perc x Forest_perc was also shown to be a
negative (and weak) determinant of average TTHMs
for all combinations of treatment type and vulnerability
(Table 2.2). In Ireland, 90% of forests were planted
during the late 20th century and sites were cultivated
by ploughing (O’Driscoll et al., 2014), thus increasing
the rate of runoff and reducing the potential for DOC
leaching.

The interaction Peat_per cent x Pastures_perc

was a positive (and weak) determinant of average
TTHMs for all combinations of treatment type and
vulnerability (Table 2.2). This finding highlights the
importance of agricultural catchments in considering
sources of NOM. Land disposal is the primary and
traditional method of recycling animal manures.
Manure spreading can produce an excess of nitrate
and phosphate (Jardé et al., 2007), and nitrogen
enrichment is a likely mechanism for increased
autochthonous activity in agricultural streams (Wilson
and Xenopoulos, 2009), ultimately contaminating
receiving waters. Intensification of agricultural
practices to meet government food production goals
has led to an over-application of animal manures to
soils (Wilson and Xenopoulos, 2009).



3 NOM Case Studies

3.1 Overview

Three study sites were selected using a multi-criteria
approach to further examine TTHM exceedances

in schemes that had some level of NOM removal
(treatment level 2 as opposed to treatment level 1,
where the raw water received no pre-treatment and
was disinfected only). The selection of catchments
aimed to cover the range of geological, climate,
geology, land use and pressures, accessibility,
availability of data, existing instrumentation and any

prior research undertaken in the catchments. The final
schemes selected included two water treatment plants

(WTPs) from PWSs in Counties Louth and Galway
and a PGWS in County Mayo.
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Figure 3.1. Sampling locations for Galway PWS.
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3.1.1  Study sites

Galway PWS

A PWS abstracting from a spring source was chosen
as it is located in a vulnerable karst area with a
history of TTHM exceedances (Figure 3.1). The
zone of contribution (ZoC) for this source had been
mapped as part of a desk study, although cautions
were highlighted (EPA, 2011). In order to estimate

a potential ZoC a staff gauge was installed at the
sister spring in December 2014. A rating curve was
developed using spot flow measurements at a range
of flows. This exercise established that, while the
PWS spring had a discharge of ~600 m®per day, the
sister spring adjacent to the abstraction spring had a
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discharge of ~19,000 m®per day. Using topography,
nutrient and metal concentrations and the integration
of recharge coefficients, a reasonable and justifiable
catchment size was estimated to be ~24 km?. Water
samples were collected at five locations within a 4 km?
vicinity of the spring: a wetland, a turlough, a small
stream, a sister spring and the outlet of a sewage
treatment plant. Water samples were also taken from
different points along the treatment process and at
eight locations along the distribution network (raw, post
ozone and post GAC), before and after both reservoirs
and at four of the network extremities (Figure 3.1).
The treatment train consisted of ozonation, GAC, UV
and chlorination. The GAC, which was installed in late
2011, had never been replaced or reconditioned.

Mayo PGWS

A PGWS abstracting from a lowland lake was
chosen, as it has a combination of peat presence
and agricultural land use in the catchment and has
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Figure 3.2. Sampling locations for Mayo PGWS (top
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a history of TTHM exceedances. Treatment is by
ultrafiltration membranes followed by chlorination.
Samples were collected from nine locations in the
catchment and three points along the treatment train
(i.e. raw water, treated water and one location in the
network) (Figure 3.2). The catchment is approximately
17 km? in size with approximately 80% agricultural land
and 14% peatland. Annual rainfall is typically 1300 mm.

Louth PWS

A PWS abstracting from a low-lying river was chosen,
as it has multiple pressures, i.e. peat extraction,
municipal WTPs and intensive agriculture. This supply
also has a history of TTHM exceedances. Treatment
is by alum sulfate coagulation, clarifiers, rapid gravity
filter and chlorination. Samples were collected from 12
locations in the catchment and four points along the
treatment train (i.e. raw water, settled water following
clarification, treated water and at one location further
down the network) (Figure 3.2). The catchment

Legend

@ Stations

— Kells_Blackwater

—— Boyne_main
Rivers

[ Lakes

[ Ireland

20
L
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is approximately 2480km? in size with about 80%
agricultural land and 6% peatland. Annual rainfall is
typically 800 mm.

3.1.2  Sampling and analyses

Samples were collected in pre-labelled, sterilised
polypropylene bottles and kept cold and in the dark
during overnight delivery to the National University of
Ireland, Galway, where they were analysed within 72
hours or filtered through 0.2 um sterilised syringe filters
and stored at —20°C until further analysis. Subsamples
taken in glass vials with septa lids and sodium
thiosulfate, and were sent to an external accredited
laboratory (CLS Connemara, Galway, Ireland) for
analysis of THMs. Each of the water samples was
analysed using fluorescence spectroscopy, UV
absorbance spectroscopy, soluble reactive phosphorus
(SRP), total nitrogen (TN) and DOC analysis as
follows: DOC and TN concentrations were determined
using a TOC Analyser (BioTector Analytical Systems
Ltd, Cork, Ireland). UV absorption data were obtained
for UVA,., absorbance measured using a UV-visible
spectrophotometer (Cary 50, Agilent Technologies)
using a quartz sample cell with a path length of 10 mm.
SRP was measured using a Konelab 20 Analyser
(Konelab Ltd, Finland). Major cation and trace metal
analyses were performed using inductively coupled
plasma mass spectrometry (ICP-MS) (PerkinElmer
ELAN DRCe, Waltham, USA) in a Class 1000 (ISO
Class 6) cleanroom in the Chemical Monitoring Facility
at the National University of Ireland, Galway.

Principal components analysis (PCA) was used

to investigate the relationships between the
hydrochemical indicators. PCA is a method of data
reduction. It attempts to replace the original variables
(typically standardised, see Reimann et al., 2008) with
a smaller set of principal components (PCs), each of
which is a linear combination of the original variables.
These PCs are constructed to have decreasing
variance, to be mutually orthogonal and to be such
that the sum of their variances is equal to the sum of
the variances of the original variables. The sample
PCs extracted are estimates of the corresponding
population PCs. The relationship of the variables with
a given direction of maximum variance (i.e. a PC) can
be visualised with a biplot. The length of the arrows
represents the variability explained in two PCs and the
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angle between two arrays indicates their correlation
(Reimann et al., 2008). PCA was conducted with IBM
SPSS Statistics v22.0 software (IBM Corporation,
2013) and graphical representation was performed
using CANOCO 4.1 (ter Braak and Smilauer, 1998).

F-EEMs were obtained using a 1-cm path length
quartz cuvette (Starna, Australia) and a Horiba
Aqualog (Kyoto, Japan). A 0.1s integration time was
used during the measurement of emission at 200—
625nm and excitation at 240-600nm. The CCD gain
was set to medium. Inner filter effects (IFE) and first-
and second-order Rayleigh scattering were removed
using the included Aqualog software (v3.6.10) . The
area of the Raman peak (350 nm excitation) was used
to normalise the fluorescence intensity of all spectra,
which are expressed in Raman units (RU) (Lawaetz
and Stedmon, 2009; Murphy et al., 2010).

PARAFAC modelling

Analysis of the spectra was carried out using the
drEEM toolbox (Murphy et al., 2013) for MATLAB
(Mathworks) software for PARAFAC. The methodology
presented by Murphy et al. (2013) was followed

to determine an adequate PARAFAC model. The
processed data (blank subtraction, Rayleigh and
Raman scatter regions removed, Raman normalisation
and IFE corrections) were imported into MATLAB.
Regions were smoothed using the drEEM interpolation
functions. The fluorescence signals were then
normalised to reduce the leverage of extreme values
for the purposes of developing a PARAFAC model

and the normalisation process was reversed after
validation. To establish a robust PARAFAC model,
several samples were identified as outliers through
observation of sample leverages on the model. The
validity of the PARAFAC model was established
through several approaches. Spectral loadings of the
components were observed to conform to general
guidelines of how organic fluorophore signals appear
(e.g. only one emission peak and no abrupt changes
in loadings with wavelength). Residuals, calculated as
the difference between the modelled and measured
spectra, were generally random with few minor peaks.
Split-half validation was also carried out based on a
randomised split of the dataset into six equal parts

to form three unique comparisons of dataset halves.
For each unique half (combination of two splits), an
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independent PARAFAC model was developed and

the components were found to be identical for all
combinations as well as for the overall model. Finally
comparison of the resulting PARAFAC components
with the OpenFluor database (Murphy et al., 2014)
also provides some indication of model validity. After
reversal of the fluorescence normalisation, results from
the model were reported as F__ values in RU.

3.2  Findings

3.2.1 Galway PWS

Meteorological observations

The mean air temperature from a nearby Met Eireann
weather station (circa 12km south of the study site)
was 8.7°C during the study period, varying from a daily
minimum of 1.1°C to a daily maximum of 18.5°C.

Average monthly precipitation was 100 mm with two
extremely dry months observed in September 2014
and June 2015 and one extremely wet month in
December 2015 (Figure 3.3). The number of wet days
[> 1 mm of precipitation/day (Hundecha and Bardossy,
2005)] recorded over the study period was 342
(1/8/2014 to 30/4/2016; 689 days) and the mean daily
precipitation was 3.3 mm (Figure 3.3).

Raw water observations

Mean estimated stream discharge over the
observation period (12/11/2014 to 22/07/2015) was
20,559 m3per day, with a minimum of 11,163 m3per

Total Precipitation (mm)

day and a maximum of 34,497 m®per day (Figure 3.4).
The maximum change in recorded water level over the
observation period was ~100 mm throughout the winter
and 50 mm throughout the summer.

DOC concentrations in the raw water varied between
3.84mgL"and 11.40mgL~"with an average of
5.95mgL~" (Figure 3.5). In general a seasonal

trend could be observed, with DOC concentrations
increasing by 2mgL~" from summer to winter with the
exception of July and August 2015. The highest DOC
concentrations were observed in July and August
2015 following the drought period in June 2015.

DOC concentrations plotted against temperature
showed no correlation. DOC concentrations plotted
against precipitation gave a strong positive correlation
(R?=0.7611).

DOC concentrations from around the potential
catchment varied. The wetland site showed the highest
concentrations (max. 20.46 mgL-" in September 2015)
and the raw water site had the lowest concentrations
overall (Figure 3.6). There was temporal variation at
sites also between sampling occasions demonstrated
by the high standard deviations at the wetland and
tributary sites (Figure 3.6).

The metals analysed in this study were Ca, K, Mg,
Na, Si, Sr, Al, As, B, Ba, Cd, Co, Cr, Cu, Fe, Mn, Mo,
Nb, Ni, Pb, Sb, Se, Sn, Ti, V and Zn (Table 3.1). All
concentrations detected in the water samples were
lower than the World Health Organization (WHO)
permissible limits. PCA ordination results showed that
62.4% of water chemistry variance was explained
(21.4% on axis 1, with a further 17.4% explained on

Temperature (°C)

Figure 3.3. Precipitation (y-axis) and temperature (z-axis). Mean temperature, continuous black line;
maximum temperature, dotted line; and minimum temperature, dashed line.
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Figure 3.4. Discharge and precipitation.

Figure 3.5. Raw water DOC for the study duration.
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Figure 3.6. Average DOC across all months. WWTP, wastewater treatment plant.
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Table 3.1. Concentrations of metals during study duration (*mgL-"'; **ugL")

TIC*
Turlough 46.2 7.30 0.72 0.1646
Wetland 36.0 12.2 0.69 0.3798
Tributary 67.4 10.2 1.38 0.3674
Sister spring 65.1 6.68 1.28 0.2144
WWTP 56.4 8.64 5.08 0.1913
Raw 65.3 5.95 1.62 0.2040

NG As** B* Ba**
Turlough 0.0741 0.0051 0.1071 0.0739
Wetland 0.0593 0.0047 0.0672 0.0731
Tributary 0.0850 0.0040 0.0649 0.0490
Sister spring 0.0707 0.0068 0.1206 0.0911
WWTP 0.0412 0.0046 0.1183 0.0286
Raw 0.0817 0.0070 0.1167 0.0814

Mo** Nb** Ni** Pb**
Turlough 0.0064 0.0005 0.0352 0.0007
Wetland 0.0049 0.0004 0.0227 0.0004
Tributary 0.0031 0.0002 0.0261 0.0004
Sister spring 0.0074 0.0004 0.0459 0.0008
WWTP 0.0058 0.0004 0.0195 0.0005
Raw 0.0065 0.0004 0.0467 0.0013

WWTP, wastewater treatment plant.

axis 2, 13.8% on axis 3 and 9.8% on axis 4) (Figure
3.7).

