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Abstract

The presence of natural dissolved organic carbon (DOC) in drinking water supplies is

undesirable due to its reaction with chlorine during water treatment and the resulting
formation of disinfection by-products (DBPs) (Rook, 1976). Some of these compounds,
principally trihalomethanes (THMs), have demonstrated carcinogenic properties and can
potentially cause damage to the reproductive system (Bull, et al. 1995; Nieuwenhuijsen,

et al. 2000). Concentrations of DOC in freshwater rivers and lakes in the UK have
increased by 91% during the last 15 years (Evans, et al. 2005), with the rise attributed to

the destabilisation of peatland soils through climate change, and the release of some of
the vast carbon store of 455 Pg they have accumulated over the last few thousand years
(Gorham, 1991). If the increase continues, it will create a serious challenge to water
companies due to the need to minimise the formation of harmful DBP compounds.

This project investigated the role of peatlands in the formation of THMs at selected
reservoirs in north Wales. Water draining from Cors Erddreiniog fen into Cefni reservoir
was found to be the most important source of DOC, comprising 33-57% of all the inputs
to the lake on an annual basts; however, it was also demonstrated that sunlight can
strongly degrade the DOC entering the lake from this source, thereby reducing its THM-
forming potential. Rapid growth of algae during the summer months contributes up to
45% of all the DOC inputs, although the lower molecular weight of the carbon
compounds ensures that algae do not generate THMs as readily as terrestrially-derived
DOC during water treatment. At Marchlyn Bach and Llugwy reservoirs, the DOC
concentration of the lake water was lower, due to both the bog soils within the
catchment releasing less DOC than the fen, and the much lower autochthonous
production. The impact of rising temperatures on peat soil was to increase the
leachability of DOC during spring for bogs and summer for fens, the latter being
important for the Cefni as this is when THM concentrations are highest. Exposure to
elevated concentrations of atmospheric ozone reduced the porewater DOC concentration
of fen peat by as much as 55%, suggesting that through its effects on the carbon
allocation within the above ground vegetation, elevated ozone could partially offset the
predicted increase 1n DOC leaching from fen ecosystems through enhanced warming

and CO, concentrations.
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Chapter 1 Introduction

1.1 General introduction

The availability of clean drinking water is one of the most important influences on the
quality of human health around the world. Developed countries spend billions of dollars
on water treatment processes to ensure a safe drinking water supply, whilst those living
In developing countries are not so fortunate and are often exposed to water that is unfit
for consumption (van Leeuwen, 2000). The majority of treatment costs are for the
removal of natural dissolved organic matter (DOM) and the addition of a disinfectant to
remove microorganisms. Chlorine is the most frequently used type of disinfectant, it has
been employed for over a century and the health benefits it has provided have been
unprecedented (Bull, er al. 19935). It has even been stated that chlorine has saved more
lives than any other chemical (Craun, et al. 1994). A vast number of harmful bacterial,
viral, protozoan and parasitic diseases can exist in natural, untreated sources of water,
which can easily be transmitted to humans and animals upon consumption. However,
there are billions of people throughout the world whose only source of water is
contaminated. In these often poor, isolated regions of the world, where untreated well
and lake water are used for drinking and bathing, deaths from infectious diseases are
extremely high. Diarrhoea caused by these water-borne diseases accounts for more
deaths world-wide than cancer and AIDS put together (Craun, ef al. 1994).
Consequently, the issue of water quality, especially in the third world, is one of the
greatest environmental challenges facing mankind in the 21* century.

The health benefits of chlorination cannot de disputed, but the discovery that potentially
harmful by-products (disinfection by-products — DBPs) can be generated in water
following the addition of chlorine has raised much concern in the water industry (Rook,
1976). The production of these by-products centres on the presence of dissolved organic
carbon (DOC) 1n the water that enters the treatment plant; when chlorine is added it
reacts with this organic material to form a class of compounds known as organo-halides
(Sketchell, et al. 1995). The most commonly formed group of organo-halides are
trihalomethanes (THMs) (Peterson, et al. 1993). They are a major cause for concem,

because some tests have shown them to be carcinogenic to laboratory animals (Bull, et
al. 1995).
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Although the link between organic matter, chlorination and THMs was recognised 30
years ago, there 1s still much to be understood about the exact nature of the THM
forming reactions and what specific precursor compounds are involved (Pomes, et al.
1999; Nikolaou & Lekkas, 2001; Uyguner, et al. 2004). However, it is understood that
the dominant source of carbon to most lakes is allochthonous, i.e. produced outside the
lake, and that peatlands are the most important soil type influencing this external input
(Dillon & Molot, 1997). Concern 1s growing that climate change is leading to the

increased export of carbon from peatland ecosystems, as DOC concentrations in many
northern hemisphere freshwater systems have risen substantially over the last few years
(e.g. Worrall, et al. 20045b; Evans, et al. 2005). Without the costly upgrading of
treatment processes, this could lead to an increased formation of THMs and a

deterioration in the quality of final drinking water.
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1.2 Disinfection by-products (DBPs) and trihalomethanes (THMs)

1.2.1 Overview

Disinfection of water with chlorine has dramatically lowered the occurrence of water-
bomne diseases in all developed countries and saved millions of lives. One hundred years
ago, typhoid and cholera epidemics were common throughout the developed world
(USEPA, 1998), but now occurrences of such diseases have virtually ceased
(Richardson, 2003). However, concern has developed over the formation of products
that are potentially harmful to human health when water containing organic matter
(DOM or DOC) is chlorinated. DOC itself is considered harmless, but the substitution of
hydrogen ions in DOC by chlorine can lead to the formation of hundreds of halogenated
by-products (DBPs), some of which are known to be carcinogenic (Jimenez, et al. 1993,
Palacios, et al. 2000). They are considered to be the greatest health threat to consumers

of treated water. A U.S. Environmental Protection Agency (EPA) survey discovered that
DBPs are present in virtually all chlorinated water supplies (Capece, 1998).

It is important to put into perspective that DBPs are usually only present in trace
amounts in chlorinated drinking water (approximately tens to hundreds of micrograms
per litre) and the health risk they pose, in comparison to the harmful pathogens that are
killed by chlorine, are small. However, because exposure to these trace compounds 1s
over such a long period of time, governments in the developed world have deemed the
health risk of DBPs great enough to require water companies to take action to reduce

their level in drinking water supplies.
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1.2.2 Trihalomethanes

Trihalomethanes (THMs) are the most common type of DBP that forms when chlorine
reacts with aqueous organic matter (Sketchell, ef al. 1995). There are four compounds
within this class and they are similar in structure to methane but have three hydrogen
atoms substituted with chlorine or bromine. The most common type of THM formed is
chloroform (CHCl;), the structure of which 1s shown in figure 1.01. Bromide 1s
incorporated into the reaction when i1t 1s present in the raw water supply. This leads to
the formation of the three other THM compounds; Bromodichloromethane (CHCI,Br),
Dibromochloromethane (CHCIBr;) and Bromoform (CHBr3), which have a similar
structure to chloroform except for the presence of one or more bromide 1ons. The
formation of THMs containing bromide (brominated THMs) during water treatment 1s

usually much lower than the production of chloroform.

H

Clie:C
C

ai

Figure 1.01 — The chemical structure of chloroform

THMs belong to a class of compounds called organohalides, which are naturally
occurring and structurally diverse (Gribble, 2003). They are produced naturally by
bacteria, plants, fungi, lichen and insects, whilst volcanoes and forest fires also
contribute large quantities. Chloroform 1s the most abundant organohalide in the
environment; an estimated 4 million tonnes are produced by natural sources annually,
dwarfing the 10,000 tonnes released anthropogenically.

The formation of THMSs during chlorination was first discovered in the 1970s but
despite extensive research into the problem since then, the specific DOC precursor
compounds involved remain largely unknown. However, the larger molecular
weight/size compounds, such as humic acids, are generally thought to be most reactive

to chlorine (Oliver & Visser, 1980; Uyguner, ef al. 2004). The problem is alleviated
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somewhat by the fact that these types of compounds are more amenable to removal
during water treatment processes (Collins, et al. 1986; Alarcon-Herrera, et al. 1994;
Goslan, et al. 2002), but the incomplete removal of organic matter at most treatment
works ensures THMs are a serious problem.

A variety of methods have been developed for measuring DBPs in water, as summarised
by Cho, et al. (2003). They include direct aqueous injection, liquid-liquid extraction,
static and dynamic headspace techniques (including purge and trap) and solid-phase
microextraction. There are a number of advantages and disadvantages to all the
methods; for example, the direct aqueous injection procedure is simple and quick, but
suffers from column instability, and the liquid-liquid extraction method is sensitive, but
contamination from the solvent can easily occur. The most reliable methods seem to be

those that employ gas chromatography.

