
 

 
 

THE UNIVERSITY LIBRARY 

 

 

 

 

 

 

 

 

August 2010 

  

 

 

 

 

 

P R O T E C T I O N  O F  A U T H O R ’ S  C O P Y R I G H T  

 

 

 

 

This copy has been supplied by the Library of the University of Otago on the understanding that 

the following conditions will be observed: 

 

1. To comply with s56 of the Copyright Act 1994 [NZ], this thesis copy must only be used for 

the purposes of research or private study. 

 

2. The author's permission must be obtained before any material in the thesis is reproduced, 

unless such reproduction falls within the fair dealing guidelines of the Copyright Act 1994.  

Due acknowledgement must be made to the author in any citation. 

 

3. No further copies may be made without the permission of the Librarian of the University of 

Otago. 

 



THE UNIVERSITY LIBRARY

N Ne N ES

Department:

I that this thesis
quotation may

be consulted for research and study purposes and
it, provided that proper acknowledgement of its use is

I consent to this being copied in part or in whole for:

i) a

an

at the discretion of the University of Otago.

Date: .H ••••• y ••- ••·T"1~.

This is the standard Library Declaration Form used by the University of
theses. conditions set out 011 the form may be altered only in most _J'lt.","''''''J...I1.& ...... A./t1,.4..l

circumstances. on access to a thesis Inay be permitted only
approval

the appropriate Assistant Vice-Chancellor in the case of a Master's
(ii) the Vice-Chancellor (Research and International), in consultation

appropriate Vice-Chancellor, in the case of a PhD thesis

and consultation with the Director, Research and Enterprise, where

The form is to protect the work of the candidate, by requiring
acknowledgement any quotations from it the same time the declaration

phi losophy that purpose of research is to seek the truth to _,~ ..... ,,'..... ~"'_
tr11r....'''l'jc.art£TO and that the results of such research which have

available to others for scrutiny.

copyright law applies to theses.



Developing Compound-Specific Stable Isotope Tools for

Monitoring Landfill Leachate

Timothy J. Benbow

A thesis submitted for the degree of

Doctor of Philosophy

at the University of Otago, Dunedin,

New Zealand.

October 2007



11

Abstract

This thesis has developed a suite of compound specific stable isotope tools to monitor landfill

leachate and identify the infiltration of leachate to ground water and surface water. These

tools have the power to indicate the fractional contribution multiple discrete sources of

pollution are making to a single location. This journey began by developing two solid phase

extraction (SPE) methods to extract non-polar and polar organic compounds from leachate

with minimal fractionation of hydrogen or carbon isotopes. Non-polar compounds were

successfully extracted using ENV+ SPE cartridges and polar compounds were successfully

extracted using Strata-X SPE cartridges. The isotopic fractionation of non-polar compounds

during ENV+ extraction varied significantly (up to 245%0 and 1.8%0 for D and 13C

respectively, when eluted with acetonitrile and ethyl acetate, as recommended by

manufacturers) but the fractionation of compounds eluted with dichloromethane was

negligible (less than instrumental precision). Polar compounds were eluted from Strata-X

cartridges with negligible isotopic fractionation using methanol. The direct comparison of

SPE and liquid-liquid extraction found SPE to extract slightly more compound from leachate

then liquid-liquid extraction (especially for polar compounds) and the isotopic compositions

of compounds did not change with extraction methods.

These new analytical methods subsequently were used to determine the isotopic compositions

of organic compounds dissolved in leachates from three New Zealand landfills. The

molecular and isotopic signature ofleachate varied significantly between landfills, indicating

the isotopic fingerprint of organic compounds in leachate is unsuitable as a universal tracer of

leachate. However, compounds such as tcrpicn-t-ol, methylethylbenzene and juvabione

maintained their isotopic composition over short geographical distance-indicating their

potential as site-specific tracers of leachate. Organic compounds analysed on a transect

across the landfill boundary indicated polar compounds were more mobile than semi-volatile

compounds and possessed a more conservative isotopic composition. However, hexadecanoic

acid extracted from leachate and ground water was highly depleted in 13C (-72 %0 to -40%0),

indicative of methanogenic and suifate reducing bacteria. These bacteria only live in highly

reducing environments such as leachate; therefore their presence in the pristine environment

can potentially indicate the release ofleachate from the landfill.
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The final experiments traced the uptake and utilisation of leachate by periphyton. The

isotopic composition of bulk periphyton, fatty acids and phytol indicated that microbial

assimilation and utilisation of nutrients is a complex process. Fatty acid biomarkers for green

algae and diatoms showed signs of leachate derived nutrients, however the availability of

nutrients (carbon, nitrogen, water and light) caused significant changes in metabolic processes

and isotopic compositions. Under slow growing conditions, the li13e composition of

periphyton became enriched in 13e as solar irradiation levels decreased (including shading by

detritus and periphyton), while the liD composition of fatty acid was controlled by the internal

recycling of hydrogen. This study indicated the power of compound specific isotope analysis

as a tool to detect the release of landfill leachate from a landfill, especially at locations with

multiple potential sources of contaminants, and provides a sound platform for future research.
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Chapter 1

Introduction

1.1 Background

The disposal of waste is an issue that has faced civilisation for thousands of years. As

economies have grown waste disposal has become a regulated and essential component of

modern infrastructure. The gathering of waste and deposition in a centralised location (land

filling) removes waste from amongst the general populous but produces areas where it is

concentrated. These concentrated areas of waste, if poorly prepared or managed, have the

potential to be the source of significant environmental contamination. This thesis investigates

the applicability of compound specific stable isotope analysis to trace the leaching of liquid

from landfills. Traditional analytical techniques are able to identify and quantify pollutants

which have been discharged to the environment whereas stable isotope techniques have the

potential to identify the source of contamination amongst multiple potential polluters.

The liquid runoff from landfills, also known as leachate, is a complex mixture of chemicals

which has leached from and/or been synthesised within the deposited waste. The release of

leachate from a landfill to the adjacent environment in known to cause significant, long-term

eutrophication processes in coastal environments (Gobler and Boneillo 2003), toxic and

reproductive effects on benthic macroinvertibrates in river systems (Rutherford et al. 2000),

and unknown long-term exposure to humans.

This study used the isotopic compositions of organic compounds dissolved in leachate, that is,

semi-volatile non-polar compounds and fatty acids, as an analytical method for the
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compliance monitoring of landfills in environments with multiple potential sources of

contamination. The aforementioned classes of organic compounds were selected because

they are reasonable simple to handle; they are abundant in landfill leachate; they are novel in

that most isotope analysis has been undertaken using BTEX compounds (Kelley et al. 1997;

Harrington et al. 1999; Richnow et al. 2003a; Richnow et al. 20mb; Fischer et al. 2007) and

volatile halogens (Vieth et al. 2003; Hirschom et al. 2004; Chartrand et al. 2005a); and the

isotopic composition of larger compounds are considered more stable, that is, they hold

greater potential as tracers ofleachate.
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1.2 The landfill environment

1.2.1 Municipal solid waste

Municipal solid waste (MSW) is the by product of light commercial and residential activity .

In the truest definition of the term , MSW does not include industrial waste, bio-solids, clean

fill or hazardous waste but because New Zealand is small and disposal facilities are limited, a

small amount of hazardous waste is eo-deposited in MSW landfills. Organic material (43 %)

and paper (23 %) comprised over 65 % of all waste deposited into New Zealand landfill in

2003 (Figure 1-1). Although potentially hazardous waste, rubber, sanitary products and

plastic each contributed a smaller fract ion of the total waste, these materials are a potential

source of environmental contamination because of the toxic and residual nature of their

constituent compounds.
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~P las t i c , 11.7%

Figure 1-1 Composition of total waste material deposited in New Zealand landfills in
2004 (MfE 2004).
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1.2.2 Landfill design

Landfill design and practice has changed significantly in the last thirty years. No longer is

waste simply dumped in a hole in the ground, instead it is deposited into engineered cells.

This ensures leachate and gas emission can be controlled and remediated.

Figure 1-2 shows a simple schematic of a modem landfill or landfill cell. This design is used

to minimise the release of leachate to the surrounding environment by lining the base and

sides of the landfill with an impermeable layer of clay or geo-textile liner. A leachate

collection system (slotted plastic piping buried in course gravel) is placed at the base of the

landfill just inside the impermeable layer. Instead of leachate leaking from or pooling at the

base of a landfill, the leachate system collects and pumps leachate to a liquid waste treatment

centre to undergo remediation. Some modem landfills are also equipped with a gas recovery

system which either flares the methane or harnesses it as a source of energy.

WELL 10
MONITOR
GROUND
WATe~

AQUIFER

MODERN LANDFILL
METHANE GAS

RECOVERY
SYSTEM

I
LEACHA1E

TREA1MENT
SYSTEM

\

LANDFILl
LINER

Figure 1-2 Schematic of a modern landfill containing a landfillliner, leachate collection
and treatment system, ground water monitoring wells and a methane recovery system
(EIA 2006).
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Modern landfills are also equipped with a series of ground water monitoring wells. These are

usually located around the landfill boundary and down the hydrodynamic gradient of any

underlying aquifers. Water samples from monitoring wells are analysed at regular intervals to

determine the concentration of metals, major ions and organic compounds. If a monitoring

well contains compounds at a high concentration or the concentration of a compound changes

significantly, it is possible leachate is infiltrating the ground water (see Section 1.3).

Landfill waste is typically deposited in cells to minimise the release of volatile odorants and

the infiltration of rain. Once a cell has been filled it is capped with a layer of clay and a new

cell is begun. As a result, a single landfill may contain many cells with waste at different

decompositional phases.

1.2.3 LandfiIl processes

A landfill is a complex bioreactor driven by a series of physical, chemical and biological

reactions. Even though the specific biogeochemical nature of a landfill can vary significantly,

most landfills follow a predictable sequence of physical and biological processes.

1.2.3.1 Physical processes

Physical processes within a landfill are predominantly controlled by the temperature

(Farquhar and Rovers 1973; Khattabi et al. 2002) and moisture content of the waste (Wreford

et al. 2000; Statom et al. 2004). Precipitation controls the flow of leachate from a cell but it

also mediates chemical and biological reactions (Statom et al. 2004). Higher levels of

precipitation tends to increase the rate of biodegradation (if a cell is less than 20 years old)

and the production of methane (Wreford et at. 2000).

The odour commonly associated with landfills is due to the volatilization of organic

compounds. Although odours can be strong and on-going, volatilization experiments show

less than I % of organic compounds are lost from a landfill via the gas phase (Reinhart and

Pohland 1991).
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1.2.3.2 Chemical processes

Chemical processes within landfills are mediated by the life cycle of the landfill. In the early

stages of waste deposition, inorganic parameters of leachate such as pH, alkalinity, calcium

ion concentration, and magnesium ion concentration appear to be chemically buffered

(Statom et al. 2004). This gives the leachate a pH about 6 (Khattabi et al. 2002). When the

landfill is capped, the internal conditions become anoxic and the pH changes (Rees 1980;

Statom et al. 2004).

The lack of oxygen in anoxrc environments promotes the reduction of redox-sensitive

materials. Under aerobic conditions molecular oxygen acts as an oxidant but in the absence

of oxygen other compounds must facilitate this role. The most anoxic conditions found in a

landfill will cause carbon dioxide to act as the oxidant. This reaction produces methane. Less

reducing conditions cause the reduction of S04- to HS-, followed by Fe(III) to Fe(II), Mn(IV)

to Mn(II), and lastly N03- to N2 in the least reducing zone of the landfill or leachate

(Christensen et al. 2001).

1.2.3.3 Biological processes

Biological reactions within a landfill are dominated by the growth of micro-organisms.

Micro-organisms in the waste utilise organic compounds as a source of energy which results

in the breakdown of complex molecules to simpler molecules (Beller 2000; Lovley 2000;

Baun et al. 2003; Richnow et al. 2003b). This process is called biodegradation.

The major sources of carbon to landfill organisms (primarily bacteria) are lignocelluloses

(lignin, hemicellulose and cellulose), polysaccharides (glucans and fructans), fat containing

organic molecules (fats and oils, waxes, cutin and suberin) and proteins (Senior et al. 1990).

Microbial reactions are discussed further in Section lA.

1.2.3.4 Landjill phases

MSW deposited in a landfill degrades in a predictable manner. The first phase, the aerobic

phase, begins as soon as waste is deposited. Aerobic degradation is dominated by the rapid

metabolism oflabile molecules by invertebrates and microbes. As time passes, indiscriminate

substrate utilisation is replaced by sequential catabolism which results in the degradation of

organic compounds to humic substances. Humic substances are resistant to aerobic

degradation. This phase can continue for days to weeks but will continue as long as oxygen is

present (Senior et al. 1990).
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The second phase of landfill degradation is acetogenesis. The onset of acetogenesis coincides

with the depletion of in situ oxygen and accumulation of carbon dioxide (Senior et al. 1990).

During acetogenesis, complex organic compounds are hydrolysed and fermented by a

microbial consortium to short chain polar and low molecular weight organic compounds, such

as carbon dioxide, free organic acids, ketones, aldehydes, amines and ethanol (Chian and

Dewalle 1977; Hannsen 1983; Reinhard et al. 1984; Oman and Hynning 1993; Paxeus 2000).

This phase of landfill development can exist for weeks to months before a gradual progression

to methanogenic conditions.

Methanogenesis is the third phase of landfill existence where methanogenic bacteria

metabolise volatile fatty acids and alcohols to form methane and carbon dioxide (Gettinby et

al. 1996). Hannsen (1983) found 32 % of the total organic carbon (TOC) from methanogenic

leachate to contain high molecular weight compounds but no volatile acids, amines or

alcohols. This causes the amount of organic compound dissolved or suspended III

methanogenic leachate to be much less than acetogenic leachate (Oman and Hynning 1993).

Although the production of methane usually peaks after a few years of methanogenesis,

methanogenic conditions persist for many years.

1.2.4 Landfillleachate

1.2.4.1 Leachate production

Leachate is the liquid that percolates from the base of a landfill. Leachate consists of a

mixture of major ions, metals and organic compound dissolved or suspended in a water

matrix. The amount of leachate produced by a landfill is controlled primarily by the amount

of precipitation (P) and ground water infiltration (G), and can be estimated using Equation

1.1 :

Leachate volume = P - RO - E -!'!.S + G (1-1)

Where RO is the runoff, E is the evaporation of water and LIS is the change in soil moisture

storage (adapted from Farquhar 1989).
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1.2.4.2 Leachate composition

The molecular composition of leachate is variable, that is, it depends on the degradation phase

of the landfill, the infiltration of water and the composition of the waste (Chian and Dewalle

1977; Harrnsen 1983). The composition of leachate can be divided into four major groups

(Kjeldsen et al. 2002):

1) Dissolved organic matter (DOM): humic, fulvic and volatile fatty acids.

2) Inorganic macronutrients: major ions, such as iron, ammonium, chloride, nitrate.

3) Heavy metals: cadmium, chromium, lead etc.

4) Xenobiotic organic compounds: household or industrial chemicals which are

uncommon in the natural environment, such as polyaromatic hydrocarbons

(PAHs), phenols, pesticides, plasticisers.

The typical composition of landfill leachate is shown in Table 1-1. Although the

concentration of most compounds can vary significantly, the concentration of macronutrients

and dissolved organic matter can be 10000 to 50000 times greater than in ground water.

Young leachate typically contains the highest organic load but the type of compounds

dissolved in leachate will vary with landfill age (Figure 1-3). However, it is important to note

the molecular composition of leachate only reflects the composition of the waste material

through which it has percolated, that is, in the acetogenic phase, the pH of 1eachate drops to

4.5-5 and becomes dominated by fatty acids. As time passes less-soluble and non-degraded

compounds are mobilised in leachate, changing its characteristics significantly (Figure 1-3).



Table 1-1 Typical composition of landfillleachate (Kjeldsen et al. 2002).
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Parameter

pH
Specific conductivity (jrSrcm)

Total solids

Organic matter:
Total organic carbon (TOe)
Biological oxygen demand (BOD)
Chemical oxygen demand (COD)
Organic nitrogen

Inorganic macro components:
Chloride
Sulphate
Sodium
Potassium
Ammonium-N

Calcium
Magnesium

1ron
Manganese
Silica

Heavy metals:
Arsenic

Cadmium
Chromium
Cobalt
Copper

Lead
Mercury
Nickel

Zinc

Concentration range
(mglL unless stated)

4.5-9
2500-35000
2000-60000

30-29000
20-57000

140-152000
14-2500

150-4500

8.0-7750
70-7700
50-3700
50-2200

10.0-7200
30-15000

3.0-5500
0.03-1400

4.0-70

0.01-1
0.0001-0.4

0.02-1.5
0.005-1.5
0.005-10

0.001-5
0.00005-0.16

0.015-13

0.03-1000
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Soluble contaminants

Leachate
contaminant
concentration
(mglL)

5

Readily biodegradable
contaminants

Poorly soluble/biodegradable
contaminants

10
Time (year)

Figure 1-3 Idealised contaminant production curves for a temperate landfill. The timing
of contaminant profiles can change significantly (adapted from Farquhar 1989).

1.2.4.3 Xenobiotic composition ofleachate

Xenobiotic is a term used to describe a compound which is normally foreign to a specific

living organism. In this study, xenobiotic typically refers to synthetic organic molecules

which are found at high concentrations in leachate, they are often toxic to humans and they

are usually found at very low concentrations in the natural environment.

The distribution of xenobiotic compounds in leachate depends on the waste composition,

landfill technology and degradation phase of the landfill (Kjeldsen et al. 2002). As landfill

operators place greater controls on the deposition of hazardous waste the amount of

xenobiotic compounds deposited in landfills, and mobilised in leachate, is expected to

decrease.

A list of xenobiotic compounds identified in leachate is shown in Table 1-2. The most

commonly identified xenobiotic compounds are halogenated and aromatic hydrocarbons.

These compounds have consistently high concentrations and are designated as priority

pollutants by the United States Environmental Protection Agency (US EPA).

The stability of xenobiotic compounds in a landfill or leachate depends on the oxidative state

and microbial activity in the immediate environment. Most xenobiotic compounds will

undergo microbial degradation if the environmental condition and microbial consortium is

suitable. Microbial degradation is discussed further in Section lA.
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Table 1-2 Xenobiotic organic compounds observed in landfillleachate (adapted from Kjeldsen et
al. 2002).