There are three main groupings of samples, the first at
the top of the graph (dominated by wetland samples),
the second on the left hand side (dominated by raw
water, turlough and sister spring samples) and the
third on the right hand side of the graph (dominated by
the WTP samples), indicating that the qualities of the
raw and sister spring water samples are most similar
to those of the turlough samples, with lower DOC. In
lowland karst regions underground water flow occurs
through the epikarst and consequently discharges

to springs, turloughs and streams and, as a result,
surface and underground flow systems are highly
connected (Hickey, 2009). As can be seen from the
PCA biplot, the first PC (x-axis) is determined by DOC,
Ba, Mn, Si and Mg. On the other hand, the second

PC axis (y-axis) is determined by Ca and Mg, which
have an internal origin (bedrock dissolution) and by
elements related to anthropogenic activities such as
Na and Se, which mostly have external origins. With
regard to the sites, the raw water is most similar to the

0.816 0.019 0.065 0.080 0.016 0.004
0.765 0.048 0.046 0.117 0.021 0.004
0.851 0.021 0.037 0.075 0.014 0.003
0.841 0.020 0.049 0.073 0.014 0.003
0.626 0.062 0.036 0.255 0.017 0.003
0.832 0.020 0.050 0.081 0.014 0.003
Ccd* Co** Cr* Cu* Fe** Mn**
0.0004 0.0018 0.0011 0.0105 0.3483 0.2264
0.0002 0.0012 0.0015 0.0129 0.2510 0.4047
0.0002 0.0015 0.0015 0.0056 0.5311 0.1856
0.0003 0.0020 0.0019 0.0113 0.4766 0.1017
0.0001 0.0012 0.0009 0.0148 0.3497 0.1979
0.0003 0.0019 0.0034 0.0187 0.4707 0.0625
Sh** Se** Sn** Ti** Vr* Zn**
0.0003 0.0020 0.0058 0.0040 0.0024 0.0941
0.0005 0.0015 0.0105 0.0047 0.0042 0.0744
0.0002 0.0017 0.0037 0.0032 0.0032 0.0298
0.0004 0.0023 0.0049 0.0045 0.0033 0.0470
0.0008 0.0014 0.0035 0.0243 0.0028 0.1837
0.0004 0.0024 0.0047 0.0047 0.0034 0.0851

adjacent sister spring and the turlough except for on
three occasions following high rainfall when all sites
become quite similar as the water table rose and land
became flooded.

Fluorescence analysis

Exploratory analysis highlighted outliers, which were
removed from the dataset in order to facilitate the
modelling process and the model validation using the
split-half method; otherwise, the dataset would need
to contain a sufficient number of the unique samples,
which are evenly divided between the split halves.

An outlier contained either instrument error or was for
some reason very different from the others. PARAFAC
was applied to a dataset of 203, encompassing 15
sampling dates and 17 sampling locations (five in

the potential ZoC, three along the treatment process
train and nine along the distribution network). A four-
component model (C1-C4) was established based on
several diagnostic criteria and random split validation.
The loading values for the four components are shown
in Figure 3.8.
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Figure 3.7. PCA ordinations of chemicals. WWTP, wastewater treatment plant.

Figure 3.8. Loading values for the three PARAFAC components with excitation (nm) on the x-axis and

emission (nm) on the y-axis.

Derived fluorescent components were cross-
referenced with the OpenFluor database (Murphy
et al., 2014), which provided context for the
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similarities between these organic fluorophores
and those reported globally from other studies. A
total of 42 studies were found with at least one of
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the three derived components with a high similarity
score (>0.95) (Table 3.2). According to previous
classifications, C1 consisted of humic-like terrestrial
organic matter, ubiquitous to freshwater, composed
of high molecular weight and aromatic organic
compounds; C2 consisted of humic-like, terrestrially
delivered reprocessed organic matter; C3 consisted
of humic-like terrestrially delivered organic matter;
and C4 consisted of protein-like microbially delivered
organic matter.

All four components are commonly reported in surface
and treated water (Shutova et al., 2014). In all source
water, C1 and C2 had higher fluorescence intensities
than C3 and C4 (Figure 3.9). All sites exhibited
contrasting organic matter. Specifically, the turlough
samples showed the highest variability of C1 and C2
(0.99+0.28RU and 0.97 £0.19RU, respectively) in
contrast to the raw water samples, which tended to
be stable for all components (Figure 3.9). The two
surface-water-fed sources (i.e. the wetland and the
tributary sources) had greater median values of C1

and lower median values of C2 compared with the four
groundwater sampling locations, which had similar
medians for C1 and C2 (Figure 3.9).

Treatment: DOC, UVA,,, and SUVA

Raw water DOC concentrations ranged between
3.84mgL~" and 11.40mgL-" with an average of
5.95mgL~" (Figure 3.10).

Water samples taken after the GAC filter had DOC
concentrations of between 3.30mgL-" and 10.37 mgL""
with an average of 5.39 mgL-". Removal by the GAC
varied between 2.6 mgL~" and 0.19mgL~" with a

mean removal of 0.56 mgL~". On three occasions

the GAC water had higher DOC than the raw water
samples, illustrating that the GAC filter itself was a
source of NOM of up to 1.51mgL~" DOC. A seasonal
trend can be observed, with low DOC concentrations
observed in August and September 2014 and higher
concentrations in the late autumn to winter period.
However, July and August 2015 had exceptionally high

Table 3.2. Identities and related references for similar components using the OpenFluor database

Score? Component identity

Component 1

References

1 Humic-like terrestrial delivered
0.99 Terrestrial humic-like OM

0.99 Humic-like fluorescence

0.99 Humic-like fluorescence

0.98 Terrestrial humic-like

Shutova et al., 2014
Walker et al., 2009
Catala et al., 2015.
Murphy et al., 2006
Lambert et al., 2016

Component 2

0.99 Humic-like, terrestrial delivered reprocessed OM Shutova et al., 2014
0.99 Terrestrial humic-like Stedmon et al., 2007
0.99 Terrestrial humic-like Lambert et al., 2016
0.98 Terrestrial humic-like Cawley et al., 2012

0.98 Terrestrial humic-like Williams et al., 2013
0.95 Humic-like terrestrial delivered Shutova et al., 2014

Component 3
0.97 Protein-like — microbial delivered

Component 4

Shutova et al., 2014

0.96 Protein-like — microbial delivered
0.96 Protein-like

0.96 Autochthonous DOM

0.96 Protein-like

Walker et al., 2013
Cawley et al., 2012
Kowalczuk et al., 2009
Williams et al., 2013

2A total of 70 studies were found with at least one component with >0.95 similarity score. The top five highest similarity

scores are shown where available.
OM, organic matter.
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DOC, which was not in line with the seasonal trend
and was owing to high rainfall after a drought period
(Figure 3.3).

Raw water UVA,,, values ranged between 0.0567 cm™'
and 0.4756 cm™" with an average of 0.1995cm".
Post-ozone water had UVA,,, values of 0.0340cm™
and 0.3861 cm~" with an average of 0.1333cm™".
Following GAC filtration, UVA,,,
between 0.0264 cm~' and 0.2654 cm~" with an average
of 0.0987 cm~'. Reduction in UVA,,, value by the
ozone treatment ranged between 0.0040cm~" and
0.1486 cm~" with an average of 0.0662cm™". Further
reduction was observed with the GAC filter with an
average of 0.0461 cm~" except for three occasions
when an increase in UVA,,, was observed (August and
December 2014 and February 2015) (Figure 3.11).

values ranged

The average SUVA for raw water was 3.2Lmg"'m~", an
indication of NOM of moderate aromaticity, while that
of finished water was 1.8Lmg~"'m~", which is typical of
NOM with low aromaticity (SUVA <2Lmg'm). On
five occasions SUVA was greater than 2Lmg~"'m,
indicating that the higher/intermediate NOM was not
removed on these occasions.

Treatment: PARAFAC components

F_.. was higher for terrestrial and ubiquitous humic-like
component C1 in the raw water followed by C2, C3
and C4. Samples taken after ozone treatment had

similar values of C1 and C2 (humic-like, terrestrially
delivered reprocessed organic matter). Samples taken
after the GAC filter had slightly higher values for C2
than for C1, C3 or C4 (Figure 3.12).

To evaluate the effect of water treatment on the
fluorescence characteristics of NOM, the percentage
reduction of F__ across each treatment process was
calculated (Figure 3.13). Ozone reduced C1 by an
average of 69% (+7%) across all sampling occasions.
C2, C3 and C4 were reduced by 64% (+11%), 64%
(£8%) and 46% (x17%), respectively. The GAC filter
increased C1 by an average of -4% (+96%), C2 by
—61% (£172%), C3 by —4% (x80%) and C4 by 41%
(£56%).

Distribution network: DOC, UVA, ., SUVA
and THMs

The average DOC concentration in the distribution
network was 5.59+1.76 mgL~". Average UVA,,, values
ranged between 0.0519cm" and 0.2654 cm~" with an
average of 0.0972cm™'. SUVA values ranged between
0.84Lmg"m~" and 2.87Lmg~"m~" with an average of
1.7Lmg"'m~". C2 had higher fluorescence intensities
than C1, C3 and C4 in the distribution network (Figure
3.14). Average free and total chorine concentrations
were 0.98mgL~"and 1.22mgL"".

TTHM concentrations ranged between 22.4 ugL~"
and 251 ugL-" with an average concentration of
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Figure 3.11. UVA,, values for the raw, post-ozone and post-GAC water samples.
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109 ugL-". Chloroform was the most prominent
THM (average ~72%) across all samples taken,
followed by bromodichloromethane (~20%),

dibromochloromethane (~6%) and bromoform (<1%).

Average TTHMSs across the distribution network

displayed similar temporal changes as DOC with

ambient temperature and local rainfall.

24

It was observed while speaking to customers whose
taps were being sampled over the duration of the
study period in the distribution network that there was
a lack of public awareness of the TTHM exceedances
for the supply.

Spearman'’s correlation coefficients were
calculated to assess how well the relationship
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Figure 3.14. F___concentrations of the four components in the distribution network.

Table 3.3. Spearman’s rank correlation coefficients between DOC concentrations, UVA,,, absorbance,
SUVA, total nitrogen, chloroform (CHCI,), bromoform (CHBr,), bromodichloromethane (CHBr,Cl),
dibromochloromethane (CHBrCl,), TTHMs and PARAFAC component scores.

DOC UVA,, SUVA C1 C2 C3 C4 TN CHCI, CHBr, CHBr,Cl CHBrCl, TTHMs

DOC 1 0.722 0.722  0.49* 0.672 -0.532

UVA,,, 1 0.62° 0.82° 0.56° 0.69° 0.52*  0.64° —-0.522 0.612
SUVA 1 0.482

C1 1 0.56* 0.77° 0.572 -0.65° 0.562
c2 1 0.532 —-0.49° 0.492
C3 1 0.522 —0.49°

C4 1

TN 1 0.622 0.632
CHCI, 1 0.622 0.932
CHBr, 1

CHBr,Cl 1

CHBrCl, 1 0.712
TTHMs 1

aCorrelations are significant, p<0.05.

between two variables could be described. All 3.2.2  Louth PWS and Mayo PGWS
samples post treatment and from the distribution
network were included in the determination of Meteorological observations

Spearman'’s correlation coefficients (Table 3.3).