1.2.3 The health risk posed by DBPs

The risk to human health of DBPs in treated water differs from the short-term biological
hazard that exists from drinking untreated water. Although most studies have shown that
DBPs pose only a low-magnitude risk, their ubiquitous presence in public water supplies
ensures that they are an 1ssue of great importance to the long term health of humans
(Singer, 2006). The continuous intake of these trace compounds through drinking water,
showering (Nazir & Khan, 2006), bathing (Xu, ef al. 2002) and even the use of public
swimming baths (Chu & Nieuwenhuijsen, 2006) can result in a high degree of exposure
to these compounds over the course of a person’s life.

DBPs are a significant concern for the water industry as they have been linked to an
increased nisk of cancer (Peterson, ef al. 1993; Bull, et al. 1995; Singer, 1999). The first
major epidemiologic study on the health effects of trihalomethanes was conducted in
1974 when chloroform was first identified in chlorinated water supplies (IARC, 1991).
In that and numerous epidemiologic studies since, strong links have been found between
colon, rectum and bladder cancer and waters which contain high levels of THMs. Long-
term carcinogenic tests on rats have also led scientists to conclude that THMs, and also

haloacetic acids (the second main type of DBP), have a carcinogenic effect.

Consequently, the International Agency for Research on Cancer has classified
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chloroform as a 2B carcinogen: possibly carcinogenic to humans (Chu &
Nieuwenhuijsen, 2002). In rodent experiments comparing the different types of THM
compounds, exposure to the brominated THMs has lead to a greater development of
tumours than chloroform (Nobukawa & Sanukida, 2001; Villanueva, et al. 2003).
Several DBP compounds regularly found in chlorninated drinking water supplies have
also demonstrated reproductive and developmental toxicity in laboratory animals at high
doses (Nieuwenhuijsen, et al. 2000). The most adverse effects were reductions in body
weight and survival of offspring. A study in the USA found that women who drank 5 or
more glasses of cold water per day that contained more than 75 pg 1" THMs had a
miscarriage rate of 15.7%, compared with a rate of 9.5% for women with a low THM
exposure (Capece, 1998). However, other studies have yielded contrasting results, with
one large epidemiological study using laboratory animals finding no reduction in birth
weight, despite administering a high dose of THMs (Dodds, et al. 1999).

New work has emphasised the problem of DBPs (Richardson, 2003; Richardson &
Ternes, 2005). Specifically, there are concerns over adverse reproductive and
developmental effects recently observed in human populations, concerns that the types
of cancer observed in laboratory animals (for regulated DBPs) do not correlate with the
cancers observed in human populations (indicating that other DBPs may be important),
and concerns that other routes besides ingestion (i.e. inhalation and dermal adsorption)
are also significant sources of DBP exposure. In addition, new types of DBPs are being
discovered for which little toxicological information exists.

Current levels of DBPs in drinking water (tens to hundreds of pg1™') are thought to pose
a sufficient carcinogenic risk for their levels to need regulation (Waller, ef al. 1998). For
example, in the USA, the maximum contaminant level (MCL) for THMs in drinking
water is 80 ug 1" (Yoon, ez al. 2003). MCLs in other countries vary, ranging from 100
ug I'! in most, including the UK (DWI, 1998), to just 10-15ug 1™ in Denmark.

1.2.4 Other DBP compounds

Chlorinated drinking water contains a complex cocktail of DBPs, each with their own
chemical and toxicological properties (Villanueva, et al. 2003). Whilst THMs dominate,
and are often used as a surrogate for other DBPs, an understanding of the other by-

products 1s necessary.
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After THMs, the non-volatile haloacetic acids (HAAs) are the most prevalent DBP,
occurring generally at about half the concentration of THMs 1n final drinking water
(Nieuwenhuijsen, et al. 2000). Their formation is favoured over THMs the lower the pH
of the water (Bull, et al. 1995). Like THMs, studies have linked HAAs with an increased
risk of cancer (Sé€rodes, et al. 2003). Experiments on rats have demonstrated a potential
link with some reproductive problems too; specifically testicular damage, disruption of
spermatogenesis and reduced foetal weight and survival (Nieuwenhuijsen, et al. 2000).
Other studies have suggested an increase in damage to the cardiovascular, digestive and
urino-genital systems.

Most other DBPs occur at concentrations below 1 pg 1™ (Nieuwenhuijsen, et al. 2000)

and the commonest are bromate, chlorite, haloketones and haloacetonitriles (Yoon, ef al.

2003). Bromate forms when ozone 1s used as the disinfectant and it reacts with naturally
occurring bromide in the source water. It is currently regulated to a MCL of 10 pg 1™
Chlorite is formed when chlorine dioxide 1s used as the disinfectant and is regulated to a
level of 1 pg 1" (Siddiqui, et al. 1997).

1.2.5 Potential solutions to the DBP problem

There are 2 main ways in which the formation of DBPs can be moderated; a reduction in
the concentration of organic material in the raw water, and the use of a disinfectant other
than chlorine. It has always been a necessity for water treatment works to ensure the
efficient removal of organic matter, in order to improve the aesthetics, taste and odour of
drinking water (Sketchell, ez al. 1995), but the added problem of DBP formation gives
this greater emphasis (Black, et al. 1996). DOC also adds to the problem of bacterial re-
growth in the distribution system (Lehtola, ef al. 2001). A number of treatment options
are available to reduce the concentration of organic matter, such as enhanced
coagulation, oxidation/biodegradation, photocatalysis, magnetic ion exchange resin,
adsorption, nanofiltration, etc., the merits of which are discussed by Balch (2005).
Although a reduction in the precursor DOC concentration would certainly result in a
final water containing less THMs, it can alter the relative proportion of the four
individual compounds (Sketchell, et al. 1995). Treatment techniques that lower the
levels of DOC without affecting bromide (i.e. increase the bromide:DOC ratio) have
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been implicated 1n a shift from chlorinated to brominated THM compounds (Sinha, ef al.
1997). Thus 1s of particular concern, because, as previously discussed, there is a greater
theoretical risk to humans from the brominated THMs.

The other main method for reducing the concentration of DBPs in drinking water is by
using alternative disinfectants to chlorine; however, there is still much debate about how
effective this technique is. Chloramine is the most widely used alternative to chlorine;
its main advantage being that it produces a lower concentration of THMs (and HAAs).
In a study by Peterson, et al. (1993), THM concentrations in drinking water were 14
times lower when using chloramination rather than chlorination. However, chloramine is
a much less potent disinfectant, and therefore requires longer contact times to eliminate
pathogens (Bull, et al. 1995; Peterson, et al. 1993). Although the elimination of THMs
and HAAs 1s a huge advantage, other by-products are produced, namely cyanogen
chloride and N-organochloramines, and even less is known about the health implications
of these compounds (Bull, et al. 1995). Chloramination also results in a final water
which contains more nitrifying bacteria (Siddiqui, et al. 1997).

Another popular alternative to chlorine 1s ozone and unlike chloramine, 1t 1s a very
effective disinfectant (Bull, et al. 1995). It has a number of drawbacks, however,
including the fact that it cannot be used as the residual disinfectant in the distribution
system; therefore chlorine or chloramine would have to be added. Ozonation also leads
to the production of other DBPs, such as bromate, bromoform, dibromacetic acid,
peroxides, aldehydes and ketoacids (Bull, et al. 1995; Siddiqui, ef al. 1997). Studies
have shown that some of these compounds are mutagenic and carcinogenic. Ozone also
has a tendency to increase the level of biodegradable organic carbon in the water,
leading to an enhanced growth of biofilms in the distnbution pipes. This can cause a
variety of problems, including corrosion of the pipe and worsening of the taste, colour
and odour of the drinking water (Siddiqui, et al. 1997). Chlorine dioxide is the other
main disinfectant. Like ozone, it is an excellent disinfectant, but produces by-products
which have not been studied extensively, namely chlorate and chlorite, although it does
offer a significant reduction in THMs and HAAs (Bull, et al. 1995). Ozone and chlorine
dioxide are also unfavourable disinfectants because they are relatively expensive

compared to chlorine.
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1.3 Organic matter in freshwaters

1.3.1 Overview

Natural organic matter (NOM), which is central to the formation of DBPs, is a
constituent of all freshwater ecosystems. It consists of a mixture of plant and animal
products 1n various stages of decomposition, of substances synthesised biologically
and/or chemically from the breakdown products, and microorganisms and small animals
and their decomposing remains (Schnitzer & Khan, 1972). The individual components
of organic matter are all at various stages of cycling, and most exist in a
decompositional state. Carbon is the key constituent of NOM and in freshwaters is
present mostly in the dissolved form (Wetzel, 1975), 1.e. below 0.45 pym (Thurman,
1985). Organic matter in freshwaters is therefore usually referred to as dissolved organic
carbon (DOC), although a significant portion of matenial below 0.45 pm in size can be
colloidal in nature (Chow, et al. 2005b). To describe the carbon cycle simply, organic
carbon originates from the fixing of atmospheric CO; by plant photosynthesis, which
leads to the formation of complex carbon compounds such as lignin and cellulose.
Eventually, most of this carbon is returned to the atmosphere when dead plant material
is decomposed in soil ecosystems. An important intermediate step 1n this process is the
leaching of DOC from soils to freshwater lakes and streams; it is the dominant type of
dissolved substance entering these systems and a vital component of the global carbon
cycle (Schindler, et al. 1997). Freshwaters with a high concentration of DOC will often

be stained brown due to the presence of aquatic humic substances.