Compound
Concentration

Compound
Concentration

Range (flg/L) Range (flg/L)

Aromatic hydrocarbons Phenols

Benzene 0.2-1630 Phenol 0.6-1200

Toluene 1-12300 Ethylpehnols <300

Xylenes 0.8-3500 Crcsols \.0-1200

Ethylbenzcne 0.22 Bisphenol A 200-240

Trimethylbcnzenc 0.3-250 Dimethyl phenols 0.1-27

n-Propylbcnzcne 0.3-16 2-Methoxyphenol I

t-Butylbenzene 2.1-21 ChlorophenoIs 0.03-\.6

Ethyltoluenes 0.2-46 4-Chloro-m-cresol \.2-10.2

Naphthalene 0.1-260 3,5-Dichlorophenol 0.08-0.63

Halogenated hydrocarbons 2,3,4,6-Tetrachlorophenol 0.079-3

Chlorobenzene 0.1-110 Alkylphenols

Dichlorobenzenes 0.1-32 NonylphenoI 6.3-7

Trichlcrobenzenes 1-4.3 Nonylphenolrnonocarboxylate 0.5-3

Hexachlorobenzene 0.025-10 Phthalates

Dichlorocthanes 0.6-46 Monomcthyl phthalate I

Trichloroethanes 0.01-38 I6 Dimethyl phthalate 0.1-7.7

1, I,2,2-Tetrachloroethane 1 Diethyl phathalate 0.1-660

trans-l,2-dichlorocthylcnc \.6-6582 Methyl-ethyl phthalate 2-340

cis-I,2-Dichloroethylene 1.4-470 Mono-(2-ethylhexyl) phthalate 4.0-14

Trichloroethylene 0.05-750 Di-(2-ethylhexyl) phthalate 0.6-236

Tetrachloroethylene 0.01-250 Mono-butylphthalate 4.0-16

Dichloromcthane 1-827 Di-n-bury lphthalate 0.1-70

Trichloromethane \.0-70 Di-isobutylphthalate 3.0-6

CarbontetrachJoridc 4-9.0 Mono-benzylphthalatc 6.0-16

Pesticides Butylbenzyl phthalate 0.2-8

Ametryn 0.12 Dioctylphthalte \.0-6

AMPA 3.8-4.3 Phthalic acid 2-14000

Atrazinc 0.16 Aromatic sulfonates

Bentazon 0.3-4 Naphthalene sulfonates 506-1188

Chloridazon 1.6 Naphthalene disulfonates <2.5-397

Chlorpropham 26 2-Aminonaphthalene-4,8-disulfonate 73-109

Dichlobenil 0.1-0.3 p-Toluencsulfonate 704-1084

Fenpropimorf 0.1 Phosphates

Glyphosat 1.7-27 Tributylphcsphate 1.2-360

Hexazinon 1.3 Triethylphosphate 15

Hydroxyatrazin 0.7-1.7 Miscellaneous

Hydroxysimazin 0.6-1.7 Acetone 6.0-4400

!soproturon 1.2 2(3 H)- Benzothiazolone 10.0-50

Lindane 0.025-0.95 Camphor 20.6-255.2

Mccoprop 0.38-150 Cumen 0.3-7.4

MCPA 0.2-9.1 Fcnchonc 7.3-8.3

Propoxuron 2.6 Tetrahydrofuran 9-430

Simazinc 2.3 Indane 0.2-20

Tridimefon 2.1 Methylethylketone 110-6600

4-CCP 15-19 Methyl- iso-butylketone \.1-176

2,4-D 1.0-5 Dirnethoxymethane 1.1

2,4,5-T 1 MTBE 0.8-35

2,4-DP 0.3-5.2 Styrene 0.5-\.6
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1.3 Landfill monitoring

1.3.1 Legal requirements

The Resource Management Act (1991) (RMA) is New Zealand's primary legislation to deal

with the management of physical and natural resources. It provides a national framework for

the management of land, air, water and coastlines, and the control of contaminants, pollution

and hazardous substances (MfE 2001). While leachate and landfills are not specifically

discussed in the RMA, the intention of the act is clear: to promote the sustainable

management of natural and physical resources.

New Zealand law does not require landfill operators to monitor specific parameters; instead

each Regional Council is to agree with local landfill operators as to the parameters which are

to be monitored. The specific monitoring regime agreed by the landfill operator and Council

becomes the Resource Consent conditions and must be fulfilled for the landfill to remain

licensed.

Also of note, the legal liability and responsibility for a closed landfills remains with person or

organisation who owned the site during waste deposition. Unless explicitly detailed in a sale

agreement, this liability remains even if the closed site is sold to a third party (MfE 2001).

1.3.2 Leachate, ground water and surface water

Although landfill operators do not have a master list of monitoring requirements, most landfill

resource consents require regular monitoring of similar parameters. Examples of leachate,

ground water and surface water monitoring regimes are shown in Appendix A.

Recently, in response to research undertaken by Jessica North at the University of Otago

(North et al. 2004; North 2006; North et al. 2006), the Otago Regional Council has altered the

Resource Consent requirements of Green Island Landfill (GILF), Dunedin (Section 2.1) to

include stable isotope analysis (SIA) (Section 1.5). The Resource Consent conditions require

SIA of water, dissolved inorganic carbon (DIC), dissolved nitrate and dissolved ammonia
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from leachate, ground water and surface water. Details of these consent conditions are

discussed further in Section 1.6.2.

The tools developed throughout this thesis possess considerable potential to improve

compliance monitoring methods for landfills and to understand the processes which occur

within them.
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1.4 Microbial transformation reactions

Although a general introduction to landfills and their processes has been given, much is

known about the specific microbial reactions that occur within the waste. These reactions

play a significant role in the degradation, release and mobility of organic compounds in and

through the waste. This section details some of the significant microbial processes that occur

in landfills.

1.4.1 Aerobic transformation

Invertebrates, bacteria and fungi (microbes) are the primary driving force behind aerobic

degradation. The most rapid and complete degradation of pollutants occurs under aerobic

conditions (Fritsche and Hofrichter 2000) following the pathway shown in Figure 1-4.

Characteristic steps of aerobic microbial degradation are:

1) Chemicals must be accessible to microbes which have the ability to degrade them.

2) The initial intracellular reaction is oxidative, therefore it requires oxygenases and

preoxidases.

3) A variety of reactions cause step-by-step degradation of organic pollutants to

reaction intermediates of the central intermediary metabolism.

4) Cell biomass is synthesised from the central precursor metabolites, such as acetyl

CoA, succinate and pyruvate.
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Figure 1-4 Schematic of the main principles of aerobic degradation-growth associated
metabolism (Fritsche and Hofrichter 2000).

Step three of the aforementioned degradation sequence involves the enzymatic conversion of

compounds to reaction intermediates. This is the method used by microbes to prepare

xenobiotic chemicals prior to metabolism (Figure 1-5). Figure 1-5 shows the natural

intermediate compounds protocatechuate and catechol, which can be produced from the

degradation of many different aromatic xenobiotic precursors. These intermediate

compounds are metabolised by microbes as a source of energy and carbon.
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Figure 1-5 Degradation of a broad spectrum of aromatic natural and xenobiotic
compounds into two central intermediates: catechol and protocatechuate (Fritsche and
Hofrichter 2000).

Both Gram-negative and Gram-positive bacteria are involved in aerobic degradation of

organic compounds. Common Gram-negative bacteria include Pseudomonmas species (spp.),

Acinetobacter spp., Alcaligenen spp., Flavobacterium/Cytophaga group and Xanthomonas

spp. Common Gram-positive bacteria include Nocardia spp., Mycobacterium spp.,

Corynebacterium spp., Arthrobacter spp. and Bacillus spp.
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1.4.2 Anaerobic transformation

Since landfills are predominantly anaerobic, anaerobic reactions play a significant role in the

degradation of landfill waste. Under anaerobic conditions degradation is controlled by

anaerobic bacteria. Unlike aerobic degradation, it is rare for a single anaerobic microbe to

degrade an organic compound all the way to carbon dioxide and methane (Senior et al. 1990).

Instead, anaerobic degradation requires a mixed consortium of bacteria to cooperatively

metabolise the organic material.

In the absence of oxygen, anaerobes utilise a variety of inorganic electron acceptors, such as

nitrate, sulphate and carbon dioxide (Chakraborty and Coates 2004). Little is known about

the specific degradation pathways utilised by anaerobes but Senior et al. (1990) developed a

general degradative pathway schematic (Figure 1-6). This shows the flow of carbon and

electrons during anaerobic metabolism of landfill compounds but it fails to capture the

dynamic nature of this process; degradation is a cooperative intertwined microbial process.
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Figure 1-6 Methanogenic fermentation carbon and electron flow for anaerobic microbial
metabolism in the absence of inorganic electron acceptors (Senior et al. 1990).
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More recently, studies have investigated anaerobic degradation of specific classes of organic

compound. Spormann and Widdel (2000) investigated anaerobic metabolism of alkyl

benzenes, alkanes, alkenes, alkynes and PAHs, and found each class of compound to degrade

via different metabolic pathway. Chakraborty and Coates (2004) investigated the anaerobic

metabolism of benzene and found evidence to suggest this compound was degraded via three

distinct pathways (carboxylase, methyl transferase and hydroxylase) with each pathway

leading to the same reaction intermediate, benzyl CoA.

In situ and laboratory studies have found the pathway for anaerobic metabolism of phenolic,

aromatic and chlorinated aliphatic compounds isolated from a landfill leachate plume to be

similar to transformation pathways observed in other natural environments (Nielsen et al.

1995a; Nielsen et at. 1995b) (It should be noted that a leachate plume is an area of sub

surface leachate infiltration carried by an aquifer). The potential for microbial degradation

within methanogenic leachate may be significantly less than other anaerobic environments

such as sediment or sewage digesters due to the highly reductive environment (Ejlertsson et

at. 1996).
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1.5 Stable isotope geochemistry

1.5.1 Background

Elements consist of protons, neutrons and electrons. An element is primarily defined by the

number of protons it contains (e.g. six protons = carbon, seven protons = nitrogen) but most

elements can have differing numbers of neutrons. Two elemental species with the same

number of protons but a different number of neutrons are known as isotopes. Approximately

half of all elements have two or more stable isotopes. Isotopes are deemed stable if they

retain their neutrons over time.

1.5.2 Ecologically significant isotopes

While many elements have stable isotopes, only a few are important in ecological studies

(Table 1-3). Elements are deemed ecologically important if they are common in ecological

communities and the relative amount of each isotope changes during biogeochemical

reactions.

Table 1-3 Ecologically significant stable isotopes, showing commonly measured isotopes
(italic), atomic number (Z) and their natural abundance (adapted from Criss, 1999).

Element

Hydrogen

Carbon

Nitrogen

Oxygen

Sulfur

Isotopes
IH

2H or D
12C
13C
14N
15N
160
170
180
32s
33S
34S
36S

Z

1

6

7

8

16

Abundance (atom %)

99.985

0.015

98.90

1.10

99.63

0.37

99.76

0.04

0.20

95.02

0.75

4.21

0.02
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1.5.3 Notation

Stable isotopes are measured as a ratio of the heavy isotope relative to the more abundant

light isotope. Absolute isotope ratios are not generally reported because it is difficult to

measure very small amounts of the heavy isotope (e.g. HID - 0.00015). Instead stable isotope

ratios are measured and compared to a material of known isotopic composition (Equation 1

2). The measured ratio is reported relative to an international reference material (following

section) and expressed using the delta (b) notation:

Ratiosample - Ratiostandard
<5 = 1000 *----'==------="""-

sample R .
atiostandard

(1-2)

Where Ratio is the ratio of the amount of heavy and light isotope and <5 is the delta value of

the sample. Since isotope ratios only undergo small changes, b values are expressed as a part

per thousand or permil (%0) shift from the reference material. For example, the delta equation

for hydrogen is shown in Equation 1-3. If a sample has greater amounts of deuterium (D,

heavy isotope) than the reference material, the sample is deemed enriched and b sample will be

more positive than the reference material. If a sample has less D than the reference material,

the sample is deemed depleted and bsample will be more negative than the reference material.

<5m ",p /, = 1000*
(

2H)
IH sample

I (1-3)

1.5.4 Standards

To ensure isotope data is comparable worldwide, standard reference materials are supplied by

two organisations: the International Atomic Energy Agency (IAEA) and National Institute of

Standards and Technology (NIST). Laboratories conventionally use these international

standards to calibrate their "in-house" standards.
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The reference material for hydrogen isotope ratios (oD) is Vienna Standard Mean Ocean

Water (VSMOW) and reference material for organic carbon isotope ratios (013C) is Vienna

Pee Dee Belemnite (VPDB). These and other reference materials are shown in Table 1-4

Table 1-4 Internationally certified reference material for stable isotope analysis.
VSMOW = Vienna Standard Mean Ocean Water; VPDB = Vienna Pee Dee Belemnite;
AIR = Nz in air; and CDT = Canon Diablo Troilite (Adapted from Clark and Fritz,
1997).

Element Isotope Ratio Reference Material
Absolute abundance

ratio

Hydrogen 2H/IH VSMOW 0.00016

Carbon 13C/12C VPDB 0.01124

Nitrogen 15N/14N AIR-Nz 0.00368

Oxygen 180 /160 VSMOW 0.00201

Sulfur 34S/32S CDT 0.04501

1.5.5 Isotope ratio mass spectrometry

Stable isotope ratios of light elements can be measured by a variety of analytical methods but

the most common is isotope ratio mass spectrometry (lRMS). Environmental isotopes are

usually analysed using multiple-collector gas-source mass spectrometry which was developed

by Alfred Nier in 1947. Nier's double collector mass spectrometer with a dual-inlet allowed

him to almost simultaneously measure the isotope ratio of a standard and sample, thus

eliminating any instrument effects. Even though dual-inlet IRMS is still the most precise

method of gas-source IRMS, many isotope scientists use continuous flow-IRMS (CF-IRMS).

CF-IRMS differs to dual-inlet IRMS in that sample and standard are carried to the ion source

by a stream of helium gas. This stream of carrier gas typically flows from a sample

preparatory device such as an elemental analyser or a gas chromatogram. CF-IRMS is a

popular analytical method because it reduces the amount of sample required and greatly

increases the rate of sample throughput. All IRMS used in this study were operated in

continuous flow mode.

1.5.5.1 The isotope ratio mass spectrometer

A gas source isotope ratio mass spectrometer analyses stable isotope ratios of samples and

standards in the gas phase. A Tungsten filament inside the ion source strips the introduced
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gas of one electron (ionisation) then the ionised molecules are accelerated into the flight tube

where they are bent by a magnetic field (only about I in 1000 molecules are ionised).

Molecules of different mass are deflected differently by the magnetic field and separate into

individual mass streams. The deflection of masses is a function of the reduced mass of the

molecule. The ion current of each stream is measured using Faraday cup collectors (Figure 1

7). The simultaneous collection of two or more ion beams allows the isotope ratio for a

particular element to be calculated. For example, hydrogen isotope ratios are calculated using

mass two CH1H) and mass three CZH1H) measurements.
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Figure 1-7 Schematic of a gas-source isotope ratio mass spectrometer showing both dual
inlet and continuous flow sources (Clark and Fritz 1997).

1.5.5.2 Sample introduction systems

The greatest advantage of CF-IRMS systems over dual-inlet IRMS is that sample preparation

devices can be directly interfaced with the CF-IRMS system. These interfaced systems

provide a method for on-line conversion and analysis of solid and liquid samples, greatly

increasing sample throughput. The most common CF preparation system is an elemental

analyser (EA) where a solid or liquid sample is combusted (and subsequently reduced, if

necessary) to C02, N2, or S02 for &lJC, &15N and &34S analysis respectively. In a similar

manner, high temperature EAs are used to pyrolise solid and liquid samples to H2 and CO for

&D and &180 analysis, respectively.
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1.5.5.3 Gas chromatography-isotope ratio mass spectrometry

More recently, gas chromatographs have been interfaced with IRMS systems (Silfer et al.

1991; Hilkert et al. 1999; Meier-Augenstein 1999). This allows the online separation of a

mixture (liquid or gas) prior to combustion/pyrolysis and isotope analysis. This technique

allows the stable isotope ratio of each volatile compound in a mixture to be analysed (Figure

1-8). The intricate detail and high sensitivity of the gas chromatography-isotope ratio mass

spectrometer (GC-IRMS) results in a complicated and temperamental instrument but when

working well , it provides significant amounts of invaluable data.

A sample mixture (liquid or gaseous) is typically introduced to the GC column using a

switching valve (gases only) or via an injector housing. The most common injector system is

a heated split/splitless system where the injected mixture is vaporised and loaded onto the GC

column in its entirety, or 'split' to reduce the quantity of compound on-column. The carrier

gas transports loaded compounds through the GC column and separates them depending on

their affinity for the specific stationary phase. Upon elution from the GC column, individual

compounds are either combusted to carbon dioxide (B l3C analysis) or pyrolised to hydrogen

gas (BD analysis). The individual pulses of compounds are carried to the mass spectrometer

as analysed as described in Section 1.5.5.1.
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Figure 1-8 Set-up of an isotope ratio mass spectrometer coupled to a gas chromatograph
via a micro oxidation reactor and reference gas box. The setup shown is suitable for the
analysis of carbon and nitrogen isotope ratios (Meier-Augenstein 2002).
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1.5.6 Isotope fractionation

1.5.6.1 Theory offractionation

Isotopic fractionation is the term used to describe small changes in isotope ratios.

Fractionation occurs because light and heavy isotopes form bonds with slightly different

physical and chemical properties (Hoefs 2004). These different properties result from

differences in the bonding energies associated with each isotope. Figure 1-9 shows a potential

energy curve for the interaction of two atoms in a stable molecule (or between two molecules

in a liquid or solid). The energy of the bond (or interaction) is related to distance between

atoms and is always restricted to discrete energy levels. lt is important to note, at all

temperatures above absolute zero, the vibrating molecule possesses a zero-point energy above

the minimum of the potential energy curve, that is, it still has energy. Molecules containing

heavy isotopes sit lower in the potential energy well than molecules containing light isotopes

because the bond containing the heavy atom has a larger reduced mass, therefore a lower

frequency of vibration. The lower frequency of vibration increases the stability of the

compound, thus lowering its position in the potential energy well. This does not mean a bond

containing the heavy isotope is stronger than the equivalent light-isotope bond but that the

average length of the vibrating bond is shorter. The strength of a bond is determined by

interactions in the electronic shell not the interatomic distance (Criss 1999).

\
\--------------___________EJ
\--------7------------------------------

J
Interatcmic distance

Figure 1-9 Potential energy curve for the interaction of two atoms or molecules
comprised of isotopically light (L) or heavy (H) atoms (Hoefs 2004).
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If the interatomic distance becomes too large, the molecule will disassociate. As shown in

Figure 1-9, the energy required to break a bond containing the light isotope is less than the

energy required to break a bond containing the heavy isotope. Therefore, during chemical

reactions, molecules bearing the light isotope will react slightly quicker than those with the

heavy isotope (Hoefs 2004). This differences in zero-point energy is the fundamental causes

of isotope fractionation (Criss 1999).

1.5.6.2 Equilibrium fractionation

Equilibrium fractionation is one of two major types of isotopic fractionation. Equilibrium

fractionation (or isotope exchange) occurs where there is no net reaction but there in a change

in the distribution of isotopes (Hoefs 2004). Equilibrium fractionation can occur between

phases or molecules, and is a special case of chemical equilibrium. Equilibrium fractionation

can be written as detailed in Equation 1-4:

(1-4)

Where subscripts indicate species A and B contain either the light (L) or heavy (H) isotope.

For example, the phase transition of water from liquid to vapour in a closed system results in

significant depletion of 180 in the vapour phase according to Equation 1-4. This is because

the vapour pressure of 180 rich water is measurably less than isotopically light water (vapour

pressure of H2180 is almost 1 % lower than H2
160 at 20 QC (Clark and Fritz 1997)). As a

result, the equilibrium shown below (Equation 1-5) is positioned slightly to the right because

H2
160 is more stable than HZ

l80 in the gas phase.

H 160 H 180 ~ H 160 H "0
1 (f) + 2 {g)""'- 2 (g) + 2 (I) (1-5)

1.5.6.3 Kinetic fractionation

The second major form of fractionation is kinetic. Kinetic fractionation is often found in

biological systems where the product for a reversible reaction is rapidly consumed in a

subsequent reaction. The overall effect is a unidirectional reaction. Kinetic fractionation

occurs because less energy is required to break a bond involving a light isotope than the

elemental equivalent heavy isotope (see Figure 1-7). Examples include the evaporation of

water in an open system (Clark and Fritz 1997), diffusion of CO2 through soil (Hesterberg and
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Siegenthaler 1991), and microbial metabolic reactions (Sakata et al. 1997; Chikaraishi et al.

2005).