There were significant correlations among DOC,
UVA,,, SUVA, PARAFAC components C1, C2

and C3, TN, chloroform, bromodichloromethane,
dibromochloromethane and TTHMs. UVA,,, and C1
had equal correlation scores (0.72) to DOC. TN was
significantly correlated with UVA,, and chloroform. C1,
C2 and C3 were significantly correlated with UVA,_,
and chloroform. SUVA was not significantly correlated
with any of the PARAFAC components.

Mean air temperatures from nearby Met Eireann
weather stations were 8.6°C (max. 18.0°C and min.
0.65°C) and 9.6°C (max. 20.6°C and min. -2.7°C)

for the Louth and Mayo WTPs, respectively, during
the study period (Figure 3.15). Average monthly
precipitation was 82mm and 140 mm for the Louth
and Mayo WTPs, respectively. The number of wet
days [> 1 mm of precipitation/day (Hundecha and
Bardossy, 2005)] recorded over the study period was
261 and 367 out of 639 for the Louth and Mayo WTPs,
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Figure 3.15. Precipitation and temperature at the Louth and Mayo WTPs for the duration of the study

period.

respectively. The mean daily precipitation was 2.7 mm
and 4.6 mm, respectively (Figure 3.15).

Raw water observations

DOC concentrations in stations around the catchment
supplying the Louth PWS (i.e. the Boyne catchment)
varied between 3.43mgL~" and 26.1 mgL~" with an
average of 10.3mgL-". DOC concentrations in the
Mayo catchment ranged between 2.15mgL-" and
21.1mgL-" with an average of 9.98 mgL-". Seasonal
trends were evident peaking typically in late autumn
(Figure 3.16).

The Boyne river DOC concentrations in general
decreased along the river gradient (Figure 3.16).
Station 1 (ST1), a tributary to the main Boyne river,
drained a peat extraction site and had the highest
median DOC value. ST 7, ST 8, ST 9, ST 10 and

ST 11 drained the Kells Blackwater part of the Boyne.
The highest DOC concentration was observed at
ST8, which drained a site downstream of intensive pig
rearing farms. ST7, ST8 and ST9 all showed higher
nutrient inputs (Table 3.4). The maximum phosphate
values observed for ST7, ST8 and ST9 were 0.10,
0.30 and 0.39mgL", respectively (Table 3.4).

Maximum total nitrogen values in the catchment were
also relatively high, with ST8 and ST10 observing the
highest at 6.81mgL-" and 10.5mgL"", respectively
(Table 3.4). SUVA decreased downstream with the
highest values observed in the upper reaches of the
catchment, indicative of high molecular weight DOC
and with intermediate molecular weight DOC lower
down the catchment (Table 3.4).
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Downstream gradients were not as evident in the
Mayo catchment with regard to DOC concentrations
(Figure 3.16). ST1 and the raw water station were
located in the lake and very little variation can be
seen over the sampling period (Figure 3.16). With
respect to land use in the catchment, there was some
cut peat in the catchment upstream of ST9 and this
station had one of the highest median values for DOC
(Figure 3.16). The highest concentrations, however,
were observed coming from the intensively farmed
land upstream of ST7. In general, mean phosphate
concentrations over the study period were 0.01 mg L™
apart from ST7 for which it was 0.02mgL~" (Table
3.4). SUVA concentrations were all high in the Mayo
catchment, higher than 4Lmgm™', which are indicative
of high molecular weight organic matter that is highly
reactive with chlorine (Table 3.4).

Fluorescence analysis

Exploratory analysis highlighted outliers, which were
removed from the dataset. An outlier contained either
instrument error or was for some reason very different
from the others. They were removed in order to
facilitate the modelling process as well as the model
validation using the split-half method; otherwise, the
datasets would need to contain a sufficient number
of the unique samples, which were evenly divided
between the split halves. PARAFAC was applied to
two datasets of 234 (Louth) and 174 (Mayo) samples
encompassing 15 sampling dates and 16 (Louth) and
12 (Mayo) sampling locations (encompassing source,
treatment process train and the distribution network).
A four-component model was established based on
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Table 3.4. PO,, TN and SUVA values for the Louth and Mayo catchments

Louth sites

Max 0.02 0.03 0.05 0.07 0.05 0.02 0.10 0.30 0.39 0.08 0.10 0.05 0.44
Min 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.01
Mean 0.01 0.01 0.02 0.02 0.02 0.01 0.04 0.05 0.06 0.02 0.03 0.02 0.05

Max 3.81 4.10 3.61 3.92 3.37 3.46 5.02 3.96 3.31 5.34 3.69 3.44 3.40
Min 1.60 2.15 1.71 1.83 2.24 1.71 1.38 1.96 1.71 1.81 1.84 2.00 1.93
Mean 2.89 3.23 2.75 2.91 2.82 2.65 2.39 2.96 2.60 3.96 2.74 2.69 2.59

SUVA

Max 5.37 5.76 4.97 5.36 5.14 5.30 4.66 6.81 5.92 10.51 4.43 3.89 4.05
Min 2.65 2.45 2.28 2.85 2.12 2.55 2.25 2.08 2.26 1.62 1.76 2.23 1.30
Mean 3.90 3.74 3.49 3.79 3.59 3.72 3.18 3.1 3.20 3.10 3.17 3.13 2.99

Mayo sites

Max 0.09 0.04 0.01 0.04 0.02 0.04 0.07 0.04 0.04 - - - 0.08
Min 0.00 0.00 0.00 000 000 000 000 000 0.00 - - - 0.00
Mean 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 - - - 0.01
Max 1.1 1.18 0.94 1.48 1.40 1.57 3.81 2.07 1.87 - - - 1.13
Min 0.21 023 015 042 020 023 041 058 035 - - - 0.25
Mean 0.73 0.71 0.54 1.06 0.69 1.16 1.36 1.26 1.21 0.80
Max 4.98 5.41 5.02 7.39 6.07 5.67 5.27 4.32 4.56 - - - 4.42
Min 1.69 297 291 305 210 270 126 251 271 - - - 2.86
Mean 3.58 3.81 3.563 3.92 3.68 3.73 3.39 3.62 3.88 - - - 3.66
several diagnostic criteria and random split validation. associated with high molecular weight compounds; C3
The loading values for the four components are shown  consisted of microbial humic-like, terrestrially delivered
in Figure 3.17. reprocessed organic matter; and C4 consisted of

protein-like organic matter that is microbially/algally
derived and associated with biological production

in surface waters (Table 3.5). All four components

are commonly reported in surface and treated water
(Shutova et al., 2014). In all source water, C1 and C2
had higher fluorescence intensities than C3 and C4
(Figures 3.18 and 3.19). All sites exhibited contrasting
organic matter properties.

Derived fluorescent components were cross-
referenced with the OpenFluor database (Murphy et
al., 2014), which provided context for the similarities
between these organic fluorophores to those reported
globally from other studies. A total of 42 studies

were found with at least one of the three derived
components with a high similarity score (>0.95) (Table
3.5).

Specifically, ST1 draining the peat workings in
the Boyne catchment experienced the highest
concentrations of C1 and C2 (3.90+0.78 RU and
2.06+0.45RU, respectively). Similar trends in
components were observed in all tributaries, with

According to previous classifications, C1 consisted
of humic-like terrestrial organic matter, ubiquitous to
freshwater, composed of high molecular weight and
aromatic organic compounds; C2 consisted of humic-
like, fulvic-like terrestrially derived organic matter
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Figure 3.17. Loading values for the three PARAFAC components with excitation (nm) on the x-axis and
emission (nm) on the y-axis.

highest concentrations of C1, followed by C2, C3 and likely, owing to the nature of river sources, that during
lowest concentrations of C4 (Figure 3.18). Similarly, in periods of high rainfall the current treatment process is
the Mayo catchment, there was some cut peat in the incapable of removing adequate NOM.

catchment upstream of ST9, which had the highest
concentration of C1 (Figure 3.19). C1 and C2 had the
highest concentrations at most sites. At the raw water
site C2 and C3 concentrations were similar (Figure

In the Mayo WTP, raw water DOC concentrations
ranged between 7.26 and 12.6 mgL~" with an average
of 9.38mgL~" (Figure 3.21). Samples taken after

the ultrafiltration membranes had an average of

3.19).

) 1.84+1.1mgL~" DOC removed over the duration of the
Raw water DOC concentrations ranged between study period (Figure 3.21). The treated water had an
5.42mgL-" and 10.3mgL"" with an average of average of 7.54+2.0mgL".

7.90mgL" in the Louth WTP (Figure 3.20). Samples
taken after coagulation and clarification had an
average of 2.94+1.0mgL~" DOC removed over

the duration of the study period (Figure 3.20).
Following the rapid gravity filters, a further average
of 0.44+0.7 mgL~" was removed over the duration of

Raw water UVA,, values ranged between 0.1339cm™
and 0.4159cm" in the Louth WTP with an average

of 0.2374cm. Post coagulation and clarification,
water had an average UVA,, value of 0.1045cm™".
Following rapid gravity filtration UVA,,, was on average

the study period (Figure 3.20). On three occasions 0.0848 cm-".

the rapid gravity filters were observed to be releasing Raw water UVA,, values ranged between 0.2627 cm™
higher levels of DOC. The treated water had an and 0.4610cm™" in the Mayo WTP with an average
average of 4.52+1.2mgL"". This County Louth WTP of 0.3391cm™". Post ultrafiltration membrane

has been on the EPA Remedial Action List (RAL) filtration, water had an average UVA,, value of

since 2009 because of poor turbidity removal. It is 0.2217cm". The average SUVA for raw water in
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Table 3.5. Identities and related references for similar components using the OpenFluor database

Score? Component identity

Component 1

0.99 Derivatives of terrestrial OM
0.99 Humic-like

0.98 Terrestrial humic-like; photolabile
0.98 Humic-like

0.98 Humic-like

Component 2

References

Stedmon et al., 2007
Guéguen et al., 2014
Osburn et al., 2011
Jorgensen et al., 2011
Murphy et al., 2014

Stedmon et al., 2007
Murphy et al., 2014
Graeber et al., 2012

Stedmon et al., 2005

1.00 Derivatives of terrestrial OM
0.99 Terrestrial humic
0.99 Humic-like fluorophore; terrestrial or autochthonous, fulvic acid-
like, present in all environments; reduced terrestrial semi-quinone
fluorophore; positively related to agriculture and bacterial production
0.99 Terrestrially derived fulvic acid
0.98 Terrestrial humic-like; humic-like components C1 and C2 are among

Lambert et al., 2016

the most common in freshwaters and are associated with high
molecular weight and aromatic compounds of terrestrial origin

Component 3

0.99 Humic-like; microbial humic-like fluorescence

0.99 Humic-like

0.98 Humic-like

0.98 Marine and terrestrial humic materials, possible microbial
reprocessing

0.98 Humic-like, terrestrially delivered reprocessed OM

Component 4

Murphy et al., 2011
Murphy et al., 2014
Tanaka et al., 2014
Kowalczuk et al., 2009.

Shutova et al., 2014.

0.98 Associated with tryptophan, autochthonous FDOM source
0.98 Amino acids, free or bound in proteins
0.98 Protein-like fluorescence, including tryptophan-like C5, is associated

with biological production in surface waters

Walker et al., 2013
Murphy et al., 2008
Murphy et al., 2014

A total of 70 studies were found with at least one component with >0.95 similarity score. The top five highest similarity

scores are shown where available.

FDOM, fluorescent dissolved organic matter; OM, organic matter.

the Louth WTP was 3.02Lmg~'m~", an indication of
NOM of moderate aromaticity, while that of finished
water was 1.9Lmg"m-", which is typical of NOM
with low aromaticity (SUVA <2Lmg~'m-"). On four
occasions SUVA was greater than 2Lmg-"m~". The
average SUVA for raw water in the Mayo WTP was
3.7Lmg"'m™, an indication of NOM of moderate
aromaticity, while that of finished water was
3.0Lmg"'m™.