1.3.2 The structure and composition of DOC compounds

The number of carbon compounds comprising this dissolved fraction is limitless and its
structural complexity remains poorly resolved. This is despite copious amounts of
research focussed on characterising DOM using analytical tools such as UV-visible
absorbance, HPLC-SEC (High Pressure Liquid Chromatography-Size Exclusion
Chromatography), fluorescence, NMR (Nuclear Magnetic Resonance), XAD
fractionation, ultrafiltration, etc. (Her, et al. 2003; Uyguner, et al. 2004; Chow, et al.
2005a). One of the most basic methods of separating DOC compounds is into non-

humic and humic substances, which are defined overleaf:
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Non-humic compounds — This polar fraction is comprised mostly of decomposing
animal and plant residues, products of their decomposition and products of re-synthesis
in bacterial cells (Kononova, 1966). They include carbohydrates, proteins, peptides, fats,
resins and other low molecular weight compounds (Schnitzer & Khan, 1972). They are
uncoloured, labile compounds which are easily broken down by microorganisms and

consequently exhibit rapid flux rates in lakes.

Humic compounds — These are non-polar, amorphous, brown/black coloured,

hydrophobic, acidic compounds and are the more stable, recalcitrant, larger components
of organic matter. They may remain unchanged in the environment for thousands of
years (Vaughan & Malcolm, 1985) and form most of the organic matter of soils and
waters. Humic substances are by far the most abundant organic molecules on Earth,;
their carbon contents are estimated to be two or three times higher than those in living
matter (Davies & Ghabbour, 1998), whilst they are thought to comprise 50-75% of DOC
in freshwaters (Hope, et al. 1994). All humic compounds are formed largely as a result
of the microbial metabolism of plant and animal material, with the products formed
being relatively resistant to microbial degradation in freshwaters (Fukushima, et al.
1996). They are able to complex with metal ions and hydrous oxides and can interact
with clay minerals and organic chemicals, including toxic pollutants (Schnitzer & Khan,
1972). Therefore, the presence of humic substances in soils and waters, together with
inorganic and organic compounds and the properties of the products formed, are of great

importance in understanding environmental pollution.

1.3.3 Allochthonous vs. autochthonous sources

The concentration and characteristics of reservoir DOC depends on the degree of in-lake
production (autochthonous sources) and the influx from the lake’s catchment
(allochthonous sources). The origin of DOC from allochthonous sources 1s chiefly from
the decay of dead vegetation and the leaching of this organic matter in various stages of
decomposition. This input represents a major source of energy and material for
freshwaters, although by the time DOC reaches lake systems via inflowing streams its
composition can become enriched in refractory compounds due to microbial

transformation in the transporting waters (Wetzel, 1975). Other allochthonous sources
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include the exudation of material from plant roots, the erosion of topsoil by rain or wind,
and input via rainfall, which generally has a DOC concentration of 1 mg 1" (Wetzel,
2001). Autochthonous DOC 1s mainly composed of photosynthetic inputs of the littoral
(lake shore) and pelagic (open water) flora through secretion and autolysis of cellular
contents, excretions by zooplankton and higher animals, and bacterial decomposition of
organic matter, with subsequent DOC release (Fukushima, et al. 1996). This
decomposition leads to a build-up of DOC in the lake’s hypolimnion (Parks & Baker,
1997). The chemical characteristics of DOC vary markedly between sources. In general,
DOC from terrestrial sources is nitrogen poor, optically dense, highly coloured, rich in
aromatic structures and has a high molecular weight. In contrast, autochthonous DOC is
nitrogen-rich, relatively transparent and low in aromaticity and molecular weight (Curtis
& Schindler, 1997; Gergel, 1999).

The contnibution from each source varies both spatially and temporally between aquatic
systems, however, the predominant origin of DOC to most freshwaters, especially in the
northern temperate regtions, 1s allochthonous (Wetzel, 2001). For example, Schindler
(1971) observed a correlation between lake water colour and the ratio of terrestrial
drainage area to lake surface area, a finding confirmed in many other studies. However,
the contribution from each source changes seasonally; in late spring, summer and early
autumn, autochthonous production 1s much greater than dunng the winter because
increased sunlight and warmth allows for a much higher rate of photosynthesis and
primary production by algae and vegetation. The contribution from allochthonous
sources varies seasonally too and tends to peak during the autumn, as vegetation within
the catchment starts to decompose as the weather turns cooler and wetter. In upland
regions in winter, where snow is the dominant form of precipitation, there is a build-up
of DOC which can be washed out of the soil during spring snowmelt (Parks & Baker,
1997). Such differences will have an influence on the formation of THMs.

1.3.4 Functions and losses of DOC from reservoirs

As summarised by Worrall, et al. (2002), DOC performs several functions in a lake,
including acting as an energy and nutrient source, assisting in the transport of metals,

and buffering pH. The DOC concentration can be the main factor controlling light
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penetration (Perez-Fuentetaja, et al. 1999) and the chromophoric functional groups are
important for blocking out UV light and minimising the exposure of aquatic life to
harmful UV-B radiation (Brooks, et al. 2005). DOC can influence the availability of
some forms of phosphorus to phytoplankton and alter sedimentation rates (Gergel,

1999). It has also been observed to affect the thermocline depth (Perez-Fuentetaja, et al.
1999). There are a number of pathways by which DOC is lost in a reservoir. These are

generally divided into biological and chemical:

Biological losses

= Oxidation and respiration — The continuous biotic oxidation of DOC compounds
such as lignin by microbes and invertebrates generates carbohydrates, amino acids
and phenolic compounds (Degens, 1982). When completely broken down, this can
represent a sizeable export of carbon as CO; to the atmosphere.

= Immobilization — Biota, especially biofilms, can convert DOC to particulate organic
carbon (POC) and back again, at rates ranging from 0.1 - 1.1 g% h™ (Kuserk, et al.
1984; McDowell, 1985). However, the presence of recalcitrant high molecular
weight compounds may inhibit this process (Freeman, et al. 1990).

Chemical losses

» Adsorption - DOC can be removed from the water column in large amounts due to
adsorption by iron and aluminium oxides (McDowell, 1985).

= Photochemical oxidation — Exposure to UV radiation can break down recalcitrant
fractions of DOC into inorganic compounds, such as carbon dioxide, and labile low
molecular weight DOC (Parks & Baker, 1997) which may act as a carbon source for
bactenal growth (Wetzel, ef al. 1995).

s Sedimentation — DOC loss to the lake bed is also a major sink.

Non-living autochthonous DOC is more labile and decomposition of these carbon
compounds is much more rapid (Steinberg & Muenster, 1985). They therefore only
contribute a small proportion of freshwater DOC, especially in the cool, temperate
regions of the world where most freshwater lakes exist.
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1.4 The role of wetland ecosystems

1.4.1 Overview
Despite their straightforward sounding name, wetlands are extremely difficult

ecosystems to define. This is because the depth of water fluctuates over time, their range
in size is vast, they occupy many different geographical locations (from inland to the

coast) and the level of human influence varies greatly between each one (Mitsch &
Gosselink, 2000). They are also often temporally transitional, between ecosystems that

are at a greater or lesser state of succession. Consequently, many definitions of wetlands

exist, but the most widely used is that which was established at the international Ramsar

Convention in 1971:

Areas of marsh, fen, peatland, or water, whether natural or artificial, permanent or
temporary, with water that is static or flowing, fresh, brackish, or salt including areas of
marine water, the depth of which at low tide does not exceed 6 metres.