A special class of kinetic fractionation is known as Rayleigh distillation. Rayleigh distillation

describes the sequential change in the isotopic composition of the non-reacted compound, and

the product of reaction, as a reaction proceeds. Rayleigh fractionation can be modelled as the

exponential enrichment of a residual compound while the product of reaction is isotopically

light relative to the initial reactant (Figure 1-10). The degree of fractionation between the

reactant and product is called the enrichment factor (c) and it is constant for a specific reaction

under a defined set of conditions. As the reaction proceeds, the isotopic compositions of both

the residual compound and product trend in the same direction. In a closed system, the final

isotopic composition of the product (once all reactant has reacted) will be identical to the

composition of the reactant before reaction. In an open system (product of reaction is

removed from the system), the composition of the product continues to become increasingly

enriched. Please note: this description of an open and closed systems is opposite to the

definition given by Clark and Fritz (1997) but is more intuitive.

+%0

8reactant

s of initial I--r-----~===-=::::-::-::-::
reservoir 0

{)prod-open

8prod-closed

-%0

I o
Residual fraction, f

Figure 1-10 Rayleigh distillation of a reactant reservoir as it reacts to completion in an
open system (represented by the Oprod-open curve) and a closed system (represented by the
Oprnd-do,cd curve). The difference between Ore,,' and Oprod-do,ed is the enrichment factor (e),
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1.5.6.4 Fractionation and enrichment factors

Isotopic fractionation is caused by many different processes but the extent of fractionation can

be described using the fractionation factor (a):

a = [R,,"cI"", ] = 1000 + 6""cI,nl
Rproduct 1000 + 0product

(1-6)

Another expression used to describe changes in isotope ratios is the enrichment factor (E):

(I -7)

Although E is useful as an approximation, errors associated with these values become large

when it is used to express large fractionation.
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1.6 Application ofSIA to microbial degradation

1.6.1 Fractionation during microbial degradation

The microbial degradation of organic compounds commonly leads to isotopic fractionation.

As described earlier, this is because a microbe requires less energy to break a bond containing

a light isotope than a heavy isotope. This process usually causes the non-reacted source

material to become enriched in the heavy isotope while the products of degradation are

isotopically lighter (see Section 1.4.5). An exception to this rule occurs when the rate

determining of step of a reaction does not involve the breaking of bonds (e.g. ISN enrichment

up a food chain). As a result, isotopic fractionation has the potential to provide information

about the mechanism and extent ofmicrobial degradation.

For example, methane formed by the acetate fermentation of organic matter has a 013C

composition of about -55%0, while methane formed from the reduction of carbon dioxide is

isotopically lighter at -70%0 (van Breukelen et al. 2003). The different isotopic compositions

can indicate which processes formed a particular pool of methane.

SIA has also been used to determine the process and extent to which microbes degrade

xenobiotic compounds (Elder and Kelly 1994; Hunkeler et al. 2001a; Vieth et al. 2005;

Zwank et al. 2005; Fischer et al. 2007). These studies found the isotopic composition of

residual compounds to enrich as degradation proceeded. In some cases, the extent of

compound enrichment has been used to estimate the fraction of compound which has

degraded (Mancini et al. 2002).

Many studies have investigated the fractionation of chloroethenes as they are degraded by

microbes (Vieth et al. 2003; Hirschom et al. 2004; Chartrand et al. 2005a; Chartrand et al.

2005b). The degradation of tetrachloroethane to trichloroethene, to dichloroethene, and then

vinyl chloride shows progressive open-system and closed-system IJ C Rayleigh fractionation.
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1.6.2 Applications of IRMS to leachate

SIA has been used extensively to investigate processes occurring in and around landfills.

Most of these applications have involved the analysis of landfill gases, such as ol3C-carbon

dioxide and 0l3C-methane (Hackley et al. 1996; Ward et al. 1996; Homibrook et al. 2000;

Crossman et al. 2004), bulk inorganic leachate components, such as oD-water, oI80-water,

ol3C-DIC, ol5N-nitrate (Hackley et al. 1996; Atekwana and Krishnamurthy 2004; North et al.

2004; North 2006; North et al. 2006), and organic compounds in leachate (Mohammadzadeh

et al. 2005) and leachate plumes (Richnow et al. 2003b; Scow and Hicks 2005). These

investigations used SIA as a tool to detect leachate beyond the landfill boundary, to determine

the impact of a leaking landfill, or to determine the rate and extent of bioremediation in

landfill infiltrated ground water and surface water.

For example, van Breukelen, Roling et al. (2003) measured the fractionation of dissolved

organic carbon (DOC) in a leachate contaminated aquifer with increasing distance from a

landfill. They noticed the DOC became enriched in 13C with increasing distance from the

landfill-indicating microbial degradation. Hall et al. (1999) observed this same trend but

also noticed the emission of isotopically light carbon dioxide from the plume (product of

degradation).

As mentioned previously, GILF has recently had its resource consent monitoring programme

adjusted to include stable isotope analysis. Work undertaken by North (2006) demonstrated

the probative power of SIA to investigate leachate impact on landfill-associated aquatic

systems. Although that study failed to identify a universal isotopic fingerprint for landfill,

site-specific investigations showed SIA to be a powerful tool to identify leachate impact on

aquatic systems. The presence of leachate in the aquatic environment was indicated by the

relationships of ol3C-DIC and oD-H20, and 018 0 _H20 and ol5N-ammonia or ol5N-nitrate

(North 2006). These parameters are now included in GILF's resource consent monitoring

conditions.

The recent interfacing of a gas chromatograph with an isotope ratio mass spectrometer

enables CS1A ofleachate derived organic compounds. Richnow et al. (2003) used compound

specific analysis to determine the Ol3C of dissolved organic compounds in a leachate plume.

The results of this experiment showed some organic compounds to fractionate with increasing
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distance from the landfill (indicating microbial degradation) while the isotopic composition of

other compounds did not change (no degradation).

More recently, a total inorganic carbon/total organic carbon (TIC/TOC) analyser has been

coupled to an IRMS (Mohammadzadeh et al. 2005). After high precision liquid

chromatography (HPLC) separation, this setup was used to analyse the Dl3 C composition of

the DOC component of leachate. These values were used in conjunction with the D13C of

landfill acetate to identify leachate derived DOe.

In response to the aforementioned studies, it is evident little is known about the isotopic

trends of specific organic compounds in and around landfills. This study seeks to increase the

understanding of compound specific isotopic processes in and around landfills, and to

determine the usefulness of organic compounds as tracers of landfill leachate, that is, for

Resource Consent compliance monitoring oflandfills and leachate.
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1.7 Objectives ofresearch

The principal objective of this research was to develop compound specific stable isotope tools

for the monitoring of landfill leachate. These tools were subsequently utilised to determine

whether compound specific isotope analysis (CSIA) could be used to detect the presence of

leachate beyond the landfill boundary.

The specific objectives of this study were:

1) To refine current and develop new methods for the analysis of the hydrogen and

carbon isotopic composition of organic compounds dissolved in landfill leachate.

2) To define and characterise the isotopic signature of dissolved organic compounds in

landfillleachate using samples collected from severallandfill sites.

3) To assess whether the isotopic-fingerprint of semi-volatile non-polar and polar

compounds (fatty acids) dissolved in leachate can be used to discriminate between

multiple sources of the same contaminant.

4) To use CSIA to identify leachate contamination m the water and vegetation

surrounding a landfiIl.
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1.8 Thesis structure

The first chapter of this thesis begins by providing the necessary background information

about landfills and landfill processes. Following on from this, stable isotope theory,

principles and analytical methodologies are explained.

Chapter 2 describes the general experimental methods used during these investigations.

Analytical methods accepted by the environmental and isotope communities are described and

some sample handling methods are validated.

Chapter 3 and Chapter 4 describe two new sample extraction methods. Chapter 3 presents

and validates a solid phase extraction (SPE) method for the extraction and concentration of

semi-volatile non-polar organic compounds from water prior to CSIA. In a similar manner,

Chapter 4 describes and validates a different SPE method to extract and concentrate polar

compound from water prior to CSIA.

Chapter 5 describes the application of the methods developed in Chapters 3 and 4 for the

analysis of leachate, ground water and surface water. Two over-riding questions were

investigated; I) what is the compositional and isotopic variability of leachate collected from

different landfills and locations within a landfill? And, 2) can the compound specific isotopic

fingerprint of leachate be used to verify the presence of leachate beyond the landfill

boundary?

Chapter 6 investigates the compound specific isotopic composition of lipids extracted from

periphyton. Periphyton consists primarily of bacteria, algae and diatoms which adhere to

rocks and sediment in a stream. Periphyton was grown upstream, adjacent to, and

downstream of a landfill, and in a surface leachate trench. The isotopic composition of

periphyton lipids were assessed as an indicator oflandfillleaching.

Chapter 7 presents the conclusions from these experiments and recommends further research

to be undertaken.

Also of note: Appendix G presents the molecular structures of organic compounds discussed

in the text of this thesis.
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Chapter 2

General Methods

2.1 Landfilllocations

2.1.1 Green Island Landfill

Green Island Landfill (GILF) is a MSW landfill located at the head of the Kaikorai Estuary,

Dunedin, New Zealand (Figure 2-1) and is the principallandfill serving the 120000 residents

of Dunedin. GILF operated as an uncontrolled dump from 1954 until 1981 but the deposition

of waste has been controlled by local authorities since this date. A leachate collection and

retention system was installed in 1995 and consists of a slotted collection pipe laid inside a

gravel-filled trench (Figure 2-2). A mixture of leachate and ground water permeates the

collection pipe, is transferred to a pumping station (PS), and is discharged to the Green Island

sewer system for treatment. The landfill is also surrounded with a series of ground water

monitoring wells (MWs). Shallow depth MWs (4-5 m) are positioned approximately every

200 m around the landfill boundary with sporadic deep MWs (>7 m deep). The landfill is

bound on two sides by the tidal Kaikorai stream.
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Pacific Ocean

Green Island
Landfill

Figure 2-1 Map showing the location of Green Island Landfill and Norwood Street
Landfill, Dunedin, New Zealand.
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Figure 2-2 A cross-section of Green Island Landfillleachate collection system (adapted
from Surveyors 1997).
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Leachate samples were primarily collected from PSI, PS4, PS6, PS8, MWIA, MW2A,

MW4A, MW4B, MW4C, MW4D and MW8A (Figure 2-3). MWIA, MW2A, MW4A,

MW4B and MW8A are shallow wells on the landfill side of the collection system. MW4C is

a shallow ground water well beyond the landfill boundary and MW4D is a deep ground water

well. Surface water samples were collected from the Kaikorai Stream at GIl , SS4 and GIDn

while periphyton samples were grown at GIl , SS3, SS4, GIDn, Estuary and in a surface

leachate (PS1).

Legend

*Surface Water
Monitoring Site

• Monitoring Well
(MW)

• Leachate Pumping
Stations (PS)

__ Leachate Collection
Trench

- - Landfill Boundary

GIDn

/
/

" ggo -. ' -I
(-.~

.'

_ .. .0

Figure 2-3 Map of Green Island landfill indicating surface water monitoring sites,
monitoring wells and leachate pumping stations. Adapted from MWH (2004).
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2.1.2 Norwood Street Landfill

Norwood Street Landfill (NSLF) is located at the head of Norwood Street adjacent to the

Dunedin suburb of Normanby (Figure 2-1). This unlined dumping site was in operation from

1963 to 1977 before being capped with topsoil. The closed landfill site is now occupied by a

dog training area, sports playing fields and a BMX track. An unnamed stream running

through the site is diverted through a concrete culvert.

Stream samples were collected from the un-named stream immediately upstream (NSl) and

downstream (NS3) of the landfill (Figure 2-4). In addition, leachate was collected from the

retro-fitted leachate system through a manhole (NS2) .

Upstream

NS2

7
Landfill

"".~&W
• • "i; Retro fitted leachate collection

\: system
@ NS 3
i. ,p

.1¥'

D ownstream

Figure 2-4 Map of Norwood Street Landfill indicating sample collection sites.
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2.1.3 Landfill A

Landfill A (LFA) is located in the North Island of New Zealand (exact location is withheld for

commercial reasons). LFA is located in a former quarry and was engineered to minimise the

impact of land filling on the environment. The landfill was lined with 0.9 m of low

permeability earth fill and fitted with a state-of-the-art leachate collection system. Leachate

can be collected directly from this leachate system with minimal exposure to the atmosphere.

LFA has been receiving waste since 1993.
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2.2 Materials, glassware and sample collection

2.2.1 Sample containers

Although there are no definitive methods for the collection of landfill leachate, general

sampling methods and containers have been accepted by the monitoring community.

Some studies have collected leachate in deactivated glass bottles with silylating reagents such

as dichlorodimethylsilane or 2,2,4-trimethylpentane (Furtmann 1994) but this time consuming

process can be avoided if the samples are collected in Teflon® bottles. Teflon® sample bottles

were washed with Pyroneg" solution, rinsed three times with distilled water and soaked for

more than seven days in 10 % nitric acid. After extensive soaking in acid, bottles were

removed and rinsed three times with 18.2 Q contaminant free water (Milli-Q) (Cortazar et al.

2002; Jonsson et af. 2003c).

2.2.2 Materials and glassware

Organic compounds were removed from glassware by washing in Pyroneg" solution then

baking in an oven (525 DC, 1 hour, ashed). If aqueous sample was to come in contact with the

glassware (without the presence of an organic solvent), glassware was deactivated using

dichlorodimethylsilane (Merch, Hohenbrunn, Germany). This was achieved by placing ashed

glassware in a solution containing 5 % dichlorodimethy1silane in dichloromethane

(Laboratory Reagent Grade (LR), 15 minutes). Glassware was removed from the reagent,

rinsed with dichloromethane (LR) and place in methanol (LR, 30 minutes). Deactivated

glassware was removed from the methanol and dried under a gentle stream of clean air.

General solvents were of analytical reagent grade (AR) and purchased from BDH Laboratory

Supplies Ltd (Poole, England). GC Residue grade dichloromethane was purchased from

Scharlau (Barcelona, Spain) and GC grade ethyl acetate was purchased from Merck KGaA

(Dannstadt, Germany). Both high purity solvents were determined to be free from

contamination by GC-FID analysis (Section 2.6.2) and used without further purification.

Unless otherwise stated, dichlorornethane and ethyl acetate used in this study were of GC

Residue grade. A Millipore" Milli-Q®system was the source of contaminant free water.
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Anhydrous sodium sulfate (Ajax Finechem, Auckland, New Zealand) and glass fibre filter

papers (GF/F) (47 mm, 0.7 urn, Toyo Roshi Kaisha, Okawa, Japan) were purified by oven

baking (450 QC, >8 hours) .

2.2.3 Leachate collection

GILF leachate was collected from one of the mne pumping stations (PS). As already

mentioned, this leachate collection system was retro-fitted in 1995 and it is believed to suffer

significant infiltration by ground water (North et at. 2006). Therefore, in an attempt to collect

leachate which has had minimal contact with ground water, leachate was also collected from

monitoring wells on the landfill side of the collection trench (a variety of well labelled A and

B).

Leachate was collected from the PSs, MWs and NS2 (NSLF) using a 12 V Supersub 88

submersible pump (GP88l5, Munster Sims Engineering Ltd., England) connected to Teflon®

tubing (8 m, 8 mm i.d.). The pump and tubing were cleaned extensively with Pyroneg"

solution, dilute hydrochloric acid and distilled water prior to sampling. Before a sample was

collected, the pump and tubing were rinsed with leachate for three-to-five minutes. The

submersible pump transferred eight litres of sample per minute. Bottles were rinsed three

times with leachate before a sample was taken by inserting the Teflon® tubing to the bottom

of the bottle. Bottles were over-filled (30 seconds) before being capped with minimal

headspace. This prevented the flocculation of metals and organic compounds (Baun et at.

2004). Upon return to the laboratory, typically within ninety minutes of sampling, samples

were stored at 4 QC.

Organic compounds were extracted from leachate as soon as possible post collection but

always within three days (Furtmann 1994). Sample extracts were analysed within six weeks

as recommended by the US EPA.
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2.3 Compound extraction methods

2.3.1 Liquid-liquid extraction

Liquid-liquid extraction (LLE) of organic compounds from aqueous sample involves the

partitioning of compounds from the aqueous solution into an immiscible organic solvent.

Partitioning occurs because non-polar or slightly-polar compounds have a lower energy when

dissolved in an organic solvent.

The simplest form of LLE is a manual process where the aqueous solution and extracting

solvent are shaken in a separating funnel or vessel. The efficiency of compound extraction,

especially for compounds which are stable in an aqueous matrix, can be improved by using an

accelerated solvent extractor. This apparatus improves extraction by decreases the pressure

and increases the temperature of the system.

LLE is used extensively because it is cheap and requires only simple apparatus. Common

LLE solvents include hexane, pentane, chloroform, dichloromethane and methyl tert-butyl

ether (MTBE). The optimal solvent for a specific application will depend on the physical

properties of the organic compounds being extracted.

The popularity and application of LLE is slowly decreasing due to the emergence of

alternative extraction methods such as solid phase micro extraction (SPME), purge and trap

(P&T) and SPE. These later methods are advantageous as they use very little or no solvent,

they often improve compound extraction, and preparation time is reduced.

2.3.2 Solid phase extraction

Reverse-phase SPE extracts organic compounds from water by adsorbing compounds to the

stationary phase as a solution is slowly drawn past the adsorbent surface. The adsorbed

compounds are subsequently eluted from the SPE adsorbent with a small volume of organic

solvent. Therefore SPE minimises the amount of solvent required, it concentrates a sample

(e.g. I L concentrated to 200 ul.) and can target specific organic compounds (Phenomenex

2003).
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SPE has been used extensively to extract organic compounds from landfill leachates

(Benfenati et al. 1999; Reitzel and Ledin 2002; Benfenati et al. 2003) and other industrial

effluents (Dethlefs and Stan 1996; Serregi et al. 2000). SPE can be used to prepare a

representative suite of organic compounds from the leachate, or to target a specific class of

organic compound. This study investigates the general suite of semi-volatile compounds

dissolved in leachate, for example, terpenes, PAH's, phthalates and sulfonamides, and polar

compounds such as fatty acids.

2.3.2.1 Properties ojSPE cartridges

SPE cartridges used to extract organic compounds from landfill leachate should contain as

much adsorbent material as possible (>200 mg). This is because leachate contains a high

organic load (Chian and Dewalle 1977; Harrnsen 1983). Manufacturers report styrene

divinylbenzene polymer based SPE adsorbents are able to extract 10-15 % of their mass in

compound, allowing for the extraction of up to 75 mg of organic compounds when using 500

mg SPE cartridges, while silica based SPE adsorbent materials will only isolate 5 % of their

mass in organic compounds (Phenomenex 2003).

This study assesses the ability of three SPE cartridges to extract organic compounds from

water prior to CSIA. SPE cartridges contained either 200 mg or 500 mg of adsorbent packed

at the base of a 6 mL or 10 mL polypropylene syringe barrel. The adsorbent material was

packed between two filter fiits which reduced the need for sample pre-filtering (Phenomenex

2003). Strata-CI8-E (CI8E) and Strata-X cartridges (both 500 mg/ 6 mL) were obtained

from Phenomenex (Torrance, USA) and Isolute ENV+ cartridges (200 mg/ 10 mL) were

obtained from Biotage (Uppsala, Sweden). These cartridges were selected for two reasons; I)

they represent common commercially available adsorbents and, 2) much research has already

been undertaken using these, or similar cartridges, for GC-MS applications (Oman and

Hynning 1993; Paxeus 2000; Suzuki et al. 2001; Reitzel and Ledin 2002). Characteristics of

each SPE adsorbent are shown in Table 2-1.
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Table 2-1 Physical characteristics of the SPE adsorbent material used in this study.
Information sourced from technical documents which accompany products, n.a. denotes
information not available.