PARAFAC components

C1, the humic-like terrestrially derived organic matter
of high aromaticity, was the prominent component at
each sampling point along the treatment processes

(Figures 3.22 and 3.23). Similarly, C3, the humic-like
terrestrially delivered reprocessed organic matter, had
the second highest concentration at each point along
both treatment processes, followed by C2 (humic-like,
fulvic-like and terrestrially derived organic matter) and
C4 (protein-like autochthonous produced) (Figure 3.22
and Figure 3.23).

Clarification removed C2 most efficiently, followed

by C1, C3 and C4 (Louth WTP) (Figure 3.23). Rapid
gravity filtration was most efficient at removing C1,
followed by C2, C3 and C4. Ultrafiltration membranes
were the most inefficient treatment process (Figure
3.23) removing only 20% of C2 and C4 and 10-15% of
C1 and C3 (Figure 3.24).
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Figure 3.24. Removal of F__ for C1, C2, C3 and C4 for each treatment type.

Distribution network: DOC, UVA 250 SUVA
and THMs

The average DOC concentrations in the distribution
network were 3.39+0.7mgL~"and 7.19+1.9mgL""

in the Louth and Mayo WTPs, respectively. Average
UVA,,, values were 0.1027 cm™" and 0.2093cm™ in
the Louth and Mayo WTPs, respectively. The average
SUVA values were 2.65Lmg'm~' and 3.01Lmg'm™
in the Louth and Mayo WTPs, respectively. C1 had
higher fluorescence intensities followed by C3 in the
distribution network (Figure 3.22 and Figure 3.23).

C4 was higher than C2 in the Louth distribution
network, whereas C2 was higher than C4 in the

Mayo distribution network. C2 was associated with
terrestrially derived humic-like organic matter with high
aromaticity that was more likely to produce THMs.
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At the Louth WTP, TTHM concentrations ranged
between 24 ugL-" and 76 uygL~" with an average
concentration of 46 ugL-". At the location further
down the network the concentrations ranged between
53ugL~" and 164 ugL-" with an average of 74 ugL~"
over the duration of the study period. Chloroform was
the most prominent THM (average ~68%) across all
samples taken, followed by bromodichloromethane
(~23%), dibromochloromethane (~8%) and bromoform
(<1%). The Louth WTP only exceeded the parametric
value for TTHMs (100 ugL~") on one occasion during
the study period.

TTHM concentrations ranged between 40 ugL~" and
225ugL-" with an average concentration of 124 ygL-"
at the Mayo WTP. At the location further down the
network the concentrations ranged between 91 ug L~
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and 250 ugL-" with an average of 165ugL-" over

the duration of the study period. Chloroform was

the most prominent THM (average ~82%) across all
samples taken, followed by bromodichloromethane
(~16%), dibromochloromethane (~2%) and bromoform
(<1%). The Mayo WTP exceeded the parametric
value for TTHMs (100 ugL~") on all but one occasion
during the study period. TTHM concentrations across
the distribution network displayed similar temporal
changes to DOC with ambient temperature and local
rainfall. The presence of a domestic GAC filter reduced
the TTHM concentration by 80%.

As with the Galway PWS, it was observed while
speaking to customers whose taps were being
sampled over the duration of the study period in the
distribution networks in County Louth and County

Mayo, that there was a lack of public awareness of the
TTHM exceedances for the supply.

All samples from the post-treatment and post-
distribution network were included in the determination
of Spearman’s correlation coefficients (Table 3.6).
There were significant correlations among DOC,
UVA,,, SUVA, PARAFAC components C1, C2

and C3, TN, chloroform, bromodichloromethane,
dibromochloromethane and TTHMs. PARAFAC
components C1, C2 and C3 had higher correlation
scores than UVA,, to DOC. C1, C2 and C3 were
significantly correlated with UVA,, and chloroform.
SUVA was significantly correlated with C1, C2 and C3
of the PARAFAC components. Similarly PARAFAC
components C1, C2 and C3 had higher correlations
with TTHMs than UVA,, or SUVA.

Table 3.6. Summary of Spearman’s rank correlation coefficients between DOC concentrations, UVA,_,
absorbance, SUVA, chloroform (CHCI,), bromodichloromethane (CHBr,Cl), TTHMs and PARAFAC

component scores

TOC UVA,, SUVA C1 c2
TOC 1
UVA,,, 0.72 1.00
SUVA 0.27 0.68 1.00
c1 0.82 0.75 0.61 1.00
c2 0.82 075 0.64 0.98 1.00
c3 0.79 0.70 0.52 0.91 0.92
c4 0.20 0.15 0.13 0.29 0.28
CHCI, 0.71 0.66 0.50 0.68 0.69
CHBrCl 0.27 0.30 0.41 0.33 0.32
TTHM 0.65 0.61 0.52 0.64 0.65
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C3 C4 CHCI, CHBr,Cl TTHM
1.00

0.49 1.00

0.66 0.22 1.00

0.32 0.07 0.71 1.00

0.62 0.20 0.99 0.78 1.00



4 NOM Predictions

4.1 Overview

4.1.1 Introduction

Climate change effects on drinking water include
changes in the quantity and the timing of water
availability, changes in water quality (including

NOM) and reductions in the reliability of the relevant
infrastructures and will need to be addressed with
operative decisions at the level of the WTPs (Boholm
and Prutzer, 2017). Potential explanations for
increasing NOM concentrations include a number of
drivers, e.g. increased precipitation and increased
runoff from drainage areas, increased temperatures,
increased primary production, increased biological
activity and less acidic rain (summarised in Figure 4.1).

Increasing NOM due to climate change is expected to
stimulate an increased use of disinfectants, which can
in turn result in higher concentrations of DBPs (Kovacs
et al., 2013). Raw water supplies will require integrated

monitoring programmes, focusing on both water quality
and availability (Karthe et al., 2016).

A chain of hydrological, empirical and process-based
biogeochemical models coupled with an ensemble of
downscaled regional climate model experiments was
applied here to develop scenarios for the local-scale
effects of climate change on surface water NOM
concentrations and fluxes. INCA-C (Futter et al., 2007)
has been developed to simulate climate controls on
surface water DOC concentrations and export DOC
parameters for NOM. INCA-C is based on previous
versions of INCA, which were originally designed to
model nutrient patterns in both aquatic and terrestrial
environments (Whitehead et al., 1998; Wade et al.,
2002a,b). The model is process based and simulates
soil organic matter cycling controlled by temperature,
soil moisture and chemistry, in addition to vertical
and lateral hydrological transport of DOC. INCA-C
has been used for simulating DOC under current
(Futter et al., 2007; Futter and de Wit, 2008; Lepisto

5| Increased

Increased amount of . Temperature precipitation
greenhouse gases (CO,, increase (0.2-0.7°C
CH,, N,), CFC etc.) per decade)
——|Increased runoff
Increased - X -
. Increased photosynthesis
atmospheric . . .
N deposition Increased primary production Higher ground
water level
A 2 P More moors and
Elevated Increased amount Increased rate - peatland areas
tree-line of plant residues of degradation [€—
P Less acid rain,
g less S, less Al, less
. ‘natural’ coagulation
Increased NOM Increased flux of
production NOM

l

}

|Increased source water, colour, UV-abs and organic carbon

Figure 4.1. Potential explanations for increasing NOM concentrations associated with climate change

effects (Eikebrokk et al., 2004).
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et al., 2014) and future (Futter et al., 2009; Oni et al.,
2014) conditions at a range of headwater and larger
catchments in Fennoscandia and Canada.

4.1.2  Methodology

Study catchment

The County Louth WTP abstracts water from the
Boyne catchment at Roughgrange, County Meath.
Treatment includes pumping raw water through

drum filters and then to the WTP. Alum is dosed as a
coagulant and flocculated using polyelectrolyte as a
coagulant aid upstream of six clarification tanks fitted
with inclined lamella tube settlers within a building.
Aluminium sulfate is used both to depress the high pH
of the raw water and to flocculate it. Settled water is
then filtered using rapid gravity filters prior to final pH
adjustment, fluoridation and primary disinfection using
chlorine gas.

The Boyne catchment (Figure 3.2) drains an area of
approximately 2693 km? with a main channel length
of 113km. A characteristic of the catchment is the
limited average gradient of 1.24 mkm-™', representing
a 140m fall from the headwaters of the main channel
in north Kildare to the sea at Drogheda. There are
two main river systems in the Boyne catchment: the
Boyne itself drains the southern part of the catchment
and the Kells Blackwater drains the northern part of
the catchment. Both rivers combine at Navan with the
Boyne continuing eastwards to the sea at Drogheda
via Slane. The main pressures in the catchment are
agricultural runoff, effluent from municipal WTPs and
the impact of peat harvesting in the upper catchment.

The Boyne catchment shows significant distinction
between the southern/central and northern areas of
the catchment. The former are principally covered by
grey—brown podzolics and gleys with significant peat
deposits, whereas the soils in Cavan and Louth are
more typically acid brown earths and gleys. The Boyne
catchment typically receives 900 mm annual average
rainfall. Land use types in the catchments have been
identified from the Corine Land Cover Dataset 2012.
“Arable agriculture land used for crop cultivation”
accounts for 11% of total area in the Boyne catchment,
and “Pasture” is the dominant agricultural form,
accounting for 80% of the Boyne catchment area.
Forest, including semi-natural areas (includes forest
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and semi-natural areas with moors and heathland) and
transitional woodland/scrub accounts for 3% of the
Boyne catchment.

Model input data

Daily flows at Roughgrange were obtained from www.
epa.ie/hydronet/#07059 for the period 22 January
2005 to 2 February 2015. An online submersible
spectrophotometer, spectro::lyser, from s::can
Messtechnik, installed at the WTP abstraction on the
raw water and equipped with a 35 mm measuring cell,
was used to estimate daily values for DOC for the
period 7 September 2014 to 2 December 2015.

Daily time series of temperature and precipitation
measurements were obtained from meteorological
(Met Eireann) stations located at Mullingar and
Kilskyre, respectively, for the period 1 January 2005 to
30 April 2016. Daily time series of agricultural manure
spreading (kg DOC ha~'per day) were based on
typical manure concentrations (Murnane et al., 2016)
applied at rates limited by the European Union (Good
Agricultural Practice for the Protection of Waters)
Regulations 2014 (S.l. No. 31 of 2014).

Hydrological modelling

The rainfall-runoff model PERSIST (Precipitation,
Evapotranspiration and Runoff Simulator for Solute
Transport; Futter et al., 2014) was used to simulate
daily stream flow. PERSIST is a semi-distributed
bucket-type model within a flexible framework

that allows the modeller to specify the perceptual
representation of the runoff generation process.
PERSIST generates the daily time series of soil
moisture deficits (SMDs) and hydrologically effective
rainfall (HER; precipitation net of evapotranspiration)
required to run INCA-C. In order to generate these,
PERSIST requires daily time series of air temperature
and precipitation as inputs. In the model configuration,
precipitation is directed to the stream by direct runoff
or into the soil; this is then further divided into four
layers/boxes: a quick box for overland flow, an upper
box for fast responses, a lower box for slow responses
and a groundwater box for base flow simulations.
Evapotranspiration leads to lowering of water storage,
while water is transported either vertically (to the lower
soil layer) or horizontally (to the stream). Key model
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parameters controlling soil hydrology in PERSIST are
hydrological conductivity, soil depth, and runoff time
constants.

The Boyne catchment was divided into six land use
classes: pasture (75%), agriculture (13%), peatland
(4%), forest (5%), urban (2%) and lake (1%). The
PERSIST model was calibrated using long-term (April
2005 to April 2016) observed streamflow data from
Roughgrange and precipitation and temperature

from Kilskyre and Mullingar, respectively, to simulate
present-day runoff conditions. Manual calibration

was first performed by fine tuning model parameters
relating to temperature, soil moisture and chemistry,
in addition to vertical and lateral hydrological transport
of DOC, to minimise the difference between the
simulated and observed runoff (Futter et al., 2007).
Model performance was assessed using the Nash—
Sutcliffe (N-S) efficiency test (Nash and Sutcliffe, 1970)
of observed and log-transformed flows. To assess
parameter sensitivity and potentially improve model
performance, a Monte Carlo analysis was performed,
consisting of 100 iterations with 700 runs each. Model
runs with better fits guided decision-making about the
upper and lower limits of each parameter for the next
Monte Carlo iteration. This process was repeated until
no further improvement in the model’s N-S efficiency
was achieved.