(Groombridge, 1992)

The above definition incorporates all of the variable aspects of wetlands, but the
dominant characteristic of all wetlands is the persistently high water-table and the effect
this has on biogeochemical reactions. As a result, wetlands possess soils with very
unique properties and are inhabited by specialised flora and fauna. From the
unproductive, upland, oligotrophic bogs of the UK, to the diverse, tropical swamps of
South America, wetlands contain some of the most unique and important features of all
of the world’s ecosystems, despite occupying just 4-6% of the earth’s land surface
(Maltby & Tumer, 1983; Matthews & Fung, 1987). They are valuable as sources, sinks
and transformers of a multitude of chemical, biological and genetic materials (Mitsch &
Gosselink, 2000). For example, Brackke (1981) observed that 62% of dissolved
materials exported from a Norwegian watershed were chemically changed by passing
through wetlands, even though the wetlands occupied just 24% of the catchment. Their
ecological niche between more terrestrial and more aquatic environments often leads to

a high biodiversity, as wetlands can provide a home for species from both extremes
(Mitsch & Gosselink, 2000).
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1.4.2 Peatlands

Peatlands are freshwater wetlands found extensively in the boreal zone of the world,
where cool, humid conditions prevail and precipitation is moderate to high (figure 1.02).
Estimates of the world’s surface area occupied by peatlands are in the region of 400
million ha (Gorham, 1991; Immirzi, et al. 1992), approximately half of the world’s total
of wetland ecosystems. Like all wetlands, the dominant feature of peatlands is the
presence of a high water-table, with estimates of soil water content being 88-97%
(Heathwaite, et al. 1993). The waterlogged conditions and resulting lack of oxygen
create a situation where decomposition processes fail to keep pace with the production
of organic matter (Mitsch & Gosselink, 2000). Consequently, peat soil is dark and
fibrous, with a dry weight of over 65% organic matter (Clymo, 1983). Peatlands are

generally classified as soils with a surface layer of peat greater than 30-40cm (Glaser,

1987), but they can contain peat up to a depth of several metres.

Third Party Material excluded from digitised copy.
Please refer to ori ginal text to see this materia]
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There are 2 contrasting types of peatland; bogs and fens, as defined below:

Bogs — An ombrotrophic (entirely rain-fed), oligotrophic (nutrient-poor), acidic
peatland, with no significant inflow or outflow of surface water or groundwater, which
supports acidophilic (acid-loving) vegetation, particularly mosses.

Fens — A minerotrophic, meso- or eutrophic open peatland system that generally

receives some drainage from surrounding mineral soils and is often covered by grasses,
sedges or reeds. (Mitsch & Gosselink, 2000).

A true bog will only form when the soils become isolated from surface water inputs and
the influx of water from precipitation exceeds the efflux by evapotranspiration. This
dramatically lowers the nutrient content of the soil and consequently the potential for
organic matter decomposition (Mitsch & Gosselink, 2000). The resulting accumulation
of organic compounds lowers the soil’s pH (usually <4.5), which is enhanced further by
the strong cation exchange capacity of the sphagnum moss that dominates the vegetation
of bog ecosystems (Clymo, 1963). Fens receive a significant supply of nutrients from
groundwater sources, ensuring a pH which is less acidic than bog soils (rarely <4.5) and
a greater nutrient content. This in turn allows for faster rates of decomposition within the
soil, and vegetation which is much more productive (Farrish & Grigal, 1988). The
vegetation associated with peatlands is often highly adapted to the unfavourable
conditions of the soil. One of the most notable adaptations to the low nutrient
availability in bog soils is displayed by the camivorous plants (e.g. Dionaea muscipula),

which obtain nourishment by trapping and digesting insects (Moore & Bellamy, 1974).

1.4.3 Biogeochemistry in peatlands

Figure 1.03 presents a summary of the major biogeochemical processes occurring in a
typical bog. It shows that the input of nutrients is solely from rainfall, that sphagnum
moss takes up nutrients such as ammonium and potassium and releases pH lowering
hydrogen ions, that the decomposition of organic matter releases acidic compounds and
that processes such as sulphate reduction by microorganisms occur in the deep anaerobic

layers of peat.
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The waterlogging of soil instantly alters chemical and microbiological processes,
influencing nutrient cycling and leading to the accumulation of toxins (Pulford &
Tabatabai, 1987). At the surface of bogs and fens there is usually a thinly oxidised layer
of soil, where air is incorporated into the pores. This creates a steep gradient in redox
potential (Eh) within the soil profile; from +700 mV at the surface to -400 mV in the
deeper layers. As the redox potential and oxygen level decrease with increasing soil
depth, alternative terminal electron acceptors are utilized by anacrobic microorganisms
during respiration. These may be organic compounds, or more commonly, inorganic
compounds such as NOy", MnO,, Fe(OH); and SO4* (figure 1.04).

Third Party Material excluded from digitised copy.
Please refer to original text to see this material.
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The thin, acrobic surface layer plays a vital role in many biogeochemical reactions
within peatlands. Nutrient cycling is one such process, whereby nutrients that might not
be available in the bulk of the oxygen-free soil are transformed into different types and
transported into the deeper anacrobic zones (Gambrell & Patrick, 1978).

1.4.4 The carbon cycle in peatlands

Except for the thin layer at the surface, waterlogged peat soils are strongly anaerobic.
Perhaps the most important aspect of this is the impact on the carbon cycle, which is
slowed down greatly in peatlands compared to more aerated soils (Gorham, 1991). The
growth of vegetation and uptake of carbon is a slow process, as photosynthesis is
hampered by the poor quality soil and its lack of nutrients. However, the decomposition
of organic matter, principally dead plant maternal, is even slower due to the anaerobic,
acidic conditions. Moore & Bellamy (1974) showed that the numbers of carbon cycling
microorganisms in peatlands are much fewer than in an aerobic soil. This has led to the
continuous build-up of vast amounts of carbon 1n the soil profile, carbon that was
originally derived from the atmosphere by photosynthetic CO; assimilation (Gore,
1983). The result is that peatlands are net carbon sinks and, despite occupying only 3%
of the world’s terrestrial surface, contain an estimated 455 gigatonnes of carbon, the
equivalent of 60% of the atmospheric carbon dioxide pool (Gorham, 1991; Oechel, et al.
1993), or one third of the total soil carbon pool (Eswaran, ef al. 1995). Rates of carbon
accumulation by peatlands on a global scale are estimated to be between 0.05-0.11
Pg/yr, at a rate of 0.5 mm/yr (Armentano & Menges, 1986; Silvola, 1986). Considering
that the total annual quantity of CO; released from soils around the world during
decomposition is 0.2-0.5 Pg/yr (Wild, 1993), this peatland accumulation is substantial.
The build up of carbon is principally from decaying plant material and 1s therefore
mainly high molecular weight compounds, such as phenolic and cellulose matenal.
Organic matter decomposition occurs mostly to DOC, rather than CO,, so the porewater
of peatlands can be DOC-rich, with concentrations generally in the region of 20-60 mg
I, Peatland soils boast these characteristics and therefore exhibit high DOC effluxes
(Grieve, 1990), with estimates typically around 1-50 g m™ yr"* (Blodau, 2002).
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1.4.5 Peatland organic matter decomposition and hydrolase enzymes

Soil enzymes are the biological catalysts of organic matter decomposition (Dick &
Tabatabai, 1993). Extracellular Aydrolase enzymes are the dominant decomposers of
organic matter and they are produced by microorganisms (Burns, 1978). The low
oxygen content, poor nutrient status and acidic pH of peatlands, especially bogs, ensures
that these enzymes have a low rate of activity, resulting in minimal organic matter
decomposition (Gammelgaard, et al. 1992; Kang & Freeman, 1999). However,
experiments have shown that this suite of enzymes increase in activity in more aerated
peat, despite their physiologically lack of a requirement for bimolecular oxygen (Lee, et
al. 1999). For example, during an experiment to assess the effect of water-table
drawdown on hydrolase enzyme activities, a water-table drop of 5.2cm significantly
increased the activity of B-D-glucosidase, phosphatase and sulphatase by up to 70%
(Freeman, et al. 1996). Subsequent studies on carbon cycling in peat linked the observed
response in hydrolase enzyme activities to a group of carbon compounds and an

enzymic ‘latch’ mechanism (Freeman, et al. 2001a), discussed below.