Adsorbent

Surface functionality

Structural
characteristics and
potential binding
interactions

Analyte Capacity

Particle Size (urn)

Pore Size (A)

Surface Area (m2/g)

pH Stability

crss
Silica particle

functionalised with C18
and endcapped with

methyl groups
,," I

Si-O-Si-(CH,I"CH,< I
;,LSi-O-Si(CH,h

Hydrophobic

1-5 %

50

65

500

1-8

Strata-X
4-(2-oxopyrrolidin-l

yl)methyl) styrene
divinylbenzene polymer

Hydrophobic, H
bonding, Aromatic

10--15 %

33

85

800

1-14

Isolute ENV+
Hydroxylated styrene

divinylbenzene polymer

Hydrophobic, H
bonding, Aromatic

n.a.

90

800

1000

n.a.

2.3.2.2 General SPE process

Reverse-phase SPE is rapid and simple when samples are prepared using a commercially

available SPE manifold (e.g. Phenomenex 12 Position Vacuum Manifold, PIN AHO-6023).

The general reverse-phase SPE method is:

Step I.

Step 2.

Condition. This step is essential for silica based adsorbents and

recommended for polymeric adsorbent material. The cartridge is rinsed

with 4-8 bed volumes of a polar organic solvent, for example 5 mL of

methanol for a 500 mg SPE cartridge. The flow rate of methanol

through the adsorbent should be 1-2 mL/min.

Equilibrate. Without allowing the adsorbent to dry, 4-8 bed volumes

of distilled water should be drawn through the adsorbent at 1-2

mL/min.



Step 3.

Step 4.

Step 5.
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Load. Sample should be loaded through the cartridge at a flow rate of

1-10 mL/min. The maximum loading rate without compound

breakthrough depends on the strength of the interaction between the

adsorbent material and each compound. However, Biotage (2006)

report high analyte recovery even when ENV+ cartridges were loaded

at 60 mL/min. A Teflon® siphoning system was used to load large

volumes of sample through a cartridge with minimal agitation or

exposure to the atmosphere (Figure 2-5).

Wash. Once a sample is loaded compounds can be washed with 4-8

bed volumes of a 5-10 % methanol in water. This step can remove

polar impurities. After washing, excess water is removed by increasing

the vacuum in the underlying vacuum manifold.

Elute. Adsorbed compounds are eluted under gravity with 4-8 bed

volumes of a polar organic solvent such as methanol or acetonitrile.

Compound extraction is improved when elution occurs using multiple

aliquots of solvent (Phenomenex 2003; Biotage 2006).

If the eluting solvent dislodges water from the SPE cartridge, it can be removed from the

eluted solution by adding 1.0 g of sodium sulfate (do Nascimento et al. 2003) without

significant fractionation of D or 13C (Appendix B.l).

Figure 2-5 SPE extraction setup and Teflon® siphoning system used to transfer large
volume water samples to the SPE cartridge with minimal exposure to the atmosphere.
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2.4 Sample concentration

One of the greatest constraints in analytical chemistry is the limit of detection for a given

analytical instrument. The gas chromatography-isotope ratio mass spectrometer (GC-IRMS)

has a relatively poor detection limit, approximately 10 nmol of carbon and 30 nmol of

hydrogen (Jochmann et al. 2006). That is, for a compound such as naphthalene (CIOHs) the

GC-IRMS requires approximately lOng of compound on-column for carbon analysis and 500

ng on-column for hydrogen analysis; or a 50 ul. solution containing 100 ng and 2 ug of

naphthalene for carbon and hydrogen analysis respectively. While leachate often contains

compound at high concentrations, samples typically require concentrating to ensure target

compounds exceed the detection limit of the GC-IRMS.

While SPE can concentrate an aqueous sample from litres to a few millilitres of organic

solvent, this few millilitres of solvent must be concentrated to approximately 100 microlitres

for analysis. Two methods were tested to determine if they are suitable to reduce the volume

of the organic solvent prior to CSIA: I) evaporating the solvent under a gentle stream of

nitrogen, and 2) evaporating the solvent using a rotary evaporator.

2.4.1 Nitrogen blow-down

To determine if the isotopic composition of a compound fractionates when samples were

concentrated under a gentle stream of nitrogen, five semi-volatile organic compounds (see

Section 3.2.2) were dissolved in ethyl acetate and the solvent was removed under a gentle

stream of nitrogen at a slightly raised temperature. Evaporated samples were blown-down,

redissolved in I mL ofhexane then analysed using a GC-IRMS (Section 2.6.4).

The 80 and 81l C compositions of the concentrated and neat compounds are shown in

Appendix B.2, the extent of fractionation during concentration is summarised in Figure 2-6.

The largest fractionation of both 0 and IJC was observed when samples were concentrated

under nitrogen at 60 DC. The most significant 0 and IlC fractionation was observed for

naphthalene (-20%0 and -6%0 respectively) where the depleted values may indicate compounds

were adsorbing to the glassware. In contrast, all other compounds were enriched in 0 or I'c,
suggesting some of the isotopically light compounds were volatilised during sample blow-
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down. The similar fractionation trends for samples concentrated at different temperatures

suggest reaction temperature only has a minor effect on the isotopic composition of the

residual sample.

Overall, concentrating semi -volatile compounds under a gentle stream of nitrogen resulted in

moderate isotope fractionation, As a consequence, this technique was only used to concentrate

non-volati le compounds, and only when no other sample concentration technique was

suitab le.
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Figure 2-6 D and I3 C fractionation of eucalyptol ( • ), dodecane ( T ), naphthalene

( • ), benzothiazole ( • ), and dibutyl phthalate ( .. ) when samples are concentrated
under a gentle stream of nitrogen at 40 QC (black fill symbols) and 60 QC (grey fill
symbols). The shaded area indicates the precision of the GC-IRMS. Error bars = 1(; for
multiple sample preparation (n=4 and n=5 for samples prepared at 40 QC and 60 QC
respectively).

2.4.2 Rotary evaporation

Rotary evaporation was the second sample concentration assessed for preparing semi-volatile

organic compounds for CSIA. This was achieved by dissolving 2 mg each of eucalyptol,

dodecane, naphthalene, benzothiazole and dibutyl phthalate in 100 mL of ethyl acetate. Sub

samples (6-12 mL) were concentrated on a rotary evaporator system (Laborota 4000,
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Heidolph, Germany) at a variety of temperatures and pressures. As soon as the solvent was

removed , compounds were redisso lved in two 500 J.l.L aliquots of solvent (ethyl acetate or

dichloromethane) and transferred to a GC vial. The (5D and (513C composition of neat and

concentrated compounds were measured using a GC-IRMS (Section 2.6.4).

The (5D and (513C composition or each compound is shown in Appendix B.3 and the resulting

fractionation is summarised in Figure 2-7. Most compounds fractionated to a similar extent

when prepared using a defined set of temperature and pressure condition. The least

fractionation of both D and 13C, and the best reproducibility, was observed when samples

were concentrated at 25 °C with a pressure of 350 mbar. At this pressure and temperature,

only the 13C composition of benzothiazole fractionated more than the precision of the

instrument. The reproducibility of benzothiazole was poor, which meant the average (513C

composition was still within one standard deviation of its original composition (-0.8 ± 1.1%0).
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Figure 2-7 D and 13C fractionation of eucalyptol ( • ), dodecane ( ~ ), naphthalene

( • ), benzothiazole ( • ), and dibutyl phthalate ( • ) concentrated using a rotary
evaporator. Pink fill symbols represent compounds that were concentrated using
uncontrolled reaction conditions (n=3), blue fill symbols represent compounds that were
concentrated at 40°C and 100 mbar pressure (n=4), and green fill symbols represent
compounds that were concentrated at 25 °c and 350 mbar pressure (n=l1). The shaded
area indicates the precision of the GC-IRMS. Error bars = Ie for multiple sample
preparation.

Fractionation of both D and 13C was greater when samples were concentrated using

uncontrolled vacuum and temperature conditions (20 ± 15%0 and -8.4 ± 13.3%0 for D and 13C
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respectively). Compounds concentrated at 40°C and 100 mbar displayed poor 8-value

reproducibility (1o = 82%0 and 1.4%0 for 80 and 8J3C respectively).

Overall, samples concentrated by nitrogen blow-down resulted in small to moderate isotope

fractionation but samples concentrated by rotary evaporation at 25°C and 350 mbar suffered

only minor 0 or 1JC fractionation. That is, fractionation was less than one standard deviation

for multiple sample preparation (n=11). Therefore, the standard technique used to concentrate

samples throughout this thesis was to remove the solvent using a rotary evaporator at 25°C

and 350 mbar).
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2.5 Derivatisation ofpolar functional groups

2.5.1 Justification

GC is a technique used to separate a mixture of compounds by passing them through a fine

column packed or fused with a stationary material. Compounds are separated according to

their affinity for the stationary phase which depends on the polarity and boiling point of the

compound, and the polarity of the GC column (refer to Section 2.6.1). GC columns only

separate non-polar and mildly-polar compounds, therefore compounds containing polar

functional groups must be derivatised before separation can be achieved (e.g. organic acids).

Polar functional groups can be successfully derivatised using many different reagents

however the group undergoing reaction and the intended analytical system must be considered

when choosing the most suitable reagent. For example, TMS (trimethylsilanol) is a good

reagent for derivatising fatty acids prior to GC separation but it is unsuitable if fatty acids are

to be analysed by CSIA. This is because silicon accumulates in the combustion furnace (see

Section 2.6.4) and causes significant isotope fractionation (Shinebarger et al. 2002).

This thesis investigates two classes of polar compounds which were derivatised prior to GC

IRMS analysis; fatty acids and resin acids.

2.5.2 Fatty acids

Many reagents are capable of reacting with the carboxyl group of a fatty acid to reduce the

polarity of the compounds. Common reagents include methanol/sulphuric acid (Pond et al.

1997; Pond et al. 2000), diazomethane (Turoski et al. 1981),

bis(trimethylsilyl)trifluoroacetamide (Evans et al. 2003), tetramethylammonia

hydroxide/methanol (Boschker et al. 1999; Jarde et al. 2005) and boron trifluoride/methanol

(Ackman 1998; Crossman et al. 2004).

Boron trifluoride/methanol (BFJ/methanol) is the best reagent to prepare fatty acids for CSIA

(Meier-Augenstein 2002) because it is rapid, relatively non-toxic, excess reagent can be easily

removed (Meier-Augenstein 2002), the methyl-ester products are stable (Rigol et al. 2003)
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and the added group does not damage the GC-IRMS combustion furnace (Shinebarger et al.

2002). Additionally, the difference in the isotopic composition of a fatty acid and its methyl

ester can be easily accounted for (Pond et al. 1997).

2.5.2.1 EF3/methanol optimisation

Multiple experiments were carried out to optimise the temperature and time of reaction to

efficiently methylate fatty acids using BF)/methanol. The first experiments involved

derivatising a constant amount of three fatty acids (hexadecanoic acid (16:0), nonadecanoic

acid (19:0) and docosanoic acid (22:0)) using 5 % BF)/methanol (1 mL) for 30 minutes at 60

QC, 80 DC, 100 DC, 120 QC, 140 DC and 160 DC in a sealed glass reaction vial with a Teflon®

lined cap (Moss et al. 1974). Reacted samples were cooled before distilled water (1 mL) and

hexane/dichloromethane (4:1 v/v, 1 mL) was added. Samples were vortex mixed (2 minutes),

layers were allowed to separate and the upper layer was collected using a glass pipette.

Extraction was repeated with a second aliquot of non-polar solvent and the extracts were

combined in a GC vial. The solvent was removed under a gentle stream of nitrogen (30 DC)

and redissolved in dichloromethane (700 ul.), Samples were analysed using a GC-FID as

described in Section 2.6.2.

A second set of experiments were undertaken to optimise the time required to complete

methylation. In a similar manner to the previous experiments, three fatty acids (16:0, 19:0,

22:0) were dissolved in 5 % BF)/methanol (1 mL) and reacted at 70 DC for 10,20,30 and 60

minutes. The resulting fatty acid methyl esters (FAMEs) were extracted and analysed as

described above.

Results of these experiments are shown in Appendix BA.I and summarised in Figure 2-8.

Temperature optimisation experiments showed complete conversion (100 %) of fatty acids to

their respective FAME for reaction temperatures between 60 DC and 120 QC, with the yield of

FAMEs decreasing when reaction temperatures exceeded 140 DC. This result is probably due

to the destruction of compounds at higher temperatures and is in agreement with data

published by Klopfenstein (1971), where the yield of FAMEs decreased significantly at

temperatures in excess of 120 DC (50 % BF)/methanol solution).
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Figure 2-8 Optimisation data for the methylation of 16:0 (black bars), 19:0 (red bars),
22:0 (green bars), and abietic acid (yellow bars) using 5 % BF3/methanol. A-The
amount of each fatty acid methylated at different reaction temperatures (reaction time =

30 minutes), B-the amount of each acid methylated for different reaction times
(temperature = 70 °C). Precision of analysis was ± 10 %.

Reaction time experiments showed the optimal time of reaction for the methylation of 16:0 to

be 20 minutes, while 19:0 and 22:0 produced maximum amounts of product after only 10

minutes. After 30 minutes of reaction the yield of all FAMEs decreased slowly, probably due

to compound destruction. Klopfenstein (1971) also found the yield of FAMEs to decrease

when reactions were carried out for more than 30 minutes.

Although methylation of fatty acids using BF3/methanol reagent can return poor yields of

branched and cyclic FAMEs (Klopfenstein 1971; Moss et al. 1974), if reaction temperatures

are mild this is the recommended method to prepare fatty acids for CSIA (Meier-Augenstein

2002). Optimal conversion of fatty acids to their FAMEs using 5 % BF3/methanol was

achieved at using a reaction temperature of 70 QC for 20 minutes.

The optimised method for BFimethanol derivatisation of fatty acids is:

1) Add 5 % BF3/methanol (0.5-1 mL) to dry fatty acids in a Kimax®tube and cap

tightly.

2) Place sample tube in oven and react at 70 QC for 20 minutes.

3) Remove from oven and cool. Add distilled water (1 mL) and

hexane/dichloromethane (4:1 v/v, 1 mL) and vortex mix (two minutes).

4) Allow layers to separate and remove upper organic layer to GC vial. Repeat

extraction with another aliquot ofhexane/dichloromethane (4:1 v/v, 1 mL).
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5) Combine extracts and remove solvent under a gentle stream of nitrogen (40 QC).

Redissolve sample in dichloromethane (100-700 ul.) and cap awaiting analysis.

2.5.2.2 Isotopic correction for methylated compounds

When a fatty acid is derivatised by substituting a -OCHJ group for an -OH (methylation), the

empirical composition of the resulting molecule will increase by one carbon atom, two

hydrogen atoms (lose one atom but gain three atoms) but the oxygen atoms have no net

change (lose one atom and gain one atom). These empirical changes cause the isotopic

composition of the resulting FAMEs to be different from the original fatty acid.

The change in isotopic composition can be corrected using a simple mass balance equation

(Equation 2-1):

(2-1)

Where ;j3CFA is the isotopic composition of the free fatty acids, Ij3CFAME is the isotopic

composition of the FAME, X is the fractional carbon contribution of the free fatty acid to the

FAME and ;j3Cme1hano/ is the isotopic composition of the methanol. This value can be

determined directly for the methanol but using the bulk 81JCmclhanol value relies on the

assumption there is no isotopic fractionation during derivatisation (Pond et al. 1997). A better

method to find the isotopic composition of the methanol, which allows for fractionation

during methylation, is to derivatise a standardised fatty acid under identical conditions as the

sample and calculate the 813C of the added -OCHJ group. By rearranging Equation 2-1:

.~IlC ,;-IlC *
S"C = u "'ME -u FA X

methanol (1- X)
(2-2)

For these equations to be used, the number of carbon atoms in a compound must be known.

In this study, fatty acids were identified by their relative retention times compared to a

mixture of standard fatty acids or by using a Gas Chromatograph-Mass Spectrometer (GC

MS, Section 2.6.3) where the identity of the compound revealed the number of carbon and

hydrogen atoms it contained.
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Methylation as described above is unsuitable for the derivation of fatty acids if 8180 values

are to be measured because one of the two original oxygen atoms is replaced. However, this

method is acceptable for the preparation of fatty acids prior to 8D analysis because the

hydrogen atom which is cleaved from the molecule during methylation is acidic, and can be

readily exchanged. This method eliminates the exchangeable acidic hydrogen atom of the

carboxyl group and provides a true 8D composition for the compound. For 8D analysis,

Equation 2-1 becomes Equation 2-3:

srv _ oDFAME - (1- X)oD""tha"al
UUFA -

X
(2-3)

Where 5D is the deuterium isotope ratio and X is the fractional hydrogen contribution of the

free fatty acid to the FAME. Equation 2-2 is also adjusted to become Equation 2-4:

5D - ODFAME -5DFA *X
methanol - (1 - X)

2.5.3 Resin acids

(2-4)

Resin acids are another class of organic acids common in landfill leachate (Leenheer et al.

2003; Chen et al. 2004) and other waste waters (Dethlefs et al. 1996; Dethlefs and Stan 1996;

Rigol et al. 2003). Most resin acids are three-ring fused systems with the empirical formula

C I9H29COOH. All resin acids have three functional groups; one carboxyl group and two

double bonds. Most resin acids can be derivatised from the two common compounds shown

in Figure 2-9; abietic acid and pimaric acid.

Similar to fatty acids, resin acids require derivatisation before they can be readily separated

using a GC column. Unlike fatty acids, the carboxyl group on a resin acid is sterically

hindered therefore it requires a very reactive derivatising reagent. The most common reagents

are pentafluorobenzyl bromide (Dethlefs et al. 1996; Dethlefs and Stan 1996) and

diazomethane (Rigol et al. 2003 and references therein). Since halogenated derivatives are

unsuitable for compound specific isotope analysis (see Section 2.6.4), and diazomethane is

highly reactive, diazomethane and two further strong (but more stable) derivatising reagents

were explored: thionyl chloride (SOCh) and Bf'ymethanol.
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\
":-COOH

Abietic Acid Pimaric Acid

Figure 2-9 Molecular structure of two common resin acids-abietic acid and pimaric
acid.

Thionyl chloride was assessed by adding one drop to a solution containing a mixture of fatty

and resin acids dissolved in methanol (the addition of thionyl chloride to methanol produces

hydrochloric acid). The solution was sealed in a Kimax® tube and reacted at 100 QC for one

hour. Samples were cooled, distilled water (0.5 mL) and hexane (0.5 mL) were added, and

the mixture was vortex mixed (2 minutes). Layers were allowed to separate before the upper

layer was pipetted to a GC vial. Extraction was repeated with a second aliquot ofhexane (0.5

mL) and extracts were combined. Hexane was removed under a gentle stream of nitrogen (30

QC) before compounds were redissolved in hexane (I mL) for GC-FlD analysis (Section

2.6.2). Samples were prepared in duplicate. The results of these experiments are shown in

Appendix B.4.2. Under the conditions of these experiments, thionyl chloride was unable to

methylate abietic acid.

As seen previously (Figure 2-8), 5 % BFJ/methanol produced a small amount of resin acid

methyl ester (RAME) when the reaction temperature exceeded 100 QC.