DOC modelling

The INCA-C model required the daily time series

of precipitation, temperature, SMD and HER

(outputs from PERSIST) to simulate daily stream

flow (hydrological sub-model, a simplified version

of PERSIST) and daily DOC concentrations
(biogeochemical sub-model) (Futter et al. 2007, 2009).
INCA-C represents a number of processes in two soil
layers. The most important processes for the purpose
of this study include (1) SOC production from manure
additions; (2) temperature, moisture and soil solution
chemistry-dependent organic carbon sorption and
desorption; and (3) hydrologic controls on transport
from soils to stream waters. A “direct runoff” layer
representing overland flow is also present. Carbon
pools for dynamic transformation include DOC, SOC,
potentially dissolved carbon (PDC) and dissolved
inorganic carbon (DIC).

The same land use classes and simulation period
(April 2005 to April 2016) as applied in the PERSIST
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model were applied for INCA-C. An initial catchment
flow (70m3s~") and DOC concentration (7mgL™") in the
river were used, based on average known conditions
for 1 January 2005. Initial conditions for SOC pools in
the upper and lower soil layers, and DOC soil solution
concentrations for the different land use types were
estimated from Wellock et al. (2011a,b). Typically,
upper soil horizons (peatlands and forest floors) have
higher SOC and DOC concentrations and so higher
values were given to peatlands and forests compared
with pasture and agriculture.

A manual calibration was carried out to achieve a
good approximation to the observed values prior to
applying the Monte Carlo simulations. The calibration
strategy first established operational values for the
sensitive hydrological parameters, including the base
flow index (BFI), soil volumes and residence times,
until simulated flow was in the range of the PERSIST
simulation and DOC simulations were in the range
of the observed values. On achieving an acceptable
fit to observed flows, hydrological parameters were
set. Finally, the parameters describing carbon
transformations in the soil were adjusted.

The Monte Carlo strategy described by Futter et al.
(2014) was used for an exploration of the INCA-C
parameter space. The following SOC process rate
parameters were allowed to vary in the upper and
lower soil layers during the Monte Carlo analysis:
PDC—SOC; PDC—DOC; SOC—DOC; DOC—SOC;
DOC — DIC (arrow indicates the direction of
transformation between the different fractions of
carbon). In addition, the critical soil moisture threshold
and process rate response to a soil temperature
change were allowed to vary.

During the Monte Carlo analysis, 100 iterations with
500 runs each were performed. In all cases, the initial
boundaries were defined as +20% of the parameter
value for the best performing manual calibration.
After each iteration of the Monte Carlo analysis,
parameter sensitivity was assessed using the 100
best performing parameter sets, which were defined
by ranking the N-S statistics comparing modelled and
observed DOC. Parameter sensitivity was assessed
by comparing the cumulative parameter distributions
derived from the best performing parameter sets

with rectangular distributions and, if non-rectangular,
the parameter range was adjusted prior to the next
Monte Carlo iteration. This routine terminated when
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the Monte Carlo analysis failed to provide any
improvement in N-S values over the preceding set
of model runs. A final manual tuning of the sensitive
parameters was carried out to correct the major
mismatches and to improve the model efficiency.

4.1.3  Climate change data

Regional climate modelling

The impact of increasing greenhouse gas
concentrations on climate change can be simulated
using global climate models (GCMs). However, long-
term climate simulations using GCMs are currently
feasible only with horizontal resolutions of ~50km or
coarser.

Climate parameters such as precipitation and
temperature are closely correlated to the local
topography. However, these scale-dependent local
controls of topography are not adequately captured
in GCMs because of the relatively coarse resolution
of the model grids (Coll, 2010; Coll et al., 2010).
These limitations can be addressed through the

use of regional climate models (RCMs). An RCM

is a numerical climate prediction model forced by
lateral and ocean conditions from the GCM that
simulates atmospheric and land surface processes,
while accounting for high-resolution topographical
data, land—sea contrasts, surface characteristics
and other components of the Earth system. The
Intergovernmental Panel on Climate Change (IPCC)
has concluded that there is “high confidence that
downscaling via RCMs adds value to the simulation
of spatial climate detail in regions with highly variable
topography (e.g. distinct orography, coastlines) and
for mesoscale phenomena and extremes” (Flato et al.,
2013).

Emission scenarios

The representative concentration pathways (RCPs)
are four greenhouse gas concentration trajectories
adopted by the IPCC to simulate climate change

due to changes in land use and global emissions of
greenhouse gasses (Moss et al., 2010). Four such
scenarios (RCP2.6, RCP4.5, RCP6.0 and RCP8.5)
are named with reference to a range of radiative
forcing values for 2100 or later, i.e. 2.6, 4.5, 6.0 and
8.5Wm=, respectively (Moss et al., 2010; van Vuuren

et al., 2011). RCPs supersede the Special Report on
Emissions Scenarios (SRES) projections (Naki¢enovic¢
et al., 2000).

Previous RCM temperature and precipitation
projections for Ireland

The Community Climate Consortium for Ireland (C4l)
research group used RCMs to downscale data from
five GCMs over Ireland and the UK, using all SRES
emission scenarios, achieving a finest horizontal
resolution of 14 km. These indicated that mean
seasonal temperatures for 2021-2060 are projected
to increase by 1.1-1.4°C, with the largest increases
occurring during summer and autumn (1.2-1.4°C) and
with the greatest in the south and east of the country
(McGrath and Lynch, 2008). Seasonal projections for
2021-2060 indicated that precipitation is projected

to increase for winter and decrease for summer
(McGrath and Lynch, 2008). Nolan et al. (2013, 2015)
analysed mid-21st century projected temperature

and precipitation changes using the output of three
high-resolution (up to 4 km grid spacing) RCMs over
Ireland, driven by four GCMs under five different
future emission scenarios (SRES and RCP). The
period 2041-2060 was compared with the past period
1981-2000. The projections indicate a rise of 1.0—
1.6°C in mean annual temperatures, with the largest
changes seen in the east of the country (O’Sullivan et
al., 2015; Nolan, 2015). Results indicated significant
projected decreases in mean annual spring and
summer precipitation amounts by mid-century. The
projected drying was largest for summer, with “likely”
reductions in precipitation ranging from 0% to 20%.
The frequency of heavy precipitation events showed
notable increases (approximately 20%) during the
winter and autumn months. The number of extended
dry periods is projected to increase substantially during
autumn and summer with values ranging from 0% to
40% (Nolan, 2015).

Projections for precipitation and temperature

were obtained from Nolan (2015) for locations
corresponding to the Kilskyre and Mullingar Met
Eireann stations. The projections were generated

by downscaling the EC-Earth consortium GCM
(Hazeleger et al., 2011). To account for the uncertainty
arising from the estimation of future global emission

of greenhouse gases, two IPCC RCP (4.5 and

8.5) emission scenarios were used to simulate the
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future climate of Ireland. The RCMs used were the
Consortium for Small-scale Modelling — Climate
Limited-area Model (COSMO-CLM, version 4.0;
Rockel et al., 2008) and the Weather Research and
Forecasting (WRF) model (Skamarock et al., 2008).
The COSMO-CLM regional climate model is the
COSMO weather forecasting model in climate mode. It
has been applied and further developed by members
of the CLM Community (www.clm-community.eu).
The COSMO model (www.cosmo-model.org) is the
non-hydrostatic operational weather prediction model
used by the German Weather Service (DWD) (Doms
and Schattler, 2002; Steppeler et al., 2003). The WRF
model (https://www.mmm.ucar.edu/weather-research-
and-forecasting-model) is a numerical weather
prediction system designed to serve atmospheric
research, climate and operational forecasting needs.
The WRF simulations of the present study adopted
the Advanced Research WRF (ARW) dynamical core,
developed by the US National Centre for Atmospheric
Research (NCAR) Mesoscale and Microscale
Meteorology Division (Skamarock et al., 2008).

The RCMs were initially driven by GCM boundary
conditions (achieving a ~50km grid size) and were
then nested twice in succession to achieve grid
spacings of 18 km and 6 km (WRF) and 4 km (COSMO-
CLM). For the current study, only 4km and 6km

grid spacing RCM data are considered. The higher
resolution data allows finer scaled estimates of the
regional variations of climate projections. The RCMs
were validated using 20-year simulations of the past
Irish climate, driven both by the European Centre

for Medium-Range Weather Forecasts (ECMWF)
ERA-40 global re-analysis and GCM datasets, and by
comparing the output with Met Eireann observational
data. Extensive validations were carried out to test
the ability of the RCMs to accurately model the

Table 4.1. Details of the ensemble RCM simulations

Scenario (number of realisations)

Number of climate projections

climate of Ireland. Results confirm that the output of
the RCMs exhibits reasonable and realistic features
as documented in the historical data record (Nolan,
2015).

An overview of the simulations used in the current
study is presented in Table 4.1. This includes
information on the RCM, the downscaled GCM, the
number of GCM realisations and RCP used for future
simulations, together with the periods analysed and
the grid spacing of the RCM. The GCM realisations
result from running the same GCM with slightly
different conditions, i.e. the start date of historical
simulations (O’Sullivan et al., 2015). Data from two
time-slices, 1981-2009 (the control) and 2031-2059,
were used for analysis of projected changes in the
mid-21st-century Irish climate.

The daily total precipitation (mm) and mean daily
temperature (°C) fields of the RCMs were interpolated
to the latitude/longitude locations of the Kilskyre and
Mullingar Met Eireann stations. These time series
datasets were used to prime the calibrated PERSIST
hydrological model to obtain the four output variables
of precipitation, temperature, SMD and HER required
for INCA-C. INCA-C was run with these simulated
output variables to generate new simulations for DOC
mobilisation and flow for Roughgrange.

Projections of future climate were compared with
each historical dataset and the corresponding future
dataset for each simulation within the same group and
realisation. These produced projected changes for
each model run, that is, the difference between future
and past. This reduced the possibility that the biases
of particular models will skew the results and allowed
each projected change to be meaningfully compared
with the other groups.

Time period Grid spacing

CLM4
CLM4
CLM4

EC-Earth
EC-Earth
EC-Earth

RCP4.5 (3)
RCP8.5 (3)

WRF EC-Earth Historical (3) -
WRF EC-Earth RCP4.5 (3)
WRF EC-Earth RCP8.5 (3)

Historical (3) -

4km
4km
4 km

1981-2009
2031-2059
2031-2059

3

1981-2009 6km
2031-2059 6km
2031-2059 6 km
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Projections of the future climate were analysed

by comparing each historical dataset with the
corresponding future dataset for each simulation
within the same group and realisation. This resulted

in future anomalies for each model run, that is, the
difference between future and past. In this way, biases
of particular models will not skew results and each
anomaly can be meaningfully compared with the other
groups. This process generated an ensemble of six
RCP4.5 and six RCP8.5 projections corresponding

to each station location. The number and spread of
results generated and the comparisons between them
allows the uncertainty of the projections to be partially
quantified, providing a greater measure of confidence
in the predictions.

4.2 Findings
4.2.1 Observed baseline climate and
catchment flow regimes

Mean annual temperature between 2005 and 2015
(9.3°C) varied between 8.2°C and 9.9°C (Figure 4.2).
The lowest and highest average temperature for the
non-growing season was 2.4°C in 2010 and 6.3°C in
2007, respectively, whereas the lowest and highest
average temperature for the growing season was
11.2°C and 12.9°C in 2015 and 2006, respectively.