1.4.6 Phenolic compounds and phenol oxidase

Phenolics are present in all soils and are a suite of compounds which have a high
molecular weight, consisting of an aromatic ring with branching hydroxyl groups (Ostle,
1994). They are derived from the microbial breakdown of lignin and cellulose
compounds from decaying vegetation (Dickinson, 1983). Phenol oxidase is a
microbially-produced, natural soil enzyme which is one of only a few capable of
degrading phenolic compounds (Sinsabaugh, ef al. 1991; Pind, et al. 1994; McLatchey
& Reddy, 1998). Phenol oxidase is severely inhibited in anaerobic peat soils as 1t has an
absolute requirement for oxygen (McLatchey & Reddy, 1998; Freeman, et al. 2001a).
Consequently, high concentrations of phenolic compounds are known to exist in peat
water (Hartley & Whitehead, 1985). Studies have shown that these phenolic compounds
possess inhibitory characteristics towards hydrolase enzymes (Wetzel, 1992). This
implies that phenol oxidase plays a critical role in the rates of organic matter

decomposition occurring in peatlands, or rather, its lack of activity in the predominantly

anaerobic peat soil helps explain why enzyme activities, microbial respiration and
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organic matter decomposition are so low in peatlands. The lack of oxygen suppresses
phenol oxidase activity, allowing phenolics to build up, inhibiting hydrolase enzymes
and impairing rates of decomposition. Phenol oxidase therefore acts as a “latch’,
preventing the release of a vast terrestrial store of carbon (Freeman, et al. 2001a;
Freeman, et al. 2004q).

1.4.7 The role of peatlands in the freshwater DOC cycle

As previously stated, allochthonous inputs tend to dominate as the source of DOC in
most freshwater lakes. Often the most influential determinant on the size of this
allochthonous input are the peatlands that occupy the lake’s catchment (Curtis &
Schindler, 1997; Curtis, 1998). The persistently saturated soils of peatlands means there
s always potential for leaching large quantities of DOC and export rates are readily
described by a simple linear function based on the percentage of peat coverage in the
catchment (Dillon & Molot, 1997). Consequently, they play a hugely influential role in
the export of organic matter to lakes which serve as drinking water sources.

A number of studies have demonstrated the influence peatlands have on the carbon
content of freshwaters. McDowell & Likens (1988) showed that within upland
ecosystems, a greater quantity of DOC per unit area is exported from sites with thicker
soils. Aitkenhead, et al. (1999) observed that Scottish rivers with the highest DOC
concentration have extensive peatlands in their catchments. Urban, ez al. (1989) reported
that the largest single variable controlling the DOC yield from a catchment is the
proportion of the area occupied by peatlands. In Scotland, annual fluxes of DOC in two
rivers showed strong positive correlations with hill peat in the catchment area (Hope, et
al. 1997). Strong correlations have also been reported for lake-water DOC and the
abundance of wetlands within the watershed (Gergel, et al. 1999; Dillon & Molot,
1997). Wilson et al. (1981) demonstrated that the humic acid composition of an upland
lake in north Wales was largely determined by the input of terrestrial humic substances
from the surrounding blanket bog. A study by Sachse, et al. (2001) of a fen within the
catchment of a dystrophic lake reported higher concentrations of DOC and humic acids
in the section of the lake closest to the fen.
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The role of peatlands in influencing the DOC concentration of freshwaters is therefore
critical, particularly 1n the temperate regions of the northern hemisphere where most
peatlands exist. They therefore have an important detrimental impact on the quality of
drinking water sources and raise the potential for THM formation, particularly as the
DOC they leach is often of a high molecular weight and therefore strongly reactive with
chlorine (Uyguner, et al. 2004). Previous studies have shown that peatlands leach
significant quantities of THM precursors into freshwaters (Chow, et al. 2003; Fleck, et
al. 2004). A schematic for this peatland-reservoir-drinking water carbon flux is

illustrated in figure 1.05 and demonstrates that peatlands input large quantities of DBP-

forming carbon compounds into drinking water reservoirs.
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Chapter 1 Introduction

The role of peatlands in the freshwater carbon cycle is particularly important in the UK,
as they are the single largest terrestrial store of carbon (Cannell, et al. 1999) and
dominate the headwaters of many major water supply catchments (Evans, et al. 1999).
The release of DOC from peatland soils is considered a two stage process; the
production of a soi1l organic carbon pool through primary production and decomposition
processes and the subsequent efflux of this carbon through the drainage network
(Freeman, et al. 2002). This process is largely dependent on the local hydrological flow
regime (Worrall, et al. 2002). The majority of DOC production from peatlands occurs
during the summer, due to high rates of decomposition (Tegen & Dorr, 1996). However,
the low rainfall during summer tends to lead to a build up of DOC which is then washed
out during the heavy rainfall that is characteristic of the autumn season (Scott, et al.
1998). These seasonal variations have a very important effect on the concentration of
disinfection by-product (DBP) forming compounds (DBP precursors) in reservoir waters
and consequently the concentrations of DBPs 1n drinking waters (Goslan, et al. 2002;
Whitaker, et al. 2003). Long-term data of DOC concentrations in Alaw lake, on the
island of Anglesey in north Wales show the typical seasonal variation experienced in
most lakes in the northern hemisphere (figure A.01, appendix Al). The highest

concentrations for most years were recorded near the beginning of October, when
rainfall and the flux of allochthonous DOC i1s highest.
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1.5 The problem of climate change

1.5.1 The changing nature of organic matter in freshwaters

Concerns are growing within the water industry that concentrations of DOC are
increasing in many of the upland, freshwater lakes that are used as sources of drinking
water in the northern hemisphere. There have been many studies publishing such
findings, with increases recorded in the UK (Robson & Neal, 1996; Freeman., ef al.
20015; Worrall, et al. 2003a; Evans, ef al. 2005), central Europe (Hejzlar, ef al. 2003:
Korth, et al. 2004), Scandinavia (Hongve, et al. 2004) and the USA (Schindler, ef al.

1997). In the UK, the concentration of freshwater DOC has increased by 91% in the last
[5 years (Evans, er al. 2005) (figure 1.006).
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Figure 1.06— Increase in mean DOC concentration of 22 contrasting sites in the UK since 1988
(from Freeman, ef al. 20015)

There has been much debate about the causes of these observed increases in DOC
concentrations and the matter 1s discussed in detail by Worrall, ef al. (20045). There are
concerns that peatlands may be destabilising (Freeman, ef al. 2004b; Worrall & Burt,
2005) and slowly beginning to release some of the vast store of carbon they contain.
With freshwater DOC concentrations being related to the degree of storage and release
of carbon in peatland catchment soils, there must be a coherent driving force causing
these increases. This was thought to be increasing temperature (Freeman, ef al. 20015),
but this has since been ruled out as the sole cause. Elevated CO,, hydrological changes.

drought, continuing nitrate deposition and decreasing sulphate deposition have all been
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put forward as potential causes, but there is still little consensus on what might be the
most likely reason (Freeman, et al. 2004b; Worrall, et al. 2004a; Evans, et al. 2005;
Findlay, 2005; Clark, et al. 2006; Worrall, et al. 2006q).

1.5.2 Peatlands and future climate change

The main effects of future climate change are likely to be elevated temperatures,
atmospheric carbon dioxide levels and an increased occurrence of drought and storm
events (Fowler & Hennessy, 1995). For example, the continually increasing
anthropogenic release of greenhouse gases is expected to increase the average global
surface temperature of the Earth by between 1.47°C and 5.87°C by 2100 (IPCC, 2001).
A number of studies have investigated the potential effects of such changes on peatlands
with respect to DOC flux. It 1s generally predicted that peatlands will become drier if the
world gets warmer due to greater surface water evaporation, allowing increased aeration
of the soil (Mitchell & Warnlow, 1987). A rise 1n global temperatures would also melt
some of the permafrost that underlies many of the world’s high-latitude peatlands
(Gorham, 1991), supporting greater CO; release due to increased microbial
decomposition. It has been predicted that 100 Pg of carbon normally locked up inside
peatlands could become available for decomposition through the combined effects of
climate change-induced warming and moisture loss (Davidson & Janssens, 2006), and a
large proportion of this release would be as aqueous DOC. Laboratory-based
manipulative experiments have also yielded interesting results regarding the effects of
climate change on peatlands. A simulation of water-table reduction in a peat soil lead to
a strong increase in hydrolase enzyme activities, but not phenol oxidase (Freeman, et al.
1996); a finding backed up by Williams, et al. (2000), who attributed the lack of an
increase in phenol oxidase activity during drought to the presence of enzyme inhibitors
and a low pH. Kang, et al. (2001) found that elevated CO; significantly increased pore-
water DOC 1n peat cores. The effect of a combination of drought and increased heavy
rainfall was investigated by Fenner, et al. (2001) in a Welsh peatland. It was found that
the lowening and raising of the water-table dramatically increased DOC concentrations
leaching from these soils. Chow, ef al. (2003) also observed that this process released

large amounts of THM precursors from peat soils.
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It is not just CO;, that 1s on the rise in the atmosphere. Concentrations of ozone have
more than doubled during the past century; typical surface measurements today are 30-
40 ppb, compared with 10-15 ppb during the pre-industnal era (Volz & Kley, 1988).
Ozone is regarded as the most potent phytotoxic regional scale air pollutant (Andersen,
2003). Analysis of the single-species response database has indicated that the highest
number of potentially-ozone sensitive communities are found in grasslands, heathlands
and mire, bogs and fens (Mills, et al. in press), but these predictions have yet to be
tested on whole ecosystems and the impacts on below ground carbon cycling have not

be investigated at all.