Diazomethane was the third reagent assessed to determine if it could convert resin acids to

their corresponding methyl esters (Ngan and Toofan 1991; Hodgeson et al. 1994).

Diazomethane was formed by reacting N-methyl-N-nitrosotoluene-p-sulphonamide with

potassium hydroxide in ether (Vogel and Fumiss 1978). Diazomethane (0.5 mL) was added

to a dry mixture of fatty and resin acids in a Kimax® tube before samples were reacted at 70

QC for 10, 20, 30 and 40 minutes. After cooling, excess diazomethane/ether was allowed to

evaporate and compounds were dissolved in hexane (0.5 mL). Comparable amounts of acids

were derivatised using 5 % BFJ/methanol (0.5 mL, 130 QC, 20 minutes) and prepared as

described in Section 2.5.1.1.
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The results of these experiments are shown in Appendix BA.3 and are summarised in Figure

2-10. Figure 2-10 shows the reaction of resin acid with diazomethane, unlike 5 %

BF3/methanol solution, quantitatively converted the resin acid to its methyl-ester. Under

these reaction conditions the yield of FAMEs was low «50 %), indicating diazomethane

destroyed these compounds. The low yield of FAMEs is probably due to the increased

reactivity of diazomethane compared to BF3 and the high reaction temperature (130 DC,

Figure 2-8 indicated the yield of 16:0 methyl ester decreased with react ion temperatures in

excess of 120 DC). More importantly, diazomethane efficiently converted abietic acid to its

methyl ester and the greatest yield occurred when the reaction proceeded for twenty minutes.

Samples reacted for more than twenty minutes showed a gradual decrease in compound yield

(Figure 2-10) .

When preparing RAMEs for SIA compounds must be corrected to allow for the addition of 

OCH3 in an identical manner to fatty acid methyl esters (see Section 2.5.1.2).

It is important to note diazomethane was not used as a derivatising reagent for any samples in

Chapters 3-6 because of the poor yield of FAMEs. It was therefore rare for resin acids to be

indentified in these samples. Targeted derivatisation of resin acids in leachate was deemed

beyond the scope of this current project.
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Figure 2-10 Relative amount of FAME and RAME produced from their corresponding
acid using diazomethane reagent. Samples were reacted for 10 (black), 20 (red), 30
(green) and 40 (yellow) minutes. Compounds in blue were derivatised using 5 %
BF3/methanol reagent (130°C, 20 minutes). Precision of analysis was ± 10 %.
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2.6 Gas chromatographic techniques

2.6.1 Background

Gas chromatography is an analytical technique used to separate small amounts of volatile

compounds. The mobile phase is usually an inert or non-reactive gas (e.g. hydrogen or

helium) and the stationary phase is a thin layer of polymer or solid supported on a non

reactive frame (usually silica). Compounds are carried through the small column and are

separated depending on their interaction with the stationary phase. Parameters such as

temperature, head pressure and column flow rate can be altered to optimise compound

separation.

The stationary phase (or GC-column) is typically a micro-bore silicon tube (0.22-0.45 mm

internal diameter (i.d.) packed or fused with a polymer coating. The outside of a GC column

is coated with a polyimide film which improves strength and flexibility, allowing 30--60

metres of column to be rolled into a small coil. Many different stationary phases are available

commercially. The ideal stationary phase for a specific application will depend upon the

polarity of compounds in a sample and the separation required.

This study utilised two stationary phases: a BP-225 (25 m, 0.22 mm i.d., 0.25 urn film; SGE,

Melbourne, Australia) and a DB-Wax (30 m, 0.25 mm i.d., 0.25 urn film; J&W, Folsom,

USA). The BP-225 is a mid-polarity column suited to separate non-polar and mildly polar

compounds, and the DB-Wax is a non-polar column suited to separate moderately polar

compounds such as alcohols and esters (FAMEs). Both GC columns were used in

conjunction with all GC detectors.

A sample can be introduced to the GC column via many different techniques (e.g.

programmable temperature vaporisation, purge and trap, on-column, gas switching valve) but

all GC instruments used in this study was fitted with a split-splitless injector. A general

schematic of a GC system is shown in Figure 2-11.
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Figure 2-11 Schematic of a GC system. Sample is injected into the heated split-splitless
injector where it is carried through the GC column and compounds are separated
depending on their interaction with the stationary phase. Each compound is detected as
it elutes from the GC column. Data is analysed using a computer.

Three different detectors were used in this study, with each detector providing different

information about the eluting compounds. Detector systems included I) flame ionisation

detector (FID), 2) fragmentation mass spectrometer (MS), and 3) isotope ratio mass

spectrometer (IRMS).

2.6.2 Gas chromatography-flame ionisation detection

Semi-quantitative analysis and sample screemng was performed usmg two gas

chromatography-flame ionisation detection systems (GC-FID). The first was a Shimadzu 17A

(Kyoto, Japan) and the second was an Agilent 6850 (Malaysia). Both systems were equipped

with a split-splitless injector connected to a BP-225 GC column (see Section 2.6.1). The

carrier gas for the Shimadzu system was hydrogen and the carrier for the Agilent system was

helium. Both carrier gasses flowed at a rate of 1.8 mL/min. Injectors were operated at 300 DC

with a split ratio of five and the temperature of the FID was set to 300 DC. The temperature of

the GC oven was held constant at 75 DC for the first five minutes after sample injection then

ramped to 230 QC at a rate of 20 "C'rnin where it was held for five minutes.

For semi-quantitative analysis, high concentration and low concentration standard solutions

containing the same compounds as were being quantified, were analysed at the beginning of

each batch of samples. A standard solution was injected every tenth sample and used to
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correct for any changes in instrument sensitivity during batch analysis (instrumental drift).

Standards were analysed in duplicate.

2.6.3 Gas chromatography-mass spectrometry

Compound identification and semi-quantification was achieved using an Agilent 6890N GC

coupled to an Agilent 5975B mass spectrometer (Beijing, China). The mass spectrometer was

operated in electronic ionisation mode at 230 QC.

The GC injector and oven condition were identical to those used for GC-FID analysis.

Compounds were identified by comparing the ion fragmentation patterns of an unknown

compound with the NIST fragmentation library (NIST 2.0d, National Institute of Standards

and Technology, USA). A compound was positively identified when the Match, R Match and

probability values all exceeded 800. In addition, the library gave Kovat Retention Indices

which were used to assess if a compound eluted from the GC column in the correct 'ball park'

to match the identification given by the fragmentation pattern.

2.6.4 Gas chromatography-isotope ratio mass spectrometry

Compound specific oD and olJC values were measured using a Trace Ultra GC (Thermo,

Milan, Italy) coupled to a Deltap1usXP IRMS (Thermo, Bremen, Germany). Samples were

introduced to the GC through a split-splitless injector at 300 DC via a CombiPAL auto sampler

(CTC, Zwingen, Switzerland). Compounds were separated using either a BP-225 or DB-Wax

column (see Section 2.6. I). The carrier gas was helium and had a constant flow rate of 1.8

mLlmin.

For olJC analysis, compounds were combusted online to form carbon dioxide in a micro

combustion furnace (Thermo GCm, Bremen, Germany) at 940 QC. Combustion was assisted

by the presence of CuO, NiO and PtO. For oD analysis, compounds were pyrolised at 1450

DC inside a hollow ceramic tube to form hydrogen gas.
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The detection limit of the GC-IRMS system depends on the compound and element under

analysis. As a rule of thumb, the GC-IRMS requires 30 nmol of hydrogen on-column for SO

analysis and 10 nmol of carbon on-column for Sl3C analysis (Jochmann et al. 2006).

Therefore, GC-IRMS is one-to-two orders of magnitude less sensitive than GC-MS.

2.6.4.1 Quality control

Processes occurring within the split-splitless injector are the most common sources of isotopic

fractionation in a GC-IRMS system (Schmitt et al. 2003). To overcome any injector

dependant isotope fractionation, a mixture of isotopically standardised compounds were

analysed every six samples.

Two standard mixtures were used in this study. The first mixture contained semi-volatile

compounds which are common to leachate: eucalyptol, dodecane, naphthalene, benzothiazole

and dibutyl phthalate (same compounds as the artificial contaminant mixture, see Section

3.2.2) and the second contained fatty acids: 16:0 methyl ester, 19:0 methyl ester and 22:0

methyl ester. Sample compounds were standardised against a standard compound of the same

or similar molecular structure. The SO and S13C composition of each standard compound was

determined by bulk isotope analysis (Section 2.7) and referenced to international reference

material (Table 1-4).

Instrumental drift during individual sample analysis was corrected by injecting multiple

pulses of CO2 monitoring gas at the beginning and end of each sample. Instrumental drift

during a batch of samples was corrected by injecting the standard mixture every six samples.

Standard mixtures were analysed in triplicate and duplicate for SO and S13C analysis

respectively.

The typical analytical precision for compound specific SO and 813C analysis was defined as

the isotopic reproducibility of standard mixtures over multiple analytical events. This

precision is reported as 4%0 and 0.3%0 for SO and Sl3C analysis respectively.
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2.7 Bulk stable isotope analysis

2.7.1 013e analysis of solid material

Bulk olJC analysis was undertaken at Iso-trace NZ Ltd. using an elemental analyser coupled

to an IRMS. Iso-trace NZ Ltd. is a commercial stable isotope laboratory located at the

University of Otago. Samples were weighed into tin capsules and combusted as per the

Dumas principle on a Carlo Erba NAl500 elemental analyzer (CE Elantech, INC, Lakewood,

USA). The resulting gases were reduced to remove excess oxygen and to convert the various

oxides of carbon to carbon dioxide gas. The gas was dried via a magnesium perchlorate trap

before being separated on a packed GC column. The resulting separated gases were eluted to

a Thermo Finnigan Deltaplu
> Advantage lRMS (Thermo, Bremen, Germany) in continuous

flow mode for lilJC analysis.

Samples were standardised to laboratory standard ethylenediaminetetraacetic acid (EDTA, 

38.3%0) and presented in permil (%0) against VPDB. The standard precision of bulk lillC

analysis was 0.1%0.

2.7.2 oD analysis of solid material

The liD composition of solid material was determined by pyrolysis at Iso-trace NZ Ltd.

Material was weighed into a silver capsule before being pyrolysed in a glassy carbon reactor

at 1450 QC using a Thermo TC/EA and a Thermo Delta V IRMS (Thermo, Bremen,

Germany). The gaseous products of pyrolysis (H2, N2 and CO) were separated by a packed

GC column (molecular sieves 5A, 80 QC) in a TC/EA. Sample gases were eluted to the IRMS

in continuous flow mode for determination of the hydrogen gas peak. All samples were

analysed in triplicate.

Isotope ratios were standardised against IAEA CH7 international reference material (

100.3%0) and reported in permil (%0) against VSMOW. The standard precision of oD analysis

of solid material was 1%0.
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2.7.3 liD analysis of water

The liD of liquid material was determined in a similar manner to solid material, except liquid

was injected into a glassy carbon reactor using a liquid auto sampler (CTC, Zwingen,

Switzerland). Each sample was analysed in replicates of six.

Isotope ratios were standardised against laboratory standard waters oflce (-264%0), Sea (-I %0)

and Tap (-81%0), and reported in permil (%0) against VSMOW. The standard precision of liD

analysis of water was 1%0.
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2.8 Isotope mixing

When two solutions are mixed together it is important to consider both the volume of the

solutions and the concentration of each compound dissolved in the solution (Criss 1999). For

example, if an equal volume of two water samples are mixed, the resulting 8DH20 and 8180H20

of the mixture will be the mean of the original waters (see Table 2-2). However, if one water

contained 10 Ilg of eucalyptol with a 813C
= -26.0%0 and the second sample contained 100 ug

of eucalyptol with a 81lC
= -28.0%0, the resulting 81lC is not simply the average of the two

813C values but the mass contribution of each isotope to the final mixture. This mass

contribution or resulting isotope balance is calculated using the following equation (Equation

2-5):

(2-5)

Where M is the mass of each source A and B, and <5 is the isotopic composition (in delta

notation) of source A, source B and the resulting sample or mixture.

Table 2-2 Mixing example

Characteristic Source A Source B 50:50 mixture

Volume of water (mL) 50 50 100

8DH20 (%0) -50 -100 -75

8180H20 (%0) -3.3 -6.1 -4.7

Ifleucalyptol (Ilg) 10 100 110

81lCeucalVPtol (%0) -26.0 -28.0 -27.8
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2.9 Statistical methods

Statistical methods were used in this study to identify and understand significant isotopic

relationships. The main statistical methods utilised were regression analysis, F-tests (analysis

of variance (ANOYA», P-value analysis and root mean square analysis.

Statistical analysis was performed using either Microsoft Excel 2003 or SigmaPlot 8.0.

2.9.1 Regression analysis

When one property is measured as a function of a second property the question is often asked:

how are these two related. The simplest model to relate these functions is linear regression.

Regression analysis investigates the relationship between an independent variable and a

dependant variable. Linear regression analysis models the relationship between the two

variables for a set of data providing an equation of best fit in the form (Equation 2-6):

y=mx+c (2-6)

The simplest measure of how well the data fits the linear model is the coefficient of

determination (R2
) . R2 is the proportion of variability in the data set that is accounted for by

the linear statistical model where the variability is the sum of squares. R2
= I is interpreted as

a perfect correlation and R2
= 0 indicates no correlation (Meier and Zund 2000).

2.9.2 F-tests

ANOYA is a statistical method used to compare sample means. In doing so, it is used to

determined whether the difference between data is significant or merely the result of random

variations (Miller and Miller 1984). One of the simplest ANOYA test is the F-test, which is a

measure of the variance of replicates. The F-test indicates if the measure of variance for

many compounds is statistically significant compared to the inter-sample variation. It is

important to note the F-test can only be used if data is normally distributed.
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F-tests values larger than significance-F values indicate the inter-sample difference is

significant and supports any relationship identified by linear regression. A large difference

between F and significance-F indicates a strong correlation.

2.9.3 P-value analysis

The p-value, or the observed level of significance, is a measure of the chance of obtaining a

result which is as extreme as the data point if the data point was random. In other words, the

P-value is an estimate of the chance of making a type I error, that is the chance of rejecting a

relationship between x and y when it is true. Generally, the null hypothesis is rejected

(accepts the relationship) if the p-value is equal to or less than the significance level (as

prescribed by the investigator e.g. 0.05 for 95 % confidence). So a smaller p-value increases

the confidence in the tested relationship (Personal Communication, Cardyn 2007).

2.9.4 Root mean square analysis

The root mean square (RMS) is a statistical measure of the magnitude of a varying quantity. It

is more commonly known as the standard deviation (0-). RMS is especially useful for the

analysis of values that are both positive and negative. For a collection of n values (Xl, X;2, ... ,

Xn) the RMS is calculated via Equation 2-7:

H" 2
XRMS= -IXi=

n i=l

Xl' +xi +... + x;
n

(2-7)

In this study RMS analysis was used to understand the magnitude of isotope fractionation

which occurred during specific analytical processes, that is, the reproducibility of a specific

value.
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Chapter 3

SPE of semi-volatile non-polar organic compounds prior to CSIA

3.1 Background

The concentration of organic compounds in landfill leachate is primarily controlled by the

composition of adjacent waste material (Benfenati et al. 1999) and the degradation phase of

the landfill (Oman and Hynning 1993; Khattabi et al. 2002). In addition to transporting

compounds, leachate acts as a matrix for molecular transformation and degradation. For

example, microbes common to leachate degrade benzothiazoles, common landfill constituents

(Paxeus 2000), to ammonia and sulphate via the meta-cleavage pathway (Gaja and Knapp

1997).

Before leachate-derived non-polar organic compounds can be analysed to determine their

individual isotopic compositions, compounds must be extracted from leachate, concentrated

and presented in a form suitable for GC separation. The best method to extract these

compounds from water will depend on the physical properties of the target organic

compounds and the nature of the aqueous matrix.

Four methods are routinely used to extract organic compounds from water prior to CSIA:

liquid-liquid extraction (LLE), solid phase micro extraction (SPME), purge and trap (P&T)

and semi-permeable membrane devices (SPMD).
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3.1.1 Liquid-liquid extraction

LLE involves the partitioning of organic compounds from an aqueous mixture into an

immiscible organic solvent (see Section 2.3.1 for further explanation). LLE of organic

compounds for CSIA can simply involve the addition of a solvent to a collection vessel

(Richnow et al. 2003b), extraction using a separating funnel (Crossman et al. 2004), or a more

complicated accelerated solvent extraction procedure (Kim et al. 2005).

If a water samples are heavily loaded with polar organic compounds such as carboxylic acids

(e.g. landfillleachate) emulsions form at the solvent interface and disrupt the partitioning of

organic compounds (Lacorte et al. 2003). Consequently, alternative extraction methods have

been developed which reduce solvent consumption and avoid the formation of emulsions.

3.1.2 Solid phase micro-extraction

SPME is a extraction method which has only recently been used to prepare organic

compounds for CSIA (Black and Fine 2001; Hunkeler et al. 2001b; Gray et al. 2002). SPME

usually involves the placement of a polymer coated silica fibre into the headspace of a sample

(in a sealed vial) but fibres can also be submerged in the aqueous sample. Non-polar organic

compounds are extracted from the sample by adsorbing to the polymeric surface. After a

given time, the fibre is retracted from the sample and inserted into a thermal desorption

injector of a GC system.

SPME extracts organic compounds from a sample by equilibrium partitioning and introducing

them to the GC system by thermal desorption. Both of these processes have the potential to

result in significant isotopic fractionation. Gray et al. (2002) found the liD and (513C

composition of MTBE to fractionate 17%0 and 0.9%0 respectively when extracted from water

using a SPME fibre. This fractionation is significant but can be corrected for as it was

reproducible. SPME has been reported with GC-MS detection limits as low as 10 ng/ml,

(James and Stack 1997) but Black and Fine (2001) found the efficiency with which MTBE

was extracted using SPME to significantly decreased if the sum concentration of benzene,

toluene, ethylbenzene and xylenes (BTEX) exceed 1 ppm. Paxeus (2000) reports

concentrations of each BTEX component in leachate to be as high as 0.6 mg/L, giving a sum
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BTEX concentration much greater than 1 ppm. Therefore, preferential sorption and isotopic

fractionation is likely to occur when extracting semi-volatile compounds from leachate by

SPME.

SPME is suitable for the extraction of volatile organic compounds (VOCs) but unsuitable to

extract high concentrations of semi-volatile and non-volatile organic compounds. Therefore,

SPME is unsuitable for the extraction of compounds targeted in this study.

3.1.3 Purge and trap

P&T has been used as a routine method to extract and concentrate trace levels ofVOCs from

water for many years (Bruchet et al. 1991; EPA 1992) and many studies have developed and

applied P&T systems coupled to a GC-IRMS (Kelley et al. 1997; Whiticar and Snowdon

1999; Zwank et al. 2003; Jochmann et al. 2006). Of these Zwank et al. (2003), and more

recently Jochmanm et al. (2006), provide in depth systematic investigations into the detection

limit ofP&T systems, and the IJ C fractionation that results from the extraction process.

P&T currently reports the lowest detection limits for VOCs dissolved in water prior to

CSIA-in the low micrograrn per litre range (Jochmann et al. 2006). However, this method is

only suitable for the purging of small, non-polar highly volatile organic compounds such as

BTEX, chloroethanes and trimethyl benzenes. Consequently, P&T is unsuitable for the

extraction of larger semi-volatile compounds as investigated in this study.