On average, December was the coldest month
(4.6+£2.3°C) and July the warmest (15.0+1.3°C).
Annual precipitation varied between 773mm and

1120 mm with a mean of 993 mm and was usually
lowest from February to June and highest in November
and December. The average number of wet days
[=1mm/day (Hundecha and Bardossy, 2005)] per year
over the study period (January 2005 to December
2015) was 161.

Measured discharge (December 2005 to February
2015) ranged from average high flows (Q) of
113.4m?*s™ to average low flows (Q,) of 8.4m3s™
(Figure 4.3). Average daily flows were highest for
January (75.95m3s™") and lowest in June (12.85m3s™")
for the observed period.

The average measured DOC concentration (8.2mgL™")
ranged between 5.7 and 13.4mgL~" during the
observation period September 2014 to December
2015. DOC showed a seasonal pattern with highest
concentrations occurring during autumn (Figure 4.4).

4.2.2  Model-simulated flow and DOC for the

baseline period

Calibration results from the model resulted in
highly correlated simulations for both modelled flow
(R?=0.83, N-S=0.80) and modelled DOC (R?=0.80,
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Figure 4.2. Annual meteorological records in the Boyne catchment. Temperatures were recorded at
Mullingar station and precipitation at Kilskyre. Bars denote total precipitation; the solid line denotes
the mean temperature. Mean temperature in the growing season (April to October) is denoted by the
upper dashed line, and the lower dashed line denotes the mean temperature in the non-growing season

(January to March and November to March).
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Figure 4.3. Time series of flow in the Boyne catchment measured at Roughgrange, the abstraction

location for the Louth WTP.

Figure 4.4. Daily DOC concentrations and River Boyne flow rates at the abstraction point for the Louth
WTP. The range of DOC concentrations (mgL-") and flow (m*h-") are denoted by the black and red solid

lines, respectively.

N-S=0.75). The most sensitive parameters (p<0.01)
identified by the Monte Carlo analysis of PERSIST
included “residence time” (a proxy for the hydrological
connectivity of that particular soil box) and the “flow
velocity exponent”, which controls water residence
times in the streams. The most sensitive parameters
(p<0.01) identified by the Monte Carlo analysis of
INCA-C included “lower layer residence time”, “base
flow index”, “upper layer fast pool fraction”, “response
to a 10°C soil temperature change” and “flow velocity
exponent”. There was a strong seasonal signal in
both observed and simulated discharge, with higher
flows in the winter period and lower flows in the
spring and summer (Figure 4.5). Overall PERSIST
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and INCA-C predicted mean monthly flow well, with
slight overestimates in late summer and early autumn
(Figure 4.5).

Mean monthly simulated DOC concentrations
(2005-2015) averaged 8.5mgL"", had a strong
seasonal signal and varied between 6.6 mgL~" in July
and 10.9mgL~" in November (Figure 4.6).

The simulated daily DOC export pattern realistically
matched the observed pattern in discharge and DOC
concentrations. In November, December and January,
DOC export increased, following a similar trend to that
of DOC concentrations. Mean annual DOC export
between 2005 and 2015, simulated based on the best
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Figure 4.5. Average monthly observed and simulated flow in the Boyne catchment.
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Figure 4.6. Average monthly observed and simulated DOC in the Boyne catchment.

parameter set, was 5.8+ 1.3gCm=2per year, with a
maximum of 7.8gCm-2in 2008 and a minimum of
3.7gCm=2in 2005 (Figure 4.7).

Projected future climate outputs from the 12
downscaled RCM experiments suggested warmer
(1.1°C difference) conditions in 2031-2059 compared
with simulated present-day conditions (Figure 4.8).
Monthly average temperatures show even increases
across all months with little variation between RCP
emission scenarios.

Annual total precipitation conditions will remain
largely the same (<0.1% difference). However, results
indicate projected monthly average decreases in
spring through to late summer, with greater decreases
associated with the WRF projections compared
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with the COSMO projections for the corresponding
scenarios (Figure 4.9).

4.2.3  Model-simulated flow and DOC with

projected future climate

Reflecting the overall projected changes in
precipitation, the daily flows averaged over each
month show decreases in 2031-2059 compared with
the present day (Figure 4.10). Highest flows in January
decrease from 77.3m®s™" to 71.3m3s™" and are lowest,
32.1m3s™" to 24.8m3s™, in June (simulated present
day) and July (2031-2059), respectively.

Applying the downscaled projections resulted in
an increase in mean annual DOC concentration
from 8.5mgL~" to 9.3mgL-". Mean monthly DOC
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Figure 4.7. DOC export over the simulated period (2005-2015). Annual flux (g m=2per year) is represented

by grey bars.

concentrations (2031-2055) had a strong seasonal
signal and varied between 7.5mgL~" in June and
11.6mgL-" in November (Figure 4.11). This increase

in DOC concentration could be attributed to the
increase in temperatures and resulting increased DOC
production through increased microbial activity (Evans
et al., 2006).

Mean annual DOC export showed no change between
present day and future projections based on WRF
and COSMO low- and high-emission scenarios,
respectively (Figure 4.12).

The modelling approach adopted here suggests that,
while biogeochemical mechanisms controlling carbon
within a watershed are complex, representation of
such interdependent processes in a process-based
model is possible even for a catchment with a low
percentage of peat and high use of pastures.

The simulated mean annual DOC export from the
Boyne catchment of 5.8+1.3gCm=per year is in

the lower range of reported values for peatland
catchments (de Wit et al., 2016) and for carbon-rich
temperate and boreal catchments with high rainfall
(Barry et al., 2016). However, the Boyne catchment
has approximately 4% peatland; therefore, with
respect to agricultural catchments, it is placed in

the higher range (Kronholm and Capel, 2012). The
simulated daily DOC export pattern was strongly linked
to patterns in discharge. Years with higher precipitation
(2008, 2012, 2014 and 2015) showed greater DOC
export. DOC export was elevated during vegetation
senescence and at the end of the growing season.
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Mean annual temperatures are set to increase in

the Boyne catchment by 1.0-1.1°C. These changes
represent the largest so far projected to occur for the
country (Nolan, 2015). Total annual precipitation will
remain largely the same, and results show projected
monthly average decreases in spring through to late
summer. However, frequencies of heavy precipitation
events are set to increase (Nolan, 2015). Extreme
meteorological events are the primary cause for at-risk
situations with regard to trends in the degradation of
drinking water quality (Delpla et al., 2009). In addition
to increases in DOC concentration observed following
rainfall events, organic matter reactivity can also be
altered with an increase in THM formation potential
(Delpla and Rodriguez, 2016).

Monthly averages of daily flows show overall
decreases, and DOC mean monthly concentrations
show an overall increase. This increase in DOC
concentration could be attributed to the increase in
temperature and resulting increased DOC production
through increased microbial activity (Evans et al.,
2006). In addition, at lower flows there is minimal
dilution and increased residence time for the water

in contact with organic matter and so greater DOC
concentrations (Evans et al., 2006). Mean annual DOC
export showed no change in the future with any of the
climate and emission scenarios (Figure 4.12). With
regard to water suppliers, the concentration of DOC
should be given more importance than river loads, as
the WTP abstracts the same amount of water each
year and therefore loads of DOC are set to increase
with concentrations.
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5.1 Overview

It was anticipated that we would follow the approach
used by Ramwell et al. (2010) to create a high-risk
catchment map for bracken in Ireland. However,
owing to a lack of spatial data on national bracken
percentage cover and a lack of time and expertise in
remote sensing technology, this task was not feasible
within the project timeframe. A field study was carried
out on nine bracken stands, six in Northern Ireland,
two on the west coast of Ireland and one on the east
coast of Ireland (Figure 5.1; Table 5.1).

The three sites in Ireland were selected following
consultation with the National Parks and Wildlife
Service, based on local knowledge. The six sites in

Dooghi

Ptaquiloside in Irish Drinking Water

Northern Ireland were selected following collaboration
with the College of Agriculture, Food and Rural
Enterprise (CAFRE) and Department of Agriculture,
Environment and Rural Affairs, Northern Ireland.
CAFRE set up six demonstration sites to compare
the effectiveness, against an untreated area, of three
different treatments for bracken — cutting, rolling and
spraying with asulam — in the summer of 2014, which
coincided with the project timeline.

In this study the risk of ptaquiloside to drinking water
was assessed by quantifying ptaquiloside in the
receiving waters at three drinking water abstraction
sites across Ireland and in bracken fronds surrounding
the abstraction sites. We also investigated the impact
of different management regimes (spraying, cutting
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Figure 5.1. Map of Ireland with locations of bracken study sites (O’Driscoll et al., 2016).
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and rolling) on ptaquiloside concentrations at plot
scale in six locations in Northern Ireland.

5.1.1 Drinking water abstraction sites

Three drinking water abstraction sites were selected
for the study (Mweelin well, Dooghill, Doolargy;
Figure 5.1). The Mweelin well and Doolargy sites had
groundwater (spring well) abstractions and Dooghill
had a surface water abstraction from a first-order
stream. Sampling was undertaken at all sites within
two consecutive days in the last week of each month
between June 2015 and November 2015, yielding a
total of six water samples and six vegetation samples.

5.1.2  Bracken management plots

Six bracken stands located across Northern Ireland
were selected for this investigation (Whitepark

Bay, Glenarm, Churchtown, Drumsurn, Bann
Estuary, Murlough; Figure 5.1 and Table 5.1). At

all sites, bracken coverage was dominant. Plots of
approximately 20 x40 m were established at each
site. Four treatments were applied in July 2014.

The treatment design was as follows: control (no
treatment), roll, cut and chemical (spraying with the
herbicide asulam). Asulox (a soluble concentrate
containing 400gL~" (33.6% w/w) of the sodium

salt of asulam) was applied at a rate of 11Lha"in
400-500Lha™" of water using an all-terrain vehicle
(ATV) with a mounted boom sprayer. Bracken was cut
using a flail cutter mounted on an ATV and rolled with
a Cambridge-type roller. Debris was not removed.

Fronds were counted in eight 0.25m? quadrats in each
plot before treatment (July 2014) and after treatment
(July 2015) to estimate the frond density. The average
height of the fronds in each treatment was also

noted. Cutting and rolling were repeated in July 2015
following frond density measurements. Bracken was
collected for analysis of ptaquiloside content on one
occasion on 23 July 2015 at all six sites, 2 weeks after
the repeat treatments (cutting and rolling) had been
applied. Ten whole fronds were harvested for analysis
at the soil surface from each treatment at each site.
All 10 fronds were pooled to give a single, composite
sample for each treatment at each site (n=24).
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5.1.3  Sampling and extraction protocol

The sampling and extraction protocols used the

most recent developments from other researchers
investigating ptaquiloside (Caceres-Pefia et al., 2013;
Clauson-Kaas et al., 2014). Water samples were
collected in 100 mL amber bottles and buffered with
2.5mL of 0.3M ammonium acetate buffer, adjusted

to pH5 with glacial acetic acid (Clauson-Kaas et al.,
2014). Buffered samples were chilled on ice packs

in the dark until further analyses were performed,
with a maximum storage time of 1 day. Vegetation
samples comprised 10 randomly harvested fronds,
cut at the soil surface, from the dense bracken stand
surrounding the drinking water abstraction point.
Each composite vegetation sample was placed in

an opaque polyethylene bag and placed in a cooler
box. The following day, pinnulae were stripped off
and hard rachis were discarded (Caceres-Pefa

et al., 2013). Samples were mixed to homogenise
them and a subsample of fresh blades (6 g) was
extracted twice with 90°C MilliQ water (200mL) in

a fast rotating blender for 5 minutes. After filtration
through cheesecloth (unbleached food grade) and
immediate cooling of filtrates in an ice-water bath
(5—-8°C), extracts were combined and centrifuged at
503 x g for 5 minutes. After separation of the solids,
the volume was adjusted to 500 mL with 5°C MilliQ
water, from which a 20 mL aliquot was drawn. Aliquots
of the extracts were analysed on the same day. Three
replicate 300-mm deep soil cores were collected from
each of the study sites using a 30-mm diameter gouge
auger. The vegetation layer was removed and the
samples were homogenised. Three subsamples were
obtained from each.