Worrall & Burt (2005) have modelled potential future DOC release from UK peatlands
with increasing temperature and decreasing water-table depth. The results suggest that
peat bogs will become a net source of carbon within 25 years, unlocking some of the
vast store of 455 Pg that has built up over thousands of years. This is a significant
concern for the water industry and may mean that through the increased leaching of
DOC into freshwaters, some treatment works that draw water from reservoirs with peat-

dominated catchments become 1noperable.
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1.6 Overall summary

Since its introduction early in the twentieth century, the process of water chlorination
has saved millions of lives and the benefits to mankind cannot be understated. However,
the recent discovery of the formation of potentially harmful disinfection by-products
(DBPs) 1n chlorinated drinking water, generated from the reaction between chlorine and
natural organic matter, has shed a negative light on the process. The main group of
disinfection by-products (DBPs) are trihalomethanes (THMs), which have been studied
extensively since their discovery in treated drinking water in 1976. As a result, much
literature is available on their nature, formation and health impacts, although there is still
much to be learnt. Epidemiological research has suggested that there is a possible
increase in the risk of cancer upon ingestion of THMs via drinking water, especially
cancers of the rectum, colon and bladder (Bull, ef al. 1995). Studies have also linked
THMs to reproductive and developmental problems (Nieuwenhuijsen, ef al. 2000).
Other DBPs, such as haloacetic acids, haloketones and bromate have also demonstrated

negative health impacts during experiments on laboratory animals, and new DBP

compounds are being discovered for which little is known about their potential health
impacts (Richardson, 2003).

The solution to the DBP problem 1s not simple. The use of disinfectants other than
chlorine, such as chloramine and ozone, reduces THM and HAA concentrations but also
produces alternative DBPs, are less effective at disinfecting water and are relatively
expensive. The most reliable method would seem to be to try and remove as much
organic matter as possible prior to disinfection. Whilst this would also improve the taste,
odour and colour of the water, it is not a cheap process.

An additional worry for the water industry is that the concentration of organic matter
compounds, the precursors to DBP formation, seem to be increasing in the freshwaters
that are common 1n the northern, temperate zone of the northern hemisphere and which
are used as drinking water sources. Freshwater DOC concentrations have increased by
91% in the last 15 years at 22 contrasting sites within the UK (Evans, et al. 2005) and
peat bogs may become net sources of carbon in 25 years (Worrall & Burt, 2005). This

places an even greater emphasis on improving the efficiency of organic matter removal.
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1.7 Aims of the project

The project will focus on 3 reservoirs in north-west Wales. The Cefni is characterised by
high raw water DOC and final water THM levels and a series of experiments will
attempt to identify the most important sources of THM-forming DOC to the lake. The

wetland sotls surrounding the lake may be responsible for a large allochthonous loading
of DOC to the lake, but autochthonous sources of carbon are expected to play an
important role in THM formation. The characteristics of the Cefni reservoir with respect
to THM formation will be compared to those at Marchlyn Bach and Llugwy, which
contain only low levels of DOC but typify the type of environment predicted to
experience rising freshwater DOC concentrations through the effects of climate change
(Freeman, et al. 200156; Worrall & Burt, 2005).

Rising temperature is one of the certainties of climate change, and its effect on the
carbon leachability of peatland soils during heavy rainfall events will be investigated.
Storm conditions wash large concentrations of terrestrially-derived carbon into
freshwaters (Royer & David, 2005) and the effect of warming on the stability of
peatland soils during periods of heavy rainfall would provide an interesting new aspect
concerning the influence of warming on terrestrial carbon stocks.

Ultraviolet light is a key influence on the quantity and characteristics of DOC in
freshwaters lakes and therefore the potential formation of THMs following water
treatment. Its influence on the flux of terrestrially-derived DOC to the Cefni and Llugwy
lakes will therefore be investigated. It is expected that UV light will reduce the
molecular weight of DOC compounds, making them less likely to form THMs.

It is anticipated that rising concentrations of atmospheric CO, will increase the flux of
DOC from peatlands (Freeman, et al. 20045), but one aspect of climate change that
hasn’t been considered is rising levels of ozone. The effect of elevated ozone

concentrations on DOC release from peat cores will therefore be investigated.
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A field survey of factors affecting the formation
of trihalomethanes at three contrasting

reservoirs in north Wales, UK

-20 a




Chapter 2.1 Field survey — reservoir characteristics

2.1 Reservoir characteristics

2.1.1 Materials and methods

2.1.1.1 Field sites

Three contrasting reservoirs 1in north-west Wales were chosen for the survey; the Cefni
(UK grid ref. SH4450077100), Marchlyn Bach (SH60376302) and Llugwy
(SH69266241). The Cetni (figures 2.01 & 2.02) 1s a man-made, shallow (max. 4m
depth), lowland lake on the 1sland of Anglesey. This site was chosen because of the
consistently high DOC concentration of the lake water and the resulting high
concentration of final water THMs formed at the treatment works. Compliance for
THMs at this site has historically been poor (Balch, 2005). The red circle in figure 2.02

shows a large area of foam which can be typical of high DOC freshwaters.

Figure 2.01 - Cefni lake Figr 2.02 — Cefni lake dam and outflow

Marchlyn Bach (figure 2.03) and Llugwy (figure 2.04) reservoirs are deep, oligotrophic,
upland lakes within the Snowdonia mountain range. The Llugwy 1s approximately twice

the size of Marchlyn Bach and, although their DOC concentrations are relatively low,

they were chosen for analysis because they typify the type of environment prone to
increased DOC exports in response to climate change (Freeman, et al. 20015, Worrall &

Burt, 2005). Both lakes feed a single water treatment works, at Mynydd Llandegai,
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which supplies drinking water to the cities of Bangor and Caernarfon and the

surrounding regions of north-west Wales.

Figure 2.03 — Marchlyn Bach reservoir Figure 2.04 — Llugwy reservoir

2.1.1.2 Sampling regime

Samples were taken at monthly intervals from February 2003 to March 2004. Lake
water samples for all three reservoirs were taken from the raw water taps at the Cefni
and Mynydd Llandegai water treatment works, rather than directly at the lakes
themselves. This was to ensure that the water sampled represented as closely as possible
the water entering each treatment works immediately prior to treatment. The raw water
tap was allowed to run for approximately 5 minutes to ensure the collection of fresh
water and samples were collected in pre-ashed (550°C) 20 ml glass vials (5 per
reservoir). For the analysis of dissolved carbon gases, 12 ml of raw water was drawn
into a 20 ml syringe, which was capped and sealed. All samples were carefully
transported back to the laboratory, where they were stored in a 4°C refrigerator. pH
measurements and the extraction of dissolved gases (see later for method) were carried
out immediately and all water samples were filtered through sterilised 0.45 pym
membranes (Whatman, Kent, UK) within 24 hours to remove particulate organic carbon

(POC) and minimize bacterial degradation (Fenner, 2002).
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2.1.1.3 Experimental analyses

Lake water dissolved organic carbon analyses

Dissolved organic carbon (DOC) concentrations were measured with a Shimadzu
TOC-5000 using a carrier gas of high purity air at a flow rate of 150 ml min™ and an
injection volume of 26 pl. A one-point calibration was performed, using 100 mg I’
of potassium hydrogen phthalate (total organic carbon — TOC) and 100 mg 1" of
sodium carbonate/sodium hydrogen carbonate solution (inorganic carbon — IC).
DOC concentrations were calculated by subtracting IC from TOC. Analysis of TOC
and IC standard solutions at 10 mg 1" intervals demonstrated that the machine was
linear from O up to at least 200 mg 1", with R* values >0.9.