3.1.4 Semi-permeable membrane devices

Another novel technique to prepare organic compounds for CSIA is the use of SPMDs

(Wang et al. 2004). While the forecast detection limits of these devices are low (ppb), they

are only suitable for the extraction of strongly non-polar compounds such as n-alkanes and

PAHs. This limited extraction ability deems them unsuitable for this specific investigation.
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3.1.5 Solid phase extraction

Recently, SPE has been established as a robust method for the extraction of organic

compounds from water (Serreqi et al. 2000; Freitas et al. 2004; Mottaleb et al. 2004). The

advantages of SPE over LLE is that it requires only small volumes of solvent, it is highly

reproducible, is semi-automatable (Ridal et al. 1997) and negates the formation of emulsions.

Many samples which were traditionally prepared by LLE are now being prepared by SPE.

The efficiency with which compounds are extracted using SPE cartridges has been shown to

depend upon the specific class of target compounds and the SPE adsorbent (Benfenati et al.

1999). Of the many adsorbents available, surface modified styrene-divinylbenzene

copolymers (SDVB) extract the greatest variety organic compounds with extraction

efficiencies between 80 % and 90 % (Castillo et al. 1997), often exceeding extraction

efficiencies of LLE. Modified polymeric SPE adsorbents are ideal for extracting organic

pollutants from waters because they offer hydrophilic, hydrophobic and aromatic retention

mechanisms, and they are stable across a wide range of pH values (1-14).

Reverse-phase SPE using a surface modified-SDVB extraction cartridge (Section 2.3.2) has

become the preferred method to extract organic extraction from water for quantitative analysis

but there have been very few applications of SPE to SIA. Coffin et al. (200 1) used reverse

phase SPE to extract trinitrotoluene from water prior to isotope analysis but this study did not

investigate the fractionation caused by the SPE cartridge.

Although SPE has been validated as a method to extract semi-volatile organic compounds for

quantification (Mottaleb et al. 2004), no studies have validated SPE as a suitable method to

extract organic compounds from water when preparing samples for CSIA. This chapter

reports and validates a SPE method for the extraction of organic compounds from water prior

to CSIA.
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3.2 Method development

3.2.1 Objectives

This section presents a rapid and highly reproducible method for the extraction of semi

volatile non-polar organic compounds from water prior to CSIA. For SPE to be a suitable

method for the extraction of non-polar compounds, it must:

I) Efficiently extract organic compounds from water.

2) Efficiently elute the extracted compounds from the SPE cartridge with an organic

solvent.

3) Extract and elute organic compounds without, or with highly reproducible isotopic

fractionation (i.e. display high isotopic precision).

4) Suffer no contamination from laboratory processes.

To test the aforementioned parameters an artificial contaminant mixture was added to Milli-Q

and natural water samples, extracted using SPE, concentrated and compounds were analysed

to determine their liD and lillC compositions. In addition, experiments were undertaken to

directly compare the extraction efficiency and isotopic fractionation of leachate when

prepared by LLE and SPE. These experiments are described below.

3.2.2 Artificial contaminant mixture

3.2.2.1 Preparation ofartificial contaminant mixture

The artificial contaminant mixture (ACM; Figure 3-1) was prepared by combining 100 ul, of

eucalyptol (BDH, London, England), dodecane (Sigrna, St Louis, USA), benzothiazole (Fluka

AG, Buchs, Switzerland) and dibutyl phthalate (Sigrna, St Louis, USA) with 80 mg of

naphthalene (BDH, London, England). These compounds were chosen because they are

routinely identified in landfill leachate (Benfenati et al. 1996; Paxeus 2000), they represent

common classes of landfill compounds-terpenes, n-alkanes, thioazoles, phthalates and

polyaromatic hydrocarbons, and they represent a variety of structure and functionality

commonly seen in leachate compounds. For example, eucalyptol is bicyclic and is an ether,

naphthalene is aromatic and contains no other functionality, benzothiazole is aromatic and
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contains a lone pairs of electrons on both nitrogen and sulfur atoms, dibutyl phthalate is

aromatic and contains two ester groups, whereas dodecane is a non-polar alkane.

4Eucalyptol

co
~

I I

"'" "'"Naphthalene

Dodecane

Benzothiazcle

«
O O~

I
~ o~

o dibutyl Phthalate

Figure 3-1 Molecular structure of compounds used in artificial contaminant mixture.

The ACM was treated three different ways: added directly on to the SPE cartridge, dissolved

in 250 mL of Milli-Q to form an artificial contaminant solution (ACS), or dissolved in a

natural water sample. Whenever the ACM was added directly to a SPE cartridge, a portion of

distilled water was subsequently drawn through the cartridge to ensure volatile compounds

did not evaporate. The technique of adding the ACS directly to the SPE cartridge ceased once

it was known the fractionation associated with dissolving compound in MiIIi-Q was minimal.

The liD and lilJC composition of each ACM compound was determined using bulk stable

isotope techniques as described in Section 2.7. The bulk isotopic composition of each ACM

compound is shown in Table 3-1.

When a compound fractionates, the term D or lJC fractionation refers to the isotopic shift (in

%0) from the bulk isotopic values shown in Table 3.1. This method of data analysis is suitable

because all compounds were standardised against laboratory standards which had in turn been

standardised to international reference material. This process was part of the standard data

analysis method (see Section 2.6.4.1).
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Table 3-1 00 and Ol3C composition of each ACM compound as determined by bulk
stable isotope analysis.

00 (%0) vs Ol3C (%0) vs
Compound 10" 10"

VSMOW VPDB

Eucalyptol -248 1.5 -26.1 0.1

Dodecane -115 1.5 -33.3 0.1

Naphthalene -66 1.5 -23.9 0.1

Benzothiazole -75 1.5 -26.9 0.1

Dibutyl Phthalate -72 1.5 -28.2 0.1

3.2.2.2 Solid phase extraction cartridges

SPE cartridges and extraction methods are described in Section 2.3.2.

3.2.2.3 Isotopic integrity ofthe artificial contaminant solution

Because the ACM was to be used in different manners, the first experiment was undertaken to

ensure the isotopic composition of the ACM remained constant when different processing

methods were used. Strata-X cartridges (500 mg/6 mL) were conditioned with methanol (5

mL) then equilibrated with distilled water (5 mL) as described in Section 2.3.2.2. The first

sample was prepared by spiking ACM (5 J.lL) on to the Strata-X cartridge. Milli-Q (1 mL)

was drawn through the cartridge immediately after spiking to prevent loss of compound by

volatilisation. The second sample was prepared by adding ACM (5 J.lL) to Milli-Q (200 mL).

This sample was loaded on to a SPE cartridge at 5 mlzrnin, dried under vacuum (two

minutes) then eluted with dichloromethane (three 3.5 mL aliquots) (Mottaleb et al. 2004).

The eluted samples were dried with Na2S04 (0.1 g) decanted in to a round bottom flask (50

mL) and concentrated to I mL on a rotary evaporator (25 QC, 320 mbar). Samples were

analysed using a GC-1RMS (see Section 2.6.4) to determine the oD and Ol3C composition of

each compound.

Data from these experiments are shown in Appendix C.l and summarised in Figure 3-2.

Figure 3-2 shows the D and IJC variability between each ACM compound when introduced

directly to the SPE cartridge or added to Milli-Q prior to SPE. The D and 13C fractionation for

compounds treated via either method was less than one standard deviation of the precision of

the analysis. Therefore, within analytical precision, the oD and Ol3C composition of each

ACM compound remained constant when dissolved in Milli-Q.
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Figure 3-2 The difference in sn and 0BC values for eucalyptol ( • ), dodecane ( .... ),

naphthalene ( • ), benzothiazole ( • ) and dibutyl phthalate ( .... ) when loaded directly
to a SPE cartridge or spiked in Milli-Q prior to SPE. The grey box indicates 10'
precision of the GC-IRMS. Error bars are the sum of 10' values for each preparation
method. Samples were analysed in triplicate and duplicate for oD and Ol3C analysis
respectively.

3.2.2.4 Extraction efficiency for SPE cartridges

Even though SPE is being assessed as a method to prepare environmentally significant

organic compounds for CSIA, methods must extract compounds from waters with high

efficiencies. Many studies have found SPE to be better suited for the extraction of

environmental contaminants from water than LLE (Lopez et al. 1998; Lacorte et al. 2003;

Mottaleb et al. 2004).

The efficiency with which ACM compounds were extracted from Milli-Q was determined

using different types of SPE cartridges. The ACS was prepared by dissolving eucalyptol (20

ug), dodecane (10 ug) , naphthalene (30 ug), benzothiazole (40 ug) , and dibutyl phthalate (10

ug) in Milli-Q (1 L). After equilibrating for 20 minutes the ACM was filtered through GF/F

paper (ashed) to remove particulate and colloidal compounds.

C18E, Strata-X and ENV+ cartridges were pre-conditioned as described previously (Section

2.3 .2.2) and loaded with either 50 mL (high volume sample) or 1 mL (low volume sample) of

the ACS (3-5 mL/min (Mottaleb et al. 2004)). Once loaded, cartridges were dried under
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vacuum (five minutes) then eluted with dichloromethane (three 3 mL aliquots). Samples were

dried over sodium suIfate (1.5 g) before I mL was subsampled for quantitative analysis using

a GC-FID (see Section 2.6.2). All samples were prepared in triplicate.

To provide a benchmark to compare the efficiency of SPE, three samples of ACS (12 mL)

were extracted with dichloromethane (three 1 mL extractions). Each aliquot was vortex

mixed (2 minutes) before the organic layer was removed by pipette. Extracts were combined,

dried over sodium sulfate (1 g), and 1 mL was sub-sampled for GC-FID analysis.

Quantitative standards were prepared by dissolving ACM (1 ul, and 10 uL) in

dichloromethane (10.00 mL and 0.50 mL respectively). The concentration of each compound

extracted by SPE was determined by a two point calibration for each compound.

Data from this experiment is shown in Appendix C.2 and summarised in Table 3-2. The

extraction efficiency in Table 3-2 is reported as a percent (%) of the compound extracted by

LLE because the concentration of each compound in the filtered ACS did not reflect the

amount of compound added to the Milli-Q, The decrease in compound concentration was

likely due to compounds adsorbing to the bottle walls and being removed by the GF/F paper.

Concentration values possessed a relatively high uncertainty (11-26 %) because the

reproducibility ofLLE was poor (lcrLLE = 11).

Compounds were extracted from high volume samples with an efficiency of 104 ± 4 %. None

of the SPE cartridges extracted dodecane in this manner, that is, high volume samples

recovered only 89 ± 1 % of the initial dodecane. The recovery of all compounds was poor

when low volume samples were loaded (62-91 %) with the poorest extraction observed for

dibutyl phthalate (62 ± 15 %). The recovery of high volume samples exceeds may published

SPE recoveries (51-110 % (Lacorte et al. 2003 and reference therein; Mottaleb et al. 2004)).

The reproducibility of extraction for all compounds was between 1 and 16 % while the

standard deviations shown in Table 3-2 are considerably larger because these values include

the reproducibility of LLE (±10 %). The poorest precision was observed using Strata-X

cartridges and LLE, with C18E and ENV+ cartridges returning good precision «9 %). This

reproducibility is slightly worse than other SPE studies (±4 for BTEX compounds (Mottaleb

et al. 2004).
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Table 3-2 Extraction efficiency (% extracted relative to LLE) for compounds extracted
using three SPE cartridges. Values in brackets = 10" for samples prepared in triplicate.

Benzothiazole
Dibutyl

Eucalyptol Dodecane Naphthalene
Phthalate

High volume samples (50 mL)

CI8-E 98(13) 90 (13) 100(14) 102(12) 104 (13)

Strata-X 110(22) 89 (21) 108 (20) 109 (17) 100 (11)

ENV+ 101 (19) 88 (16) 106 (13) 112 (12) 106(19)

Low volume samples (l mL)

CI8-E 88 (12) 79 (12) 87 (11) 90 (13) 62 (25)

Strata-X 88 (12) 75 (13) 88 (13) 91 (11) 72 (17)

ENV+ 75 (15) 65 (14) 78 (14) 85 (15) 80 (26)

The decrease in extraction efficiency when less ACS was loaded on to each SPE cartridge

may result from a small amount of each compound being retained on the SPE cartridge after

elution. If this were true, the amount of irreversibly bound compound would be unrelated to

the amount loaded, thus decreasing the extraction efficiency of a low volume sample more

than a high volume sample. This hypothesis could be further tested by incrementing the

amount of compound extracted on successive SPE cartridges. If a small fraction of compound

was irreversibly bound, the amount of compound 'lost' during extraction would remain

consistent when varying amounts of compound are loaded onto a cartridge.

Two explanations are offered as to why the recovery of dodecane was significantly less than

other compounds when extracted from high volume samples; 1) competitive adsorption

occurred at the active binding sites on the SPE cartridges with preferential adsorption of other

ACM compounds, or 2) dodecane suffered breakthrough during loading. The first proposition

is doubtful as SPE suppliers state their cartridges can retain 10-20 % of their sorbant mass in

organic compounds (Phenomenex 2003; Biotage 2006). The cartridges used in these

experiments contained either 200 mg or 500 mg of adsorbent material, capable of extracting

40-100 mg of organic compound, considerably more than the amount of compound extracted

in these experiments (1.3 mg total mass). The second explanation is tested in the following

section.
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3.2.2.5 Compound breakthrough during loading

To test the explanation proposed on the previous page, an ACS was prepared by adding ACM

(15 ul.) to Milli-Q (200 mL). This ACM was prepared as described previously (Section

3.2.2.1) and extracted using ENV+ cartridges and LLE. The post-SPE extracted Milli-Q was

collected and re-extracted using LLE. All samples were prepared in duplicate and quantified

using a GC-FID as described previously.

Results for these experiments are shown in Table 3-3. The SPE effluent when extracted by

LLE contained no eucalyptol, naphthalene, benzothiazole or dibutyl phthalate but it did

contain a small amount of dodecane (4.2 ± 0.4 ug). Therefore, SPE efficiently extracted

eucalyptol, naphthalene, benzothiazole and dibutyl phthalate but 32 % of dodecane from the

initial solution was detected in the SPE effluent.

Table 3-3 Amount of ACM compounds extracted by SPE, LLE and by LLE of the SPE
effluent (ug), The uncertainty of the analysis was 3 %, n.d. = not detected.

Extraction
Amount of compound extracted (ug)

method Eucalyptol Dodecane Naphthalene Benzothiazole
Dibutyl

Phthalate
ENV+ -I 58.1 9.6 47.5 65.9 52.1

ENV+-2 53.7 8.4 42.7 58.4 46.9

SPE Effluent -I n.d. 3.9 n.d. n.d. n.d.

SPE Effluent -2 n.d. 4.4 n.d. n.d. n.d.

LLE -I 51.9 16.1 41.0 56.4 n.d.

LLE -2 50.6 15.7 39.9 54.9 46.5

Consequently, poor extraction of dodecane as described in the previous experiment probably

resulted from compound breakthrough while loading the SPE cartridge. It may be possible to

minamise breakthrough by loading the cartridge at a slower rate than used in this experiment

(5 mL/min).

Overall, each of the tested SPE cartridges extracted large amounts of semi-volatile organic

compounds from Milli-Q with good efficiency (88-112 %), and low amounts of compound

were extracted with acceptable efficiency (62-91 %). The amount of compound extracted

ranged from 1 to 400 ug. To put this in context, natural waters typically contain organic

compounds in the ug/L range (e.g. Deroux et al. 1996) while the concentration of compounds
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in landfill leachate and waste waters can be significantly greater (often 10-500 ug/L (Paxeus

2000)).

3.2.2.6 Isotopicfractionation caused by the eluting solvent

Now that ACM compounds are known to maintain their isotopic composition when dissolved

in water (see Section 3.2.2.3), different eluting solvents were assessed to determine which was

the most suitable to elute non-polar organic compounds from SPE cartridges prior to CSIA.

Three types of SPE cartridges (see Section 2.3.2.1) were loaded with artificial contaminants

and eluted with a variety of solvents. Before compounds were extracted and eluted, SPE

cartridges were conditioned with methanol (5 mL) and equilibrated with distilled water (5

mL). Without drying the sorbant, ACM (5 ul.) was introduced to the SPE cartridge either

dissolved in Milli-Q, or as a direct spike followed by distilled water. After compounds were

loaded, the vacuum of the SPE manifold was increased and the cartridges were dried by

drawing air through them. After five minutes, compounds were eluted with each solvent

(three 3.5 mL aliquots). Solvents used included ethyl acetate, methanol, acetonitrile,

dichloromethane, methanol/acetonitrile mixtures and ethyl acetate/methanol mixtures. All

these solvents, except dichloromethane, are recommended by SPE manufactures

(Phenomenex 2003; Biotage 2006). Dichloromethane was assessed because it had been

previously used by Mottaleb et al. (2004) to elute BTEX compounds from CI8E cartridges.

Eluted aliquots of solvent were combined, dried with sodium sulphate (120 mg) and I mL

was subsampled for GC-IRMS analysis.

Compounds were introduced to the GC-IRMS through a split-splitless injector in splitless

mode and separated on a BP-225 column (Section 2.6.1). The temperature programme used

in these experiments is described in Section 2.6.2. Compounds were standardised against

laboratory standards of known isotopic composition (see Section 2.7).

The oD and OllC composition of each compound as determined by GC-IRMS is present in

Appendix C.3 and the D and IlC fractionation of each compound when eluted with multiple

solvents is summarised in Tables 3-4 and 3-5 respectively.

The semi-volatile compounds analysed in these experiments underwent D fractionation

between -245 ± 2%0 and 92 ± 6%0 and IlC fractionation between -0.7 ± 0.2%0 and 1.8 ± 0.1%0.

The most significant D depletion was observed for compounds eluted with polar solvents:
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specifically methanol, acetonitrile and methanol/acetonitrile (l: I). This was unexpected as

SPE manufacturers recommend these polar eluting solvents (Phenomenex 2003). The solvent

that caused the least 0 fractionation and provided the best reproducibility was

dichloromethane (la = 3.6%0). The standard deviation of 0 fractionation for most solvents

exceeded 20%0.

Not all eluting solvents were test on ENV+ cartridges because delivery of these cartridges was

significantly delayed, that is, most experiments were completed before the ENV+ cartridges

arrived.

The extent of IJC fractionation was considerably less than 0 fractionation because samples

displaying significant D fractionation were omitted from &I3C analysis. This occurred because

access to the GC-IRMS was subordinate to commercial isotope analysis. The 13C of

compounds fractionated between -0.55 ± 0.9%0 and 1.83 ± 0.00%0. The most significant IJ C

fractionation occurred for compounds eluted with ethyl acetate (another solvent recommended

by manufacturer). The least IJC fractionation was observed for compounds eluted with

dichloromethane (la IJ C fractionation = 0.13 ± 0.11%0).

Consequently, these experiments showed dichloromethane to elute non-polar compounds

from all SPE cartridges with only minor 0 and IJC fractionation.
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Table 3-4 D fraetionation (%.) of ACM compounds extracted from Milli-Q using a variety of SPE adsorbent and eluting solvent combinations.
The value in brackets is the standard deviation for each sample extracted in quadruplicate. The instrumental precision was 4%., n.d = not
detected.

Sorbant Elution Solvent
D fractionation (%.)

Eucalyptol Dodecane Naphthalene Benzothiazole Dibutyl Phthalate

C18E Dichloromethane 3.2 (1.5) -6.7 (0.9) -1.4 (4.1) -2.7 (4.5) -1.2 (1.2)

Cl8E Ethyl acetate 2.4 (8.5) 1.3 (2.6) -7.5 (5.7) -0.8 (0.6) 2.3 (6.2)

C18E Ethyl acetate/ methanol (4: 1) 7.9 (1.5) 58.1 (14.5) 27 (8.5) 9.9 (0.9) 31.7 (0.7)

Cl8E Acetonitrile -244.8 (1.9) -127.7 (1.3) -91.4 (34.4) -137.7 (13.0) -76.6 (3.2)

C18E Methanol 91.3 (6.2) -87.9 (2.8) -5.3 (26.3) n.d. n.d.