5.1.4 Chemical analysis

Samples (water and vegetation extracts) were
pre-concentrated by a factor of 20. A solid-phase
extraction (SPE) 150mg Oasis MAX column (Waters
Corporation, Milford, MA) was conditioned with 2mL
of methanol followed by 2mL of MilliQ water (Jenson
et al., 2008). A total of 20 mL water/vegetation extract
sample was loaded on the column for cleaning and
pre-concentration. The column was rinsed with 2 mL of
MilliQ water followed by 2mL of 15% (v/v) methanol.
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Elution was performed using 2 x0.25mL of 80% (v/v)
methanol. Prior to analysis, the eluate was diluted

1:1 with MilliQ water to obtain better performance on
the liquid chromatography (LC) column (Jenson et
al., 2008). An external standard of ptaquiloside was
isolated and purified from dried bracken material
using the procedure described in Aranha et al. (2014).
To evaluate the recovery efficiency of the method,

20 mL of MilliQ water was spiked with ptaquiloside at
concentrations of 1 ugL-" for quality control (QC) Low
and 10pgL~" for QC High samples.

A 6460 Triple Quad liquid chromatography—mass
spectroscopy (LC-MS) system (Agilent Technologies,
Santa Clara, CA) coupled with an Agilent 1200
high-pressure liquid chromatography (HPLC) system
and interfaced with jetstream ionisation was used

for the chromatographic separation and detection

of ptaquiloside. The limit of detection for the overall
method including SPE pre-concentration was
0.01ugL". The linear range of the LC-MS/MS method
was determined by triplicate injections of seven
standards in the range of 1-300 ugL-". Recovery for
ptaquiloside was 70% for QC Low and 57% for QC
High.

5.2 Findings
5.2.1 Ptaquiloside in bracken fronds collected
from the drinking water abstraction
sites

Above-ground frond growth began in late May to early
June 2015. Ptaquiloside was detected in all bracken
frond samples analysed between June and November
2015 (Table 5.2).

The highest ptaquiloside concentration was observed
at Doolargy in June 2015 (297 ugg™). A temporal
pattern was observed in ptaquiloside concentrations
from bracken fronds at the three drinking water
abstraction sites (Figure 5.2).

The highest frond concentrations were reported in
June 2015. Concentrations began to decrease in
September 2015 with a rapid reduction in ptaquiloside
(to <0.01ug g™) in November 2015. Collated data

on ptaquiloside concentrations in bracken fronds

from the three abstraction sites and the six bracken
management plots in Northern Ireland revealed spatial
variation, with lower concentrations of ptaquiloside

in the west than in the east of Ireland. Similarly lower

Table 5.2. Ptaquiloside concentrations in bracken fronds and water samples from the drinking water
abstraction sites, and total rainfall and average temperature in the 4 hours preceding sample collection
(taken from nearby Met Eireann weather stations) (O’Driscoll et al., 2016)

Month (2015)

Site June

September October November

Vegetation ptaquiloside (ugg')

Mweelin 14.1 33.1 0.27
Dooghill 88.4 52.7 95.1
Doolargy 297 140 148

Water ptaquiloside (ugL™")

0.88 1.34 <0.01
30 StS3) 0.03
32 27.6 0.01

0 0.57 0
0 0.67 0
0 0.01 0

Mweelin 0 0 0
Dooghill 0 0 0
Doolargy 0 0 0
Rain (cm)

Mweelin 1.6 0 1.1
Dooghill 0 1.2 2.6

Doolargy 0 0 8.3

Temperature (°C)

‘

Mweelin 16.5 14.2 14.4
Dooghill 171 13.7 13.6
Doolargy 23.7 15.3 13.5

16.2 13 9.85
18.1 12.2 9.85
16.1 12.7 9.85
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Figure 5.2. Trends in average ptaquiloside concentrations in bracken fronds from Mweelin, Dooghill and

Doolargy sites (O’Driscoll et al., 2016).

concentrations were observed in the south than in the
north of the country (Figure 5.3).

5.2.2  Ptaquiloside in surface water and

groundwater abstractions

Ptaquiloside was observed in samples from all

three drinking water abstraction sites (Mweelin well,
Dooghill and Doolargy) in October 2015. The highest
ptaquiloside concentration, 0.67 ugL~", was detected
in Dooghill in the surface water stream, followed by
0.57 ugL~"in Mweelin and 0.01 ugL~" in Doolargy.

Bracken management plot study

Ptaquiloside was detected in all frond samples
analysed from the six treatment plots in Northern
Ireland in July 2015. Ptaquiloside concentrations
were 30.2-787 ug g~'. The highest concentrations of
ptaquiloside in fronds were observed in Churchtown
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and Bann Estuary. The Bann Estuary site was most
sensitive to the treatments, possibly because it had
previously being subjected to spraying. Overall,
concentrations of ptaquiloside were markedly elevated
in the plots subjected to cutting compared with the
control plots, with the notable exceptions of Glenarm,
where the different treatments had very little impact on
ptaquiloside concentrations, and Churchtown, where
spraying had a much larger impact on the ptaquiloside
concentrations in the fronds.

The environmental load of ptaquiloside is a function
of the frond concentration and the mass of bracken.
In this study the frond height and density were used
as an indicative measure of the amount of bracken
to provide an indicative ptaquiloside load. When the
quantity of bracken is considered in conjunction with
the ptaquiloside concentration, spraying has the
largest effect on reducing ptaquiloside load (Figure
5.4).
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Figure 5.3. Ptaquiloside concentrations plotted against (a) x-coordinates and (b) y-coordinates (N — north;
S — south; E — east; W — west) for fronds sampled in July 2015 at Mweelin, Dooghill, Doolargy, Whitepark
Bay, Glenarm, Churchtown, Drumsurn, Bann Estuary and Murlough (O’Driscoll et al., 2016).
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2016).
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Conclusions and Recommendations

Conclusions

The results of the high-risk catchment exercise
demonstrated that raw surface water and
groundwater sources most at risk of TTHM
exceedances occur on the west coast of Ireland
and were associated with the selected criteria,

i.e. peat presence, high rainfall and low slopes, in
addition to groundwater vulnerability.

All 684 water supplies included in the statistical
analysis were assigned to Treatment type 1 (no
NOM removal) or Treatment type 2 (some degree
of NOM removal). Statistical analysis of TTHM (as
the response variable) at treatment plants with
Treatment types 1 and 2, for surface water and
groundwater sources with respect to catchment
characteristics (percentage area of peat, pastures
and forestry), indicated that for water supplies:

- with no NOM treatment (type 1), TTHM
concentrations significantly increased with
percentage of peat;

- with treatment giving some degree of
NOM removal, TTHM concentrations were
significantly higher when the peat percentage
and the pastures percentage were both
higher;

- with surface water sources, there were
significantly higher average TTHM
concentrations than in schemes with high or
low vulnerability groundwater sources.

Raw water DOC concentrations plotted against
precipitation for the spring-fed supply in the
Galway PWS gave a strong positive correlation,
indicating that the surface and underground flow
systems were highly connected.

PCA ordination of chemicals was successful in
revealing relationships among catchment sites in
the Galway PWS.

TTHMs exceeded the parametric value on the
majority of sampling occasions in the groundwater
spring supply and DOC concentrations monitored
in the raw and treated water indicated that NOM
was not adequately removed in the Galway PWS.
NOM, characteristic of compounds with moderate
aromaticity that originate from humic-like
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terrestrially derived reprocessed organic matter,
was the most prevalent form following treatment
in the Galway PWS. Higher and intermediate
molecular weight NOM has a higher potential to
form THMs.

Measurements of fluorescent components and TN
performed similarly to UVA,, in predicting levels of
chloroform in the Galway PWS as highlighted by
the Spearman’s rank coefficient analysis.
Following assessment of ozone and GAC
treatment of NOM in a groundwater spring
water supply where (1) the ZoC has not been
adequately mapped, (2) the supply is prone to
surface water infiltration, and (3) it has not been
previous practice to regenerate the GAC, it can
be concluded that this is not a suitable treatment
design for NOM.

Fluorescence spectroscopy was successful in
tracking changes in NOM character downstream
in the Boyne river and highlighted the different
catchment land uses.

Seasonal trends in NOM concentrations were
identified in both Mayo and Louth raw water, with
NOM increasing from late autumn and through
the winter, which is consistent with vegetation
senescence and decreasing soil temperatures.
The Louth WTP reduced the greatest amount

of NOM in comparison with the other treatment
types; however, the treated water had an
average DOC concentration of 4.52+1.2mgL""
and DOC >2mgL~" can cause THM formation.
Higher proportions of higher and moderate
molecular weight NOM were removed and smaller
percentages of low molecular weight NOM were
removed.

TTHMs exceeded the parametric value on one
occasion in the Louth WTP during the study
period.

The Mayo WTP, using ultrafiltration membranes,
was not adequate to remove the concentrations
of NOM it was receiving. It was most inefficient
at removing higher molecular weight humic-like
terrestrially derived organic matter and only
slightly more efficient at removing humic-like
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terrestrially derived reprocessed and protein-like
organic matter. Higher and intermediate molecular
weight NOM have a higher potential to form
THMs.

TTHMs exceeded the parametric value on all but
one occasions in the Mayo WTP. Fluorescent
components performed slightly better than UVA,,
and SUVA for predicting chloroform as indicated
by the Spearman’s rank correlation.

Mean annual temperatures are predicted to
increase in the Boyne catchment by 1.0-1.1°C.
Total annual precipitation will remain largely

the same, and results show projected monthly
average decreases in spring through to late
summer.

Monthly averages of daily flow show projected
overall decreases and DOC mean monthly
concentrations show an overall increase.
Simulated mean annual DOC export from the
Boyne catchment (5.8+1.3gCm=per year) is in
the higher range for agricultural catchments and
was strongly linked to the timing of vegetation
senescence/at the end of the growing season.
The modelling approach adopted here suggests
that while biogeochemical mechanisms controlling
carbon within a watershed are complex,
representation of such interdependent processes
in a process-based model is possible even for a
catchment with a low percentage of peat and high
use of pastures using online high resolution WTP
data and routinely monitored parameters (i.e.
temperature, precipitation and flow).
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While the presence of THMSs in drinking water is
a national concern, the WHO states that “efficient
disinfection must never be compromised in
attempt to meet the guidelines for DBPs and
that the microbiological quality of the water must
always take precedence”.

Ptaquiloside is present in bracken fronds in Ireland
from frond emergence (14.1-297 ugg™) to plant
die-off (0.03 to less than 0.01ug g™).

There is a suggestion that spatial and temporal
variation exists; however, further research with an
increased number of sites and a higher temporal
resolution is warranted to confirm this.

Spraying was the most effective means of
control for reducing ptaquiloside load, whereas
cutting bracken may increase the production

of ptaquiloside in the short term and hence the
potential risk to drinking water quality. However,
asulam is a banned substance and is itself
potentially harmful in drinking water.
Ptaquiloside was detected in drinking water on
only one sampling occasion in concentrations
as high as 0.67 pgL~"in drinking water from
abstraction sites.

Bracken ferns are classified by the IARC as
“possibly carcinogenic to humans”. From a
review of the limited research literature and from
the limited sampling carried out as part of this
research project, it is not believed that there is

a large-scale national risk from bracken ferns

to drinking water; however, further research is
warranted.