Phenolic compounds were assayed using a modified version of the
spectrophotometric method developed by Box (1983). Within 300 pl microplate
wells, replicates of 250 pl of sample, 37.5 ul of Na,CO; solution (200 mg 1) and
12.5 ul of Folin-Ciocalteau phenol reagent were dispensed and mixed thoroughly. A
standard curve was prepared by adding the same chemicals to 0-5 mg I phenol
solution. After two hours of incubation at room temperature, the colour change of
the reactants was measured at 750nm using the absorption option of a BMG Fluostar
Galaxy fluorimeter. Samples out of range of the standard curve were re-measured
using a standard curve with a higher upper concentration.

Characterisation of the molecular size of DOC was employed using high pressure
size exclusion chromatography (HPSEC). The smaller compounds are eluted later
due to greater permeation on the porous matrix. Spectra were obtained on a Cecil
1100 series High Performance Liquid Chromatograph (HPLC) with a gel filtration
column (PL-GFC 8um, 300A, 300 mm x 7.5 mm inner diameter; Polymer
Laboratories, Shropshire) and a Cecil 1200 variable wavelength monitor detecting at
254nm. The flow rate was 1 ml min™ and the loop size 120 pl. Tris (Tris
hydroxymethane aminomethane) hydrochloric acid (0.01M, pH 7.5) was used as the
cluent, following the recipe of Dawson, et al. (1986). The system was calibrated
using polystyrenesulfonic acid compounds (Polysciences, Inc., USA) with molecular
weights (MW) of 4,600, 8,000, 18,000 and 35,000 and salicyclic acid (MW 138) and
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acetone (MW 358), as described 1n Zhou, ef al. (2000). These compounds were
preferred for column calibration because proteins tend to overestimate the molecular
weight of humic substances (Chin, et al. 1994). For the purposes of integration, the
spectra were divided into three size fractions; high molecular weight (HMW),
comprising carbon compounds between 10,000-100,000 daltons; intermediate

molecular weight (IMW), 1,000-10,000 daltons; and low molecular weight (LMW),
100-1,000 daltons.

»  [UV-visible absorbance has many useful applications for characterising aquatic
organic matter, as summarised by Hautala, ef al. (2000). Absorbencies at 254, 465
and 665nm were measured on a Camspec M330 UV-visible spectrophotometer,
using a 1cm quartz cell zeroed to a blank of deionised water. Absorbance at 254nm
(UV-254) is closely related to aromaticity (and molecular weight) of organic
compounds (Korshin, et al. 1997a) and 1s often used as a surrogate measurement for
DOC in the water industry (Edzwald, ef al. 1985; Korshin, ef al. 19975). SUVA
(L(mg m)) was calculated as the ratio of UV absorbance at 254nm (m™) to DOC (mg
I'"); the higher the value the more aromatic and higher molecular weight the DOC
compounds (Volk, et al. 2002) and the higher the potential to form THMs (Kitis, et
al. 2002). The ratio of absorbencies at 465nm and 665nm, known as the E4:E6 ratio
or Humification Index, is inversely proportional to the aromatic composition and
molecular weight of the carbon compounds (Kononova, 1966; Chen, et al. 1977).
The smaller the value the lower the degree of decomposition that the soil organic

matter has undergone.

Hydrochemical analysis

* A Dionex DX-120 JIon Chromatograph was used to measure the concentration of
anions (chloride, bromide, nitrate, phosphate and sulphate) and cations (sodium,
ammonium, potassium, magnesium and calcium). Anions were measured using an
IonPac AS4A anion analytical column and an eluent of 1.7 mM NaHCO53/1.8 mM
Na,COs. Cations were measured using an JonPac CS12 4mm cation analytical
column and an eluent of 31 mM H;SO,. Both columns were calibrated using

standard Dionex solutions and a flow rate of 1 ml min™ was used.
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Lake water dissolved gas analysis

» Dissolved methane and carbon dioxide were extracted from the lake water using a
similar headspace equilibrium method described by Hope, et al. (1995) and Dawson,
et al. (2002). To the 20 ml syringes, which contained 12 ml of lake water, 6 ml of
inert nitrogen gas was added and the syringes capped. They were then vigorously
shaken for 2 minutes to equilibrate the headspace with the lake carbon gas
concentrations. The headspace was analysed on an Ai Cambridge model 92 gas

chromatograph, with a Porapak QS column at 350°C and N; carrier gas at a flow rate

of 30 m! min™. The GC includes a flame ionization detector incorporating a CO; to

CH; catalytic converter and an electron capture detector.

Treated water DOC and final water trihalomethane (THM) concentrations
The concentrations of treated water DOC (following coagulation and filtration) and final
water THMs (following chlorination) at the Cefni and Mynydd Llandegai treatment

works were made available by Welsh Water once every week.

2.1.1.4 Statistical analysis

Outliers within the raw data sets were removed using the method of Davis & Goldsmith
(1972). Figures 2.05-2.11 and 2.13 show data for one replicate and figures 2.12 and
2.14-2.23 show mean monthly values for 5 replicates (n=5), with error bars indicating +
standard error of the mean. Significant differences over time (with months as the factor)
were determined for all analyses using General Linear ANOVA, although evidence of
seasonality was only discussed based on qualitative observations. Pearson correlation
was performed to test for significant correlations between lake analyses (tables 2.01 &
2.02). Statistical analyses were performed using SPSS version 9.0 (SPSS, Inc.) and
Graphpad InStat version 3.05 (Graphpad Software, San Diego, California, USA).
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2.1.2 Results

2.1.2.1 Final drinking water analyses

The concentration of trihalomethanes at the Cefni (figure 2.05) showed a strong seasonal
trend, with the highest concentrations recorded during the months of May, June and July
and the lowest during the winter months. The average concentration of THMs at
Mynydd Llandegai (figure 2.06) (33.6 pg I") was lower than at the Cefni (45.5 ug1™)
and did not exhibit an obvious change with season. The proportion of brominated THMs
(figure 2.07) averaged 54% at the Cefni, compared to just 12% for Mynydd Llandegai.
Figure 2.08 shows that the DOC concentration of the water following coagulation and
filtration correlated significantly with the formation of THMs at the Cefni treatment

works (p<0.001).

N A e iy s B N O T B G
Figure 2.05 — Cefni THM concentrations Figure 2.06 — Mynydd Llandegai THM
concentrations
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Raw water characteristics

2.1.2.2 Physicochemical analyses

Water temperature (figure 2.09) showed strong seasonal variation, being highest in
August or September 2003 and lowest 1n January 2004 for all three lakes. The Cefni was
usually the warmest, especially during the summer when 20°C was reached, 5°C greater
than the two upland lakes. The water temperature at Marchlyn Bach varied similarly to
the Llugwy, but during the summer months was 3-4°C warmer.

Lake water pH (figure 2.10) was consistently greater at the Cefni, averaging 7.1, with
little seasonal variation. The average pH of the Llugwy (5.1) was slightly lower than
Marchlyn Bach (5.3), with little seasonal change for either.

Lake water conductivity (figure 2.11) was approximately 29-fold higher at the Cefni
(average 245 uS cm’') than at Mynydd Llandegai (Marchlyn Bach and Llugwy

combined) (average 9 uS cm™), with little seasonal change in the data.
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Figure 2.10 - Lake water pﬁ

Figure 2.09 — Lake water Emmﬁture
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2.1.2.3 Dissolved organic carbon analyses

The concentration of DOC (figure 2.12) varied significantly over time for all three lakes;
Cetni (p<0.001; F=7.52), Marchlyn Bach (p<0.001; F=3.62) and Llugwy (p<0.05;
F=2.21), although there was only minor visual evidence of seasonal changes in the data
set. The concentration of DOC at the Cefni averaged 9.3 mg 1, with the highest value in
August 2003 (12.3 mg I") and the lowest in February 2003 (6.7 mg1™"). DOC
concentrations seemed consistently high during late autumn and winter 2003-04, when
an average of almost 10 mg 1" was recorded from November-February. DOC was higher
at the Llugwy than the Marchlyn Bach during 12 out of 14 months of the study and
averaged 3.2 mg 1", with 2.8 mg I'! for Marchlyn Bach. There was little effect of season

at either lake. Figure 2.13 shows that the raw water DOC concentration of Cefni

reservoir correlated significantly with the treated water concentration at the treatment
works (<0.001).

Values of UV-254 absorbance (figure 2. 14) varied for all lakes; Cefni (p<0.001;
F=281.02), Marchlyn Bach (p<0.001; F=5.02) and Llugwy (p<0.05; F=6.41). For the
Cefni, values were approximately 4 times higher than the two upland lakes and averaged
24.3, with peaks during late spring (May - 30.2) and early winter (December - 32.8).
Absorbance values at the Llugwy were, on average, twice as high compared to Marchlyn
Bach (7.2 vs. 3.3), although there were no seasonal changes.