C18E Methanol/acetonitrile (I: 1) -196.6 (7.5) -142.7 (9.0) n.d. n.d. -63.2 (6.6)

Strata-X Dichloromethane 4.8 (2.2) -5.7 (0.8) -0.6 (2.2) -0.4 (5.2) -1.9 (1.4)

Strata-X Ethyl acetate 15 (6.3) -2.9 (10.6) 45.5 0 7.5 (6.1 ) 0.3 (12.0)

Strata-X Ethyl acetate/ methanol (4:1) 18 (3.4) 92.1 (16.8) -18 (9.6) 7.9 (4.4) 32 (3.8)

Strata-X Methanol 53.9 (8.6) -86.7 (5.1) -88.4 (22.4) n.d. n.d.

Strata-X Methanol/acetonitrile (I: 1) -183.7 (1.8) n.d. n.d. n.d. n.d.

ENV+ Dichloromethane 5.1 (2.2) -5.5 (1.1) -3.1 (3.4) -1.1 (1.7) -1.2 (1.2)

ENV+ Ethyl acetate /methanol (4: 1) 8.7 (2.6) 68 (1.0) -12.9 (45.6) 14.3 (7.4) 29.6 (4.3)
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Table 3-5 13C fractionation (%0) of ACM compounds extracted from MiIli-Q using a variety of SPE adsorbent and eluting solvent
combinations. The value in brackets is the standard deviation for each sample extracted in quadruplicate. The instrumental precision was
0.3%0.

Sorbant Elution Solvent
TIC Fractionation (%0)

Eucalyptol Dodecane Naphthalene Benzothiazole Dibutyl Phthalate

Cl8E Dich1oromethane 0.06 (0.04) 0.03 (0.05) 0.02 (0.02) -0.02 (0.3) 0.00 (0.01)

C18E Ethyl acetate -0.01 (0.2) -0.77 (0.21) 0.61 (0.32) 1.12 (0.02) 0.4 (0.29)

C18E Ethyl acetate! methanol (4:I) 0.03 (0.04) 0.21 (0.04) 0.54 (0.15) 0.73 (0.12) 0.39 (0.09)

Strata-X Dich1oromethane 0.07 (0.2) -0.03 (0.16) 0.02 (0.11) 0.12 (0.37) 0.04 (0.06)

Strata-X Ethyl acetate 0.27 (0.33) -0.55 (0.9) 1.83 (0.00) 1.05 (0.5) 0.54 (0.21)

Strata-X Ethyl acetate! methanol (4:I) 0.06 (0.03) -0.01 (0.05) 0.27 (0.08) 0.71 (0.21) 0.37 (0.1)

ENV+ Dichloromethane 0.09 (0.02) 0.09 (0.06) 0.04 (0.05) 0.61 (0.07) 0.06 (0.08)

ENV+ Ethyl acetate! methanol (4:1) 0.01 (0.08) 0.28 (0.84) 0.11 (0.02) 1.19 (0.85) -0.02 (0.08)
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3.2.2.7 Isotopic fractionation caused by different SPE cartridges

Samples were prepared in a similar marmer to experiments described in Section 3.2.2.6; that

is, ACM (5 ul.) was added directly to each SPE cartridge followed by distilled water (l mL).

Once dry, cartridges were eluted with dichloromethane (three 3.5 mL aliquots). The

combined solvent portions were dried with sodium suifate (120 mg), decanted into a round

bottom flask (50 mL) and the solvent was removed on a rotary evaporator (25 DC, 350 mbar).

Once the solvent was removed, compounds were redissolved in dichloromethane (two 500 ul.

aliquots) and transferred to a GC vial for analysis. Samples were analysed in the same

marmer as described above (see Section 3.2.2.6). All samples were prepared in quadruplicate.

Results of these experiments are shown in Appendix CA and summarised in Figure 3-3.

Figure 3-3 shows the D and IJ C fractionation of ACM compounds when extracted using three

different SPE cartridges prior to elution with dichloromethane.

Eucalyptol was extracted using all SPE cartridges with negligible D and IJ C fractionation, that

is, none of the tested cartridges caused fractionation beyond 1a of the analytical precision of

the GC-IRMS (4%0 and 0.3%0 for D and IJ C respectively). The reproducibility of liD values

were poorest for compounds extracted using Strata-X cartridges (la > 10%0), while the best

reproducibility was observed using the ENV+ cartridges (la < 3%0).

Like eucalyptol, dodecane exhibited negligible IJ C fractionation when extracted using any

SPE cartridge. Strata-X cartridges caused the least D fractionation «3%0) but the

reproducibility for dodecane extraction was poor (> I0%0). The best liD reproducibility for

dodecane was achieved using ENV+ cartridges (± 4%0). However, this cartridge also caused a

D enrichment of 5%0.

Naphthalene was extracted using all SPE cartridges with minimal isotopic fractionation. The

ENV+ cartridge fractionated D and 13C by only 0.8 ± 0.8%0 and 0.01 ± 0.2%0 respectively.

Dibutyl phthalate was extracted using all SPE cartridges with only minor 13C fractionation «

0.07 ± 0.05%0). D fractionation was small when extracted using all cartridges «4%0) but

Strata-X cartridges displayed poor liD reproducibility (7%0). The best liD reproducibility was

observed when samples were prepared using ENV+ cartridges «1.5%0).
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Benzothiazole was extracted without significant D fractionation using all cartridges «2 ±

2%0). A small 13C depletion was measured when samples were extracted using CI8-E

cartridges (-0.6 ± 0.2%0) but this fractionation was more significant for samples prepared

using Strata-X cartridges (>2 ± 0.8%0). This large 13C fractionation was possibly caused by

the isotopically heavy benzothiazole forming a strong interaction to the Strata-X adsorbent,

with dichloromethane unable to break the benzothiazole-adsorbent interaction. This said,

benzothiazole would likely interact with the SPE adsorbent via the suIfur and nitrogen atoms

rather than the carbon atoms. Therefore, the observed BC fractionation may be a secondary

isotope effect (Elsner et al. 2007). Once again, ENV+ cartridges retumed only minor

fractionation with good reproducibility (0.4 ± 0.02%0).

Although the liD and liBC composition of all compounds extracted using all SPE cartridges

was within 3a of their bulk isotopic composition, ENV+ cartridges consistently imposed the

least D and 13C fractionation (mean fractionation = 2.7%0 and 0.1%0 for D and IJ C

respectively). Samples extracted using ENV+ cartridges also exhibited the best

reproducibility (mean standard deviation of 2.0%0 and 0.05%0 for liD and lil3C analysis

respectively). With the exception of dodecane, Strata-X cartridges consistently fractionated D

and IJ C to a greater extent than the other SPE cartridges. In addition, the reproducibility of

samples extracted on Strata-X cartridges was poor. Therefore, ENV+ cartridges were the

most suited to extract non-polar semi-volatile organic compounds from Milli-Q prior to CSIA.

Further experiments were conducted usmg ENV+ cartridges to determine the extent of

fractionation when compounds were only partially eluted from SPE cartridges.

3.2.2.8 Isotopic fractionation during sequential elution

To determine the extent of D and l3 C fractionation when a compound is only partially eluted

from a SPE cartridge, ACM compounds were eluted from ENV+ cartridges with multiple

small aliquots of solvent.

ENV+ cartridges were conditioned and equilibrated as described in the previous section.

Cartridges were loaded with ACM (5 J.1L) followed by distilled water (5 mL). Once dry,

cartridges were eluted with five consecutive aliquots of dichloromethane (1 mL each). Each

aliquot was collected and analysed separately. Samples were prepared in duplicate. The liD

and lil 3C composition of compounds in each aliquot were determined using a GC-IRMS



82

(Section 2.6.4). GC-IRMS conditions were identical to the conditions described in Section

3.2.2.6.

The results of these experiments are summarised in Figures 3-4 and 3-5 with the complete

data show in Appendix C.5. Figure 3-4A shows the first elution (black symbols) to contain

the majority of each compound (>95 %) and that all compounds in this first elution

fractionated less than the 8D precision of the GC-IRMS. The second and third elutions also

contained compound but the D fractionation trends were different for each compound.

Naphthalene, benzothiazole and dibutyl phthalate showed minimal D fractionation in all

elutions but the second elution contained dodecane which was depleted in D (34 ± 5%0) and

the third elution contained eucalyptol which was enriched (70 ± 4%0). When this fractionation

is summed using mass balance equations (Section 2.8), the cumulative fractionation of each

compound remains relatively constant and within the precision of the GC-IRMS analysis

(Figure 3-4B).

The 81JC composition of each compound was also determined and these values were used to

calculate any lJC fractionation that occurred during sequential elution (Figure 3-5). In a

similar manner to D fractionation, very little lJ C fractionation was observed in the first

elution. Only benzothiazole was depleted in lJC (0.6 ± 0.2%0). Compounds in the second and

third elutions were all enriched with respect to their previous elution, (1-3%0). Unfortunately,

the reproducibility of this fractionation was poor (0.5-2.2%0). Except for benzothiazole, the

cumulative fractionation was less than the precision of the GC-IRMS (Figure 3-5B).

Benzothiazole was initially depleted in lJC but an enriched second elution (1.3 ± 2.2%0) meant

the cumulative composition after the second elution was closer to its original composition

than the first elution.

These experiments show that while a small degree of Rayleigh distillation occurred (described

in Section 1.5.6.3), the extent of fractionation was minimal. Rayleigh type fractionation for

lJC compositions indicate the carbon atoms of each compound play a significant role in

binding the compound to the ENV+ surface. D fractionation was different to carbon with only

eucalyptol displaying the expected Rayleigh fractionation for D. The absence of D

fractionation for naphthalene, benzothiazole and dibutyl phthalate indicates hydrogen atoms

are not involved, or only minimally involved, in the retention of these compounds to the SPE

adsorbent.
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Figure 3-5 Individual (A) and cumulative 13C fractionation (B) of eucalyptol ( • ),
dodecane ( ~ ), naphthalene ( • ), benzothiazole ( • ), and dibutyl phthalate ( • )
when eluted from ENV+ cartridges with successive aliquots of dichloromethane.
Compounds eluted in the first three aliquots of solvent are indicated by black, red and
green symbols respectively. The forth and fifth elutions contained no compound. The
shaded box indicates the precision of the GC-IRMS and error bars indicate 10' for
samples prepared in duplicate.

A second D fractionation trend was observed for dodecane. Dodecane underwent only minor

D fractionation in the first elution (-3 ± 2%0) but it was significantly depleted in the second

elution (-34 ± 7%0), but the third elution showed minimal fractionation (-6 ± 7%0). A similar

effect was observed in later experiments and these trends discussed further in Section 3.3.
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In summary, even though it is important to ensure compounds are completely eluted from a

SPE cartridge, incomplete elution (-95 %) did not lead to significant isotopic fractionation.

However, isotopic fractionation from incomplete elution could be amplified if the interaction

between compound and SPE cartridge was stronger than observed for ACM compounds

retained using ENV+ cartridges.

3.2.3 Spiked natural water samples

Having been proven suitable for the extraction of semi-volatile compounds from Milli-Q prior

to CSIA, ENV+ cartridges were assessed to determine if they are suitable to extract semi

volatile non-polar compounds from natural water samples (NWS). This was achieved by

spiking various natural water samples with the ACM before SPE. The oD and Ol3C

composition of ACM compounds were measured before and after spiking to determine the

extent of fractionation during extraction.

3.2.3.1 Collection ofnatural water samples

For these experiments, four natural water samples were collected to represent the different

sample matrix encountered during environmental monitoring. Natural water samples included

potable water, urban river water, costal seawater and landfillleachate.

Potable water samples were collected directly from the laboratory tap in the Chemistry

Department. Teflon® bottles (250 mL) were rinsed three times with the tap water then filled

to overflowing. River water was collect from the Water of Leith, downstream from the Clock

Tower at the University of Otago. Teflon® bottles (250 mL) were rinsed three times with

river water before the sample was collected by submerging the bottle below the waters

surface. Seawater was collected inside the Otago Harbour adjacent to the University of Otago

Rowing Club. Samples were collected in an identical manner to river water samples. Landfill

leachate was taken from Pumping Station 1 at Green Island Landfill using a battery operated

submersible pump and Teflon®tubing (Section 2.2.3). The pump and tubing was purged for 5

minutes before Teflon® bottles (250 mL) were rinsed with three portions ofleachate. Tubing

was inserted to the bottom of the bottle and the bottle overflowed with leachate for thirty

seconds.
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All samples were poisoned with sodium azide (5 g) to minimise biological activity (Clark and

Fritz 1997; Zheng et al. 2002).

3.2.3.2 Sample spiking procedure

NWS were spiked with ACM (2 ul.) using a 10 ul. syringe (ea, 400 ug of each compound).

Spiked samples were equilibrated for ten minutes prior to SPE.

The first time this experiment was attempted NWS were not poisoned with sodium azide. As

a result, microbes rapidly consumed the spiked compounds. After only 30 minutes of

equilibration, dodecane and dibutyl phthalate had undergone significant isotopic fractionation

(up to 60%0 and 4%0 for D and I3 C respectively). Results and figures from these initial

experiments are shown in Appendix C.6.

3.2.3.3 Extraction methods

Organic compounds were extracted from spiked NWS using ENV+ cartridges. Cartridges

were conditioned and equilibrated as described previously. NWS (250 mL) were loaded onto

each cartridge using a Teflon® siphoning systems at a rate of 5 mL/min. Once loaded,

cartridges were dried for five minutes by drawing air, and then eluted with dichloromethane

(three 2 mL aliquots). Elutions were combined, dried with sodium sulphate (l g), decanted in

to clean Kimax®tube and a 1 mL sub-sample was taken for GC analysis.

A primary quantification standard was made by adding ACM (2 ul.) to dichloromethane (6

mL). A secondary quantification standard was made by diluting the primary standard (250

ul.) with dichloromethane (50 mL). An IRMS standard was made in a similar manner to the

primary standard.

The extraction efficiency of each compound was determined by GC-FID as described in

Section 3.2.2.5, and 8D and 813C values for each compound were measured using the GC

IRMS as described in Section 2.6.4.

3.2.3.4 Extraction efficiency results

The results of this experiment are shown in Appendix C.7 and summarised in Table 3-6.

Table 3-6 shows the efficiency with which ENV+ cartridges extracted ACM compounds from

natural waters. The extraction efficiency depended upon both the compound and natural

water system. Eucalyptol and benzothiazole were efficiently extracted from potable water,
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river water and sea water (> 99 % recovery) but dodecane was extracted with efficiency less

than 22 %. The recovery of naphthalene and dibutyl phthalate from the three aforementioned

water samples (75-91 % efficient) was in a range common for the extraction of organic

compounds from water (e.g. Mottaleb et al (2004)).

The reproducibility of multiple sample extraction experiments varied significantly (1-28 %)

but only dodecane was extracted with an efficiency ofless than 30 of 100 % extraction.

Table 3-6 Extraction efficiency (%) for ACM compounds spiked into NaN3 poisoned
natural water samples prior to ENV+ extraction. Values in brackets = la for samples
prepared in triplicate.

Compound extraction efficiency (%)
Sample

Eucalyptol Dodecane Naphthalene Benzothiazole Dibutyl Phthalate

Potable Water 104 (3) 16 (4) 91 (3) 108 (4) 88 (4)

River Water 99 (2) 15 (1) 88 (3) 104 (3) 91 (5)

Sea Water 99 (19) 22 (8) 75 (28) 107 (17) 79 (24)

Landfill Leachate 93(9) 33 (3) 80 (10) 107(10) 94 (14)

3.2.3.5 Isotopicfractionation results

After GC-FlD analysis, samples prepared in the previous experiments were analysed by GC

lRMS to determine their oD and 013 C composition. The results of these experiments are

summarised in Figure 3-6 and the full data is presented in Appendix C.8.

Figure 3-6 shows the extent to which the D and l3C composrtion of ACM compounds

fractionated during extraction from NWS. The most significant 13C fractionation was

observed for dodecane, with fractionation between 0.3 ± 0.1%0 and 0.9 ± 0.2%0. All other

compounds, except dibutyl phthalate extracted from sea water, underwent 13C fractionation

less than 0.4%0. The Ol3C reproducibility for samples prepared in triplicate was equal to or

less than the precision of the GC-IRMS (0.3%0).



87

D fractionation was less-constrained than l3 C fractionation. Most compounds fractionated less

than 4%0 (analytical precision for 3D analysis) however some fractionation was greater.

Significant D fractionation did not occur for only one compound or one water type .
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Figure 3-6 D and 13e fractionation of eucalyptol ( • ), dodecane ( ... ), naphthalene

(.), benzothiazole ( • ), and dibutyl phthalate ( • ) spiked into NaN3 poisoned NWS
prior to ENV+ extraction. Black symbols = potable water; red symbols = river water;
blue symbols = sea water; and green symbols = landfill leachate. The shaded box
indicates the instrumental precision. Error bars are la for samples prepared in
triplicate.

This data shows most compounds were extracted from NWS with only minor D and l3 C

fractionation. Dodecane was the only compound to undergo consistent fractionation, which

interestingly also had very low extraction efficiencies. The relationship between extraction

efficiency and isotope fractionation was investigated below using a series of statistical tests.

3.2.3.6 Statistical investigations

Statistical analysis was used to better understand the isotope fractionations observed in the

previous experiments. These tests are explained in Section 2.9.

Table 3-7 presents the statistical significance of the relationship between extraction efficiency

and isotopic fractionation for each ACM compound using regression analysis. The coefficient

of determination (R2
) suggested a possible relationship between l3 C fractionation and

extraction efficiency for dodecane (0.9 1). Similarly, significant correlations (R2 > 0.6) are
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observed between D fractionation and the extraction efficiency for eucalyptol (0.905) and

dodecane (0.737).

Table 3-7 Statistical relationships between the extraction efficiency and stable isotope
fractionation of ACM compounds extracted from NWS using ENV+ cartridges.

Element Compound R2 F-test
Significance P-value P-value

F-test Intercept Variable
Carbon Combined 0.737 50.520 0.000 2.0E-07 I.3E-06

Eucalyptol 0.300 0.856 0.452 4.IE-OI 4.5E-OI
Dodecane 0.913 20.979 0.045 l.2E-02 4.5E-02
Naphthalene 0.069 0.149 0.737 8.5E-OI 7.4E-OI
Benzothiazole 0.131 0.302 0.638 6.6E-OI 6.4E-OI
Dibutyl phthalate 0.538 2.330 0.266 2.6E-OI 2.7E-OI

Hydrogen Combined 0.098 1.957 0.179 9.9E-02 1.8E-0l
Eucalyptol 0.905 19.096 0.049 4.7E-02 4.9E-02
Dodecane 0.741 5.729 0.139 1.0E-OI 1.4E-OI
Naphthalene 0.164 0.393 0.595 5.7E-OI 5.9E-OI
Benzothiazole 0.120 0.273 0.653 6.4E-OI 6.5E-OI
Dibutyl phthalate 0.174 0.421 0.583 6.6E-OI 5.8E-OI

The F-test, which is a measure of the variance of replicates, indicates if the measure of

variance for many compounds is statistically significant compared to the inter-sample

fractionation, that is, a relationship is affirmed if F-test » Significance F-test. The F-test

agreed with relationships identified by the R2
•

The third statistical test shown in Table 5 is the p-value test. This test estimates the chance of

making a type 1 error, that is the chance of rejecting the relationship between x and y when it

is true. Small p-values again confirmed the relationships identified above, and large P-values

for other compounds confirm that a relationship between extraction efficiency and isotopic

fractionation is unlikely.

Statistical tests for all compounds when data was 'Combined' suggest there is a general trend

for 8 l3C values to be affected by the extraction efficiency but not for 8D values.

Overall, the statistical tests indicate the extraction efficiency influenced the 8 l3C of dodccane,

and the 8D of eucalyptol and dodecane. No statistical relationships were observed between

the extraction efficiency and D or l3 C fractionation for naphthalene, benzothiazole or dibutyl

phthalate.
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3.2.3.7 Discussion

The purpose of this section was to validate SPE as a method to extract semi-volatile organic

compound from water in preparation for CSIA. The experiments above show four of the five

standard compounds to be extracted efficiently and without significant fractionation.

The fifth compound, dodecane, was poorly extracted from all NWS and underwent relatively

significant IJ C fractionation (up to 0.9%0). Statistical analysis confirms the IJ C fractionation

was related to poor recovery of dodecane. Statistical tests also indicated a relationship

between 0 fractionation and dodecane extraction. Therefore, an unidentified process reduced

the amount of dodecane in the extracted sample, which resulted in enrichment of 0 and

depletion of l3 C. This process occurred in all NWS but to the greatest extent in potable and

river waters.

The formation of colloids is known to decrease the concentration of dissolved orgamc

compounds in water, especially waste and estuarine waters (Gounaris et al. 1993). The

question becomes; if a compound adsorbs to a colloid is it still extracted by SPE. A study by

Brown and Peake (2003) used SPE as a method to separate truly dissolved and colloidal

PAH's. They found colloidal PAH's to pass through the SPE adsorbent while truly dissolved

compounds adsorbed to the SPE surface. lt is important to note that this study used SPE disks

rather than cartridges. More recently, the presence of colloids has be found to increase the

efficiency with which many pharmaceutical compounds were extracted from water (Zhang

and Zhou 2007). Therefore, the filter frit at the top of SPE cartridges and the long flow-path

of SPE cartridges must disrupt colloids as they are drawn through the cartridge and facilitate

the binding of compounds to the adsorbent. Therefore, it is unlikely the decrease in

compound concentration and fractionation observed in these experiments resulted from the

formation or adhesion of compounds to colloids.

Dodecane and dibutyl phthalate extracted from non-poisoned NWS (shown in Appendix C.6)

underwent considerable 0 and IJC fractionation. This fractionation was attributed to

microbial degradation because the extent of fractionation was reduced or prevented by the

addition of sodium azide. Dodecane is bioactive and it has been used in other studies as a

target for microbial degradation (Okuda et al. 2007), reinforcing the likelihood of it as a target

for degradation. In addition, other studies have found sodium azide to be a poor poisoning

agent, that is, the addition of sodium azide (IO g/L) to sediment traps did not stop microbial

activity (Lee et al. 1992).
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Therefore the systematic fractionation and poor extraction of dodecane is tentatively

attributed to microbial degradation. The minor and variable isotopic fractionation of other

compounds was always within two standard deviations (95 % confidence) of the analytical

precision, therefore insignificant.

3.2.4 Comparison of SPE and LLE

The direct comparison of SPE and LLE was the final experiment undertaken to validate SPE

as a method to extract semi-volatile non-polar organic compounds prior to CSIA. This

comparative test was undertaken on two samples oflandfillleachate (I L).

3.2.4.1 Analytical Methods

Material and glassware used to extract non-polar compounds have been described previously

(Section 2.2.2).

Landfill leachate was collected from PS4 at GILF (Figure 2-3) in I L Teflon® bottles and

filtered through ashed GF/F paper to remove humic and fulvic acids. Blank samples were

also prepared by filling two I L Teflon®bottles with Milli-Q, Blank samples were prepared

using identical methods to leachate samples.

For SPE: Filtered samples (leachate and blank samples) were drawn through pre-conditioned

ENV+ (200 mg/IO mL) cartridges at a rate of 10 mL/min using a Teflon® siphoning system

(Section 2.3.2.2). Compounds were eluted from each SPE cartridge with dichloromethane

(three 2 mL aliquots), transferred to a round bottom flask and the solvent was removed on a

rotary evaporator (40 QC, 320 mbar). Residual compounds were dissolved in dichloromethane

(two 700 ul. aliquots) and transferred to a GC vial where the solvent was removed under a

gentle stream of nitrogen (40 QC). Compounds were redissolved in dichloromethane (150 ul.)

and transferred to a GC vial insert and stored awaiting analysis (4 QC).

For liquid-liquid extraction: Filtered samples (Ieachate and blank samples) were introduced to

a large separating funnel (ashed and solvent rinsed) before being extracted with three 30 mL

aliquots of dichloromethane (de Groot 2004) by shaking (2 minutes). Organic extracts were

combined, dried over sodium sulphate (2.5 g), decanted in to a round bottom flask and the
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solvent was removed using a rotary evaporator (40 DC, 320 mbar). Residual compounds were

dissolved in dichloromethane (two 700 ul, aliquots) and transferred to a GC vial when the

solvent was removed under a gentle stream of nitrogen (40 DC). Compounds were redissolved

in dichloromethane (150 ul.) and transferred to a GC vial insert and stored awaiting analysis

(4 DC).

Compounds extracted during these experiments were identified and quantified using a GC

MS in El mode (Section 2.6.3). A standard mixture of semi-volatile compounds (eucalyptol,

naphthalene, benzothiazole and dibutyl phthalate) was used to quantify compounds of similar

molecular structure and functionality.

D and 13C isotope values were determined using a GC-IRMS as described in Section 2.6.4.

The quantification standard described above was also used as an isotope standard.

3.2.4.2 Results

Many compounds were extracted by SPE and LLE. Table 3-8 shows compounds extracted

from PS4 leachate and the concentration of each compound extracted by either preparation

method. PS4 leachate was dominated by terpenes, aromatics, phthalates and

benzenesulfonamides. SPE and LLE extracted similar amounts of most compounds. Of the

32 compounds quantified, only 13 were extracted with a great efficiency using LLE.

Analysis of blank samples indicated only minimal contamination. Within the experimental

detection limits, the only compound detected in a blank sample (LLE blank) was an

unspecified phthalate. Therefore, both SPE and LLE methods were free from laboratory

contamination.

After quantification, leachate extracted samples were analysed by GC-IRMS to determine the

8D and 813C composition of each compound. The results of these analyses are shown in

Appendix C.9 and summarised in Table 3-9. Many compounds were extracted from PS4

leachate but only a few of these compounds were identified (Table 3-8), and even fewer were

successfully analysed to determine their 8D and 81l C compositions. These compounds

showed negligible differences in their 8D compositions when extracted using either SPE or

LLE, that is, the difference in 8D for compounds extracted using either preparation method

was less than two standard deviations of their precision of analysis.
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The differences in 813C values were more variable than 8D values (0.2%0-6.4%0) but most

compounds were within 3a when prepared by either extraction method. The exceptions were

triethyl phosphate and juvabione (structures in Appendix G). The 813C variability of triethyl

phosphate was 6.4%0 and the 813C variability of juvaboine was 1.1%0. The juvabione

variability was less than two standard deviations of the GC-IRMS precision, therefore

minimal but the variability of triethyl phosphate was significant. The chromatographic peak

area for triethyl phosphate were of adequate magnitude (>2.2 Vs (Appendix C.9», therefore

the observed difference in 81lC composition must result from one of the preparation methods.

However, a similar compound, tributyl phosphate, was extracted using either preparation

methods with minor 81lC variability (0.6%0).
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Table 3-8 Identification and quantification of semi-volatile non-polar compounds
extracted from PS4 leachate. Compounds were quantified by a two point calibration of
four standard compounds. The precision of quantification is estimated at 2 %. Non
identified compounds are named with their GC-MS retention time. The detection limit
for GC-MS analysis was approximately 2 IlgfL, n.d. = not detected.

Concentration (ug/L)

Compound

Fenchone
10.351
Camphene hydrate
Camphor
Norinone
Naphthalene
12.056
Phosphate, triethyl
12.484
Pentaerythritol bisforrnal
13.933
4-methylethylmorpholine
14.95
15.327
15.59
15.739
Caprolactam
Naphthalene,2,6-diisopropyl
Biphenyl, tetramethyl
Phosphate, tributyl-
Biphenyl, tetramethyl-
17.905
Phthalate, diethyl-
Toluamide, diethyl-
19.927
Phthalate,
Phthalate, dibutyl
Benzenesulfonamide, N-ethyl
2-methyl-
Juvabione
Benzenesulfonamide, N-ethyl
4-methyl-
Benzothiazole, 2-hydroxy
Benzenesulfonamide, N-butyl-

SPE

1.5
3.7
4.1
1.9
9.2
6.7
1.3
4.2
2.4
5.2
1.3
2.2
2.7
1.5
3.4
2.0
2.1
1.2
3.8
10.0
1.2
3.2
3.2
5.0
1.4
4.8
15.3

7.6
18.1

3.4
11.0
3.3

SPE
Blank

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.

n.d.
n.d.
n.d.

LLE

2.3
1.0
6.9
2.6
11.1
8.3
0.9
4.1
0.9
3.1
1.2
1.1
2.5
1.8
6.0
4.1
1.4
1.2
1.9
3.7
1.9
0.4
2.9
4.3
2.2
5.1
12.2

8.5
6.4

3.3
9.9
3.6

LLE
Blank

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

6
n.d.

n.d.
n.d.

n.d.
n.d.
n.d.

Excess
extracted
bySPE

(%)
-35

270
-41

-27
-17
-19
44

2
167
68
8

100
8

-17
-43

-51

50
o

100
170
-37
700
10
16
-36
-6

25

-11
183

3

11

-8



94

Table 3-9 Summary of liD and Ii13C values for compounds extracted from PS4 leachate. D difference and I3C difference is the variability in Ii-
values between each compound extracted using SPE and LLE (lisPE - IiLLEj, and the related 16 is the sum of 16 for either method. The
instrumental precision was 5%. and 0.3%0 for liD and Ii13C respectively. 16 = the standard deviation for each sample being analysed in
triplicate and duplicate for liD and IiI3C analysis respectively, n.d. = not detected.

SPE LLE

Compound (or IRMS sn (%0) vs
Ii13C sn (%0) Ii13C D I3C

retention time (s) 16 (%0) vs 16. vs 16 (%0) vs 16 difference 16 difference 16
VSMOW

VPDB VSMOW VPDB (%0) (%0)

Naphthalene n.d. -34.9 0.3 n.d. -32.5 0.4 -2.4 0.7

Phosphate, triethyl- n.d. -16.5 0.4 n.d. -22.9 1.0 6.4 1.4

1263.9 n.d. -27.2 0.8 -148.8 3.9 -33.4 1.3 6.2 2.2

Phosphate, tributyl- -203.6 5.0 -29.7 0.1 n.d. -29.4 0.2 -0.4 0.3

Phthalate, diethyl- n.d. -19.3 0.9 n.d. -23.5 0.4 4.2 1.3

Phthalate, -241.2 5.0 -28.9 0.4 -254.5 7.9 -27.5 0.5 13.3 12.9 -1.4 0.8

Phthalate, dibutyl- -253.8 5.0 -31.9 0.7 -253.6 3.8 -28.3 0.5 -0.2 8.8 -3.6 1.2

Benzenesulfonamide,
-178.2 3.4 -30.8 1.0 -175.9 4.1 -30.6 0.5 -2.4 7.5 -0.2 1.4

N-ethyl-2-methyl-

Juvabione -231.8 3.1 -31.6 0.1 -220.0 3.7 -30.3 0.0 -11.8 6.7 -1.3 0.1

Benzenesulfonamide,
-197.0 5.0 -31.2 0.4 -196.4 6.2 -30.6 0.7 -0.7 11.2 -0.6 l.l

N-ethyl-4-methyl-
Benzothiazole, 2-

-162.9 3.3 -31.6 0.4 -164.4 4.3 -33.4 0.9 1.5 7.5 1.8 1.2
hydroxy-
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3.2.4.3 Discussion

These experiments show SPE to extract either a similar quantity or slightly more compound

from leachate than LLE. The compounds which were extracted with significant excess by

SPE (> I00 % excess) were polar compounds such as 4-methylethylmorpholine (Appendix G),

tributyl phosphate and juvabione. These slightly polar compounds have greater stability in

water than non-polar compounds such as naphthalene Cl % excess extraction by SPE),

therefore decreasing the efficiency with which they will be extracted using LLE.

The only drawback of SPE was a tendency for the pre-filter to become blocked with organic

material during sample loading. Filtering samples before SPE extraction will minimise this

problem but if samples are heavily loaded with organic matter cartridges are still likely to

block.

The results of oD and ol3e analysis show the variability between compounds prepared using

SPE or LLE to be negligible. A reasonably significant ol3e difference was observed for

triethyl phosphate but this ol3e variability was not reflected in tributyl phosphate. The minor

oD and o1Je differences in compound prepared using either extraction method showed some

compounds extracted by SPE were enriched relative to LLE and some compounds were

depleted relative to LLE. Therefore, a consistent fractionation trend was not observed.

Overall, SPE extracted slightly more of each compound than LLE, and the oD and o1Je
composition of each compound extracted using either method was within analytical precision.
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3.3 Investigations into SPE adsorption

To further understand the interaction between organic compounds and SPE surfaces, four

compounds of similar atomic composition were loaded onto an ENV+ cartridge and eluted

with small aliquots of solvent. These compounds are simple, semi-volatile and the minor

differences in functionality may provide information about the interactions occurring between

compounds and adsorbent. Aliquots were collected separately and the oD and 013C

composition of each elution aliquot was determined.

3,3.1 Experimental methods

A mixture of organic compounds, each containing ten carbon atoms, was created by mixing

decane (28 mg), cis/trans decalin (26 mg), naphthalene (19 mg) and 4-tert-butyl

cyclohexanone (22 mg). The structure of each compound is shown in Figure 3-7. An ENV+

cartridge was conditioned with methanol (5 mL), equilibrated with distilled water (5 mL), and

loaded with the 10-carbon mixture (50 ul.) followed immediately by distilled water (5 mL) at

a rate of 2 mL/min. The cartridge was dried under vacuum (2 minutes) before compounds

were eluted with five 0.5 mL then one 1.0 mL aliquots of dichloromethane. Each elution was

collected and analysed separately.

Decane co
Decalin

o

4-tert-butyl Cyclohexanone Naphthalene

Figure 3-7 Molecular structure of compounds used in this experiment. Each compound
contains 10 carbon atoms.
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An isotopic standard was made by dissolving the ten-carbon mixture (50 JlL) In

dichloromethane (1.50 mL). The bulk liD and lil3C of each ten-carbon compound (Table 3-10)

was determined using bulk isotope methods as described in Section 2.7.

The order with which these compounds eluted from a BP225 GC column was determined

using a GC-MS (see Section 2.6.3). The liD and lil3C composition of each compound was

determined using a GC-lRMS (Section 2.6.4).

Table 3-10 Bulk liD and li 13C composition of 10-carbon compounds.

Compound
sn (%.) vs

la li13C (%.) vs 1(>
VSMOW VPDB

Decane -136 1.3 -35.0 0.1

cis/trans Decalin -Il2 1.3 -24.3 0.1

Naphthalene -66 0.7 -23.9 0.1

4-tert-butyl Cyclohexane -122 3.9 -26.9 0.1

3.3.2 Results

The complete set of data for this experiment is shown in Appendix C. I 0 and results are

summarised in Figures 3-8 and 3-9. In a similar manner to the ACM compounds which were

sequentially eluted in Section 3.2.2.8, the majority of each ten-carbon compound was eluted

in the first aliquot of dichloromethane (>80 % of compound). Most compounds in this first

elution displayed minimal l3 C fractionation «0.2 ± 0.2%0) but D fractionation was larger (2 ±

3%0 to -14 ± 5%0). The li13C composition of decane did not alter with successive elutions but

all other compounds became increasingly enriched in I3 C. However, the amount of

compound in these later elutions was small and had little effect on the cumulative 11C

fractionation (Figure 3-9B). Apart from 4-tert-butyl cyclohexanone, the cumulative l3C

fractionation of each compound was within the precision of the GC-lRMS.

Unlike 13C fractionation, the D composition of each compound became increasingly depleted

during the first 3-4 elutions of solvent. TIle final three elutions of decane and two elutions of

decalin became increasingly enriched in D. The reproducibility of triplicate analysis was

satisfactory (generally la < 5%0), which indicates the fractionation trends observed are

genuine. In addition, the pattern of gradual D depletion followed by sharp enrichment in the

final elution was also observed for dodecane in Section 3.2.2.8.
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The cumulative D fractionation trend for decalin and 4-tert-butyl cyclohexanone is toward an

isotopically depleted compound while decane and naphthalene remained relatively consistent.

However, the cumulative oD composition of eluted compounds remained within two standard

deviations of their original oD composition.

Compound recoveries were between 94 % and 103 % but the reproducibility of the GC-IRMS

areas were poor (I o = 8 %). Significant variability in the area of a compound analysed by

GC-IRMS has been observed before and attributed to the combustion and ionisation process

within the instrument (see Jochmann et al. 2006) .
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Figure 3-8 Individual (A) and cumulative D fractionation (B) of decane ( • ), decalin

( T ), naphthalene ( • ) and 4-tert-butyl cyclohexanone ( • ) when eluted from an
ENV+ cartridge with successive aliquots of dichloromethane. The shaded area indicates
the precision of the GC-IRMS. Error bars are 10' for triplicate samples analysis.
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Figure 3-9 Individual (A) and cumulative 13C fractionation (B) of decane ( • ), decalin

( T ), naphthalene ( • ) and 4-tert-butyl cyclohexanone ( • ) when eluted from an
ENV+ cartridge with successive aliquots of dichloromethane. The shaded are indicates
the precision of the GC-IRMS. Error bars are 10' for duplicate samples analysis.
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3.3.3 Discussion

The elution of ten-carbon compounds from the SPE surface resulted in isotopic fractionation.

Since compounds were introduced to the surface as a neat mixture, the fractionation must be a

product of elution.

The elution of compounds from a SPE surface involves breaking the intermolecular

interaction between surface and compound. Therefore the observed fractionation must result

from differences in the strength of intermolecular interaction between compounds containing

light and heavy isotopes.

The substitution of an isotopically heavy element for a light element reduces the frequency at

which the bond vibrates (e.g. 160_160 vibrational frequency = 1580 cm-I while 160_180

vibrational frequency = 1536 cm') (Criss 1999). This decrease in vibrational frequency and

energy is due to changes in the zero point energy of the bond as described in Section 1.5.6.1.

Zero point energy is the primary cause of equilibrium isotope fractionation and is described in

detail by Criss (1999). The strength of an interaction between compounds and a surface will

depend on the dipole moment between the species, which in turn is primarily determined by

the intramolecular vibrational energy of free compound. Rotational energies also play a role

in bonding and isotope distribution but this phenomenon is considered minor and has received

little attention (Hoefs 2004).

In these experiments, compounds interact with the adsorbent surface by means of a van der

Waals intermolecular interaction. Compounds which contain D or I'c are expected to form

stronger intramolecular bonds, which gives rise to a larger dipole moment. Larger dipole

moments should result in a stronger interaction between the compound and SPE surface. If

the heavy isotope does give rise to stronger intermolecular interactions, the partial elution of

compounds from the surface should result in isotopically light compounds eluting before

isotopically heavier