Assessment of Natural Organic Matter and Ptaquiloside in Irish Waters

6.2 Recommendations for Policy

Recommendation Target

Use of a high-risk catchment map tool such as that trialled here in establishing monitoring programmes for EPA, IW, NFGWS,
collation of baseline data on NOM quantity and character for the design of new/upgraded WTPs LA, PGWSs

Audit monitoring of THMs to comply with the Drinking Water Regulations should consider the nature of the IW, NFGWS, LA,
source water accounting for both the seasonal flush of NOM in the autumn period and episodic rainfall events PGWSs, HSE
where supplies are influenced by such events

Accurate mapping of ZoC should be a prerequisite for drinking water supplies NFGWS, IW,
PGWSs
Consideration given to the localised predicted effects of climate change on NOM concentrations in water NFGWS, IW,
supplies and monitoring of high-resolution DOC data PGWSs
Establish the extent of bracken invasion in Ireland with the use of remote sensing and ground-truthing to DAFM, EPA,
accurately determine the extent of the bracken problem in Ireland DEHCLG
Increase the level of awareness of the possible risks of bracken and ptaquiloside to private drinking water DAFM, EPA, HSE,
wells DoH, NFGWS

DAFM, Department of Agriculture, Food and the Marine; DoH, Department of Health; HSE, Health Service Executive; IW,
Irish Water; NFGWS, National Federation of Group Water Schemes; NPWS, National Parks and Wildlife Service; DEHCLG,
Department of Housing, Planning and Local Government; PGWS, private group water scheme managers.
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AN GHNIOMHAIREACHT UM CHAOMHNU COMHSHAOIL
Ta an Ghniomhaireacht um Chaomhnti Comhshaoil (GCC) freagrach as an
geomhshaol a chaomhni agus a theabhsti mar shoemhainn luachmhar do
mhuintir na hEireann. T4imid tiomanta do dhaoine agus don chomhshaol a
chosaint ¢ ¢ifeachtai diobhalacha na radaiochta agus an truaillithe.

Is féidir obair na Gniomhaireachta a
roinnt ina tri phriomhréimse:

Riala: Déanaimid corais éifeachtacha rialaithe agus comhlionta
comhshaoil a chur i bhfeidhm chun torthai maithe comhshaoil a
sholathar agus chun dirit orthu siud nach gcloionn leis na corais sin.

Eolas: Solathraimid sonrai, faisnéis agus measunu comhshaoil ata
ar ardchaighdean, spriocdhirithe agus trathiil chun bonn eolais a
chur faoin gcinnteoireacht ar gach leibhéal.

Tacaiocht: Bimid ag saothri i gcomhar le gripai eile chun taci
le comhshaol ata glan, tairgivil agus cosanta go maith, agus le
hiompar a chuirfidh le comhshaol inbhuanaithe.

Ar bhFreagrachtai

Ceadinu

Déanaimid na gniomhaiochtai seo a leanas a rialt ionas nach

ndéanann siad dochar do shlainte an phobail na don chomhshaol:

 saoraidi dramhaiola (m.sh. ldithredin lionta talun, loisceoirt,

» gniomhaiochtai tionsclaiocha ar scala mor (m.sh. déantusaiocht
cogaisiochta, déantusaiocht stroighne, staisivin chumhachta);

 an diantalmhaiocht (m.sh. muca, éanlaith);,

* Usaid shrianta agus scaoileadh rialaithe Organach
Géinmhodhnaithe (OGM);

+ foinsi radaiochta ianuchain (m.sh. trealamh x-gha agus
radaiteiripe, foinsi tionsclaiocha);

+ iseanna mora storala peitril;

» scardadh dramhuisce;

» gniomhaiochtai dumpala ar farraige.

Forfheidhmii Naisitnta i leith Cirsai Comhshaoil

» Clar naisitnta iniuchtai agus cigireachtai a dhéanamh gach
bliain ar shaoraidi a bhfuil ceadunas 6n nGniomhaireacht acu.

* Maoirseacht a dhéanamh ar fhreagrachtai cosanta comhshaoil na

» Caighdean an uisce 6il, arna sholathar ag solathraithe uisce
phoibli, a mhaoirsit.

 Obair le hudarais aitiula agus le gniomhaireachtai eile chun dul
i ngleic le coireanna comhshaoil tri chomhorda a dhéanamh ar
lionra forfheidhmitichain naisiunta, tri dhiria ar chiontoiri, agus
tri mhaoirsiti a dhéanamh ar leastichan.

* Cur i bhfeidhm rialachan ar nés na Rialachan um
Dhramhthrealamh Leictreach agus Leictreonach (DTLL), um
Shrian ar Shubstainti Guaiseacha agus na Rialachan um riala ar
shubstainti a idionn an ciseal 6z6in.

* An dli a chur orthu sitid a bhriseann dli an chomhshaoil agus a
dhéanann dochar don chomhshaol.

Bainistiocht Uisce

* Monatdireacht agus tuairiscii a dhéanamh ar chailiocht
aibhneacha, lochanna, uisci idirchriosacha agus costa na
hEireann, agus screamhuisci; leibhéil uisce agus sruthanna
aibhneacha a thombhas.

* Combhordu naisiunta agus maoirsit a dhéanamh ar an gCreat-
Treoir Uisce.

* Monatdireacht agus tuairisciu a dhéanamh ar Chailiocht an
Uisce Snamha.

Monatoireacht, Anailis agus Tuairiscii ar

an gComhshaol

* Monatdireacht a dhéanamh ar chéiliocl}t an aeir agus Treoir an AE
maidir le hAer Glan don Eoraip (CAFE) a chur chun feidhme.

 Tuairiscit neamhspleach le cabhru le cinnteoireacht an rialtais

staid Chomhshaol na hEireann agus Tuarascalacha ar Thiscairi).

Rialii Astaiochtai na nGas Ceaptha Teasa in Eirinn

+ Fardail agus réamh-mheastachain na hEireann maidir le gais
cheaptha teasa a ullmhu.

*  An Treoir maidir le Tradail Astaiochtai a chur chun feidhme i gcomhair
breis agus 100 de na tiirgeoiri dé-ocsaide carb6in is mé in Eirinn.

Taighde agus Forbairt Comhshaoil

» Taighde comhshaoil a chistiti chun brinna a shainaithint, bonn
eolais a chur faoi bheartais, agus réitigh a sholathar i réimsi na
haeraide, an uisce agus na hinbhuanaitheachta.

Meastinacht Straitéiseach Timpeallachta
* Meastnacht a dhéanamh ar thionchar pleananna agus clar beartaithe
ar an gcomhshaol in Eirinn (m.sh. mérphleananna forbartha).

Cosaint Raideolaioch

e Monatdireacht a dhéanamh ar leibhéil radaiochta, meastnacht a
dhéanamh ar nochtadh mhuintir na hEireann don radaiocht iantichain.

» Cabhru le pleananna naisiunta a fhorbairt le haghaidh ¢igeandalai
ag eascairt as taismi nuicléacha.

¢ Monatoireacht a dhéanamh ar thorbairti thar lear a bhaineann le
saoraidi ntiicléacha agus leis an tsabhailteacht raideolaiochta.

¢ Sainseirbhisi cosanta ar an radaiocht a sholathar, n6 maoirsit a
dhéanamh ar sholathar na seirbhisi sin.

Treoir, Faisnéis Inrochtana agus Oideachas

e Comhairle agus treoir a chur ar fail d’earnail na tionsclaiochta
agus don phobal maidir le habhair a bhaineann le caomhnu an
chomhshaoil agus leis an gcosaint raideolaioch.

» Faisnéis thrathuil ar an gcomhshaol ar a bhfuil fail éasca a
chur ar fail chun rannphdirtiocht an phobail a spreagadh sa
chinnteoireacht i ndail leis an gcomhshaol (m.sh. Timpeall an Ti,
léarscaileanna radoin).

» Comhairle a chur ar fail don Rialtas maidir le habhair a
bhaineann leis an tsabhailteacht raideolaioch agus le clrsai
prainnfhreagartha.

* Plean Naisiunta Bainistiochta Dramhaiola Guaisi a thorbairt chun
dramhail ghuaiseach a chosc agus a bhainistit.

Muiscailt Feasachta agus Athru Iompraiochta

e Feasacht chomhshaoil nios fearr a ghinitint agus dul i bhfeidhm
ar athrl iompraiochta dearfach tri thact le gnothais, le pobail
agus le teaghlaigh a bheith nios éifeachttla ar acmhainni.

» Tastail le haghaidh raddin a chur chun cinn i dtithe agus in ionaid
oibre, agus gniomhartha leastuchain a spreagadh nuair is ga.

Bainistiocht agus struchtir na Gniomhaireachta um
Chaomhni Comhshaoil

Ta an ghniomhaiocht a bainistiti ag Bord lanaimseartha, ar a bhfuil
Ard-Stiurthéir agus cuigear Stitrthéiri. Déantar an obair ar fud clig
cinn d’Oifigi:

* An Oifig um Inmharthanacht Comhshaoil

* An Oifig Forftheidhmithe i leith cursai Comhshaoil

* An Oifig um Fianaise is Measunti

* Oifig um Chosaint Radaiochta agus Monatoireachta Comhshaoil
* An Oifig Cumarsaide agus Seirbhisi Corparaideacha

Ta Coiste Comhairleach ag an nGniomhaireacht le cabhru 1éi. Ta
daréag comhaltai air agus tagann siad le chéile go rialta le plé a
dhéanamh ar abhair imni agus le comhairle a chur ar an mBord.
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Ireland has an unacceptably high number of drinking water supplies that exceed the parametric value

of 100 pg L-1 for total trihalomethanes (THMs) and has been reporting the highest non-compliance
with respect to total THMs in drinking water across the 27 EU Member States. Trihalomethanes are
a possible carcinogen formed when chlorine, used to disinfect drinking water reacts with natural
organic matter (NOM) also present in the drinking water. Furthermore, there is no scientific evidence
available for Ireland on the naturally occurring organic toxin, ptaquiloside, which is derived from
bracken ferns. This report presents findings from a literature review and case studies on THMs and

ptaquiloside in Irish drinking water.

Identifying pressures

This research identified high-risk catchments for public
and private water supplies in relation to NOM across
Ireland. This study highlighted that presence of peatland
in the catchment is an important factor contributing to
THMs in supplies where water has no pre-treatment

and receives chlorine disinfection only. Furthermore,

in supplies where there is removal, to some degree, of
natural organic matter, presence of both peatland and
pasture give rise to higher concentrations of THMs. The
extent of bracken coverage in Ireland is not known.
Ptaquiloside concentrations were detected in the bracken
fronds from frond emergence to plant die-off and in the
receiving drinking water supply on one sampling occasion
at plant die-off.

Informing policy

The findings from this research suggest that there is a
need for policy that recommends the use of a high-risk
catchment map tool such as that trialled in this research
in establishing monitoring programmes for collation of
baseline data on NOM quantity and character for the
design of new/upgraded WTPs. Audit monitoring of THMs
to comply with the Drinking Water Regulations should
consider the nature of the source water accounting for
both the seasonal flush of NOM in the autumn period and
episodic rainfall events where supplies are influenced by
such events. Accurate mapping of zones of contribution
should be a prerequisite for drinking water supplies.
Consideration should be given to the localised predicted

EPA Research: McCumiskey House,

effects of climate change on NOM concentrations in
water supplies and monitoring of high-resolution data.
The extent of bracken coverage in Ireland should be
established using remote sensing with ground-truthing to
accurately determine the extent of the bracken problem
in Ireland. There is a need for policy that can increase the
level of awareness of the possible risks of bracken and
ptaquiloside to private drinking water wells.

Developing solutions

The establishment of a national water utility in 2014
represents a significant opportunity for improving THM
compliance through systematic connectivity and viewing
each abstraction source as a function of its catchment
rather than of its management boundaries. The findings
of the ptaquiloside study from this research suggest that
there is a need for stakeholder awareness, with regard to
ensuring bracken-free zones close to water abstraction
sources, especially for supplies with short water residence
times. Investigation into the ptaquiloside concentrations
of bracken subjected to different management treatments
indicated that spraying with asulam was the most
effective means of control for reducing ptaquiloside load.
Asulam, the most effective herbicide for eradicating
bracken is currently banned in the EU and can only be
used with derogation. This finding indicates that cutting
bracken may increase the production of ptaquiloside in
the short term and hence the potential risk to drinking
water quality. However, asulam is a pesticide and is itself
potentially harmful to drinking water.
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