Values of SUVA (figure 2.15) also changed significantly; Cefni (p<0.001; F=10.62),
Marchlyn Bach (p<0.001; F=6.45) and Llugwy (p<0.001; F=8.26), but with no distinct
seasonal changes. Cefni lake possessed the highest SUVA, averaging 2.7 L(mg m),
compared to 2.3 L{mg m) and 1.3 L{mg m) for Llugwy and Marchlyn Bach respectively.
SUVA values for the Llugwy were consistently higher than Marchlyn Bach.

Analysis of the Humification Index (HI) (figure 2.16) was difficult with Marchlyn Bach
and Llugwy lake water due to its dilute concentration of DOC. However, the DOC
concentration was sufficiently high at the Cefni, and HI values changed significantly
throughout the study (p<0.001; F=5.00). Values were lowest during the summer (e.g.
August - 1.5) and rose dramatically during winter 2003-04, reaching 7.7 in December.
The concentration of lake water phenolic compounds (figure 2.17) varied significantly
throughout the study; Cefni (p<0.001; F=6.24), Marchlyn Bach (p<0.001; F=28.87) and
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Llugwy (p<0.001; F=6.18). Concentrations were similar between all three reservoirs,

although the Cefni usually possessed higher values and had a 14-month average twice

that of the two upland lakes. The concentration was greater during the autumn and

winter (e.g. December — 2.8 mg 1™') than spring and summer (e.g. July - 0.5 mg1™"). The

average phenolics concentration was almost identical between Marchlyn Bach and

Llugwy (approximately 0.62 mg 1™).
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“Figure 2.14 — Lake water UV-254 absorbance
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2.1.2.4 Dissolved lake carbon gases

The concentration of dissolved CO; (figure 2.18) showed pronounced seasonal changes
and varied significantly for all three lakes; Cefni (p<0.001; F=48.19), Marchlyn Bach
(p<0.001; F=12.13) and Llugwy (p<0.001; F=68.66). Values at the Cefni ranged from a
dip in the summertime (13.2 pmol 1"' in August) to an autumn/winter time peak (65.7
umol 1" in December 2003). Despite their general similarity, concentrations of dissolved
CO, were much different between Marchlyn Bach and Llugwy. Apart from a large dip in
the concentration in July, there was little season variation at Marchlyn Bach. However,
for the Llugwy, the dissolved CO; concentration more than doubled from spring time
levels during the summer, reaching 64.9 pmol 1" in August. The concentration then fell
back to approximately 30 umol I during late autumn and winter 2003-04.

The concentration of dissolved CHy (figure 2.19) was approximately two orders of
magnitude lower than dissolved CO; for all three lakes and varied throughout the 14
months of study for the Cefni (p<0.001; F=206.10), Marchlyn Bach (p<0.001; F=9.01)
and Llugwy (p<0.001; F=4.69). Whilst the concentration of dissolved CH4 was
consistently low for Marchlyn Bach and Llugwy (average of 0.001 mg I'"), and did not
vary seasonally, there was a remarkable trend for Cefni lake water. The concentration
rose from approximately 0.002 mg 1" during spring 2003 to a high of 0.01 mg 1™ in
August, part of a large summer time peak in dissolved CH,. Following this peak, the
concentration gradually reduced back to a level below 0.002 mg 1" during autumn and
winter 2003-04.

Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Fedb Mar Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar
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Figure 2.18 — Lake water dissolved CO, Figure 2.19 — Lake water dissolved CH,
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2.1.2.5 Ion analyses

The concentration of chloride (figure 2.20) in the lake water varied significantly
throughout the year for the Cefni (p<0.001; F=239.72), Marchlyn Bach (p<0.001;
F=270.53) and Llugwy lakes (p<0.001; F=207.36). Apart from a dip in the concentration
in September for all three lakes, there was little seasonal variation in the data. The
concentration of chloride was almost identical between Marchlyn Bach and Llugwy for
all the months of sampling and, on average, approximately 5 times lower than values for
the Cefni. This difference in the average concentration between Cefni and the two
upland lakes, and the general trend in the data set, was matched by other ions, such as
sulphate, sodium, potassium, magnesium and calcium (data not shown).

Bromide concentrations (figure 2.21) varied significantly throughout the period of study
for the Cefni (p<0.001; F=5.04), Marchlyn Bach (p<0.001; F=5.34) and Llugwy
(p<0.01; F=2.63). Values were low for the two upland lakes, averaging 0.017 and 0.011
mg 1" for Marchlyn Bach and Llugwy respectively and there was no effect of season.
Concentrations in Cefni lake were consistently higher and averaged 0.16 mg 1™, ten
times the level of the two upland lakes. During autumn and winter bromide
concentrations peaked, reaching 0.4 mg 1™ in December and February, compared to an
average of approximately 0.1 mg 1™ during spring and summer.

The concentration of nitrate (figure 2.22) varied throughout the course of the study for
the Cefni (p<0.001; F=457.84), Marchlyn Bach (p<0.001; F=101.00) and Llugwy
(p<0.001; F=30.58). The seasonal change for the Cefni was remarkable, with the
concentration falling from 9.3 mg 1"’ in February 2003 to almost zero in August. It then
rose again during autumn and winter, when 11.9 mg 1"' was reached in January 2004
Levels of nitrate at Marchlyn Bach and Llugwy were consistently low and, unlike at the
Cefni, there was no summer dip.

The concentration of phosphate (figure 2.23) varied significantly during the study for the
Cefni (p<0.001; F=6.54), Marchlyn Bach (p<0.05; F=1.95) and Llugwy (p<0.05;
F=2.21). For Cefni lake, the phosphate concentration reached 0.13 mg 1! in June and fell
to zero during the period of August-October. Values then peaked again during the winter
of 2003-2004. Concentrations were, on average, lower for the two upland lakes but the

number of months when none was detected was less than for the Cefni.
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2.1.2.6 Correlation analyses

Table 2.01 presents all the significant correlations between raw water temperature, DOC
and dissolved carbon gas analyses and final water THMs. The most relevant correlations
were for the Cefni; specifically, that temperature correlated positively with the raw
water dissolved CH; concentration and the final water THM concentration, and that the

raw water dissolved CH; concentration correlated positively with the final water THM

concentration.

Table 2.02 displays the significant correlations between raw water temperature, DOC
and dissolved carbon gas analyses and 1on concentrations. The most relevant
correlations were that temperature correlated inversely with the bromide and nitrate
concentrations of Cefni lake, UV-254 absorbance values correlated positively with the
bromide and phosphate concentrations of Cefni lake and chloride and sulphate

concentrations correlated positively for all three lakes.
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2.1.3 Discussion

The concentration of DOC within Cefni lake was approximately 3 times higher than in
Marchlyn Bach and Llugwy (figure 2.12), with the concentration in the two upland lakes
being lower than is typically recorded in lakes with bog-dominated catchments (Wetzel,

2001). Despite the employment of four carbon-removal stages at the Cefni (coagulation,
DAF cells and 2 rapid gravity filters), the concentration of DOC in the water following
these treatment processes correlated positively with the raw water concentration (figure
2.13) and the formation of trihalomethanes following chlorination (figure 2.08),
indicating that the higher the concentration of organic carbon in the lake itself, the more
carbon that passes through the treatment works and 1s available to form THMs.
However, not all DOC present in the treated water is chlorinated as shown by the
trendline in figure 2.08. When traced back towards the axes, 1t does not go through the
origin, indicating that there are organic compounds that pass through the treatment
works that do not form THMs. Due to the greater amount of organic matter in Cefni
lake, significantly higher concentrations of THMs were formed at this treatment works
compared to at Mynydd Llandegai (p<0.001). Concentrations of THMs in the final
water from the Cefni also correlated positively with the raw water temperature, as the
chlorination of organic matter is a temperature-dependent reaction (Knocke, et al. 1986)
The concentration of bromide in lake water 1s crucial to the formation and speciation of
THMSs (Myllykangas, et al. 2003) and, at the Cefni, bromide values were consistently
higher than at Marchlyn Bach and Llugwy and exhibited a large rise during autumn and
winter. The principle source of bromide in freshwater lakes 1s from the sea (Duce, et al.
1965; Weinberg, et al. 2002) and concentrations are known to be much higher in
Jowland surface waters than upland environments (Whitaker, ef al. 2003). The nise
during autumn and winter at the Cefni most likely retlects the much higher rate of
precipitation, highly marine-influenced, which is typical of these seasons. However,
bromide levels in the Cefni also correlated with the lake’s UV-254 absorbance, so it may
be<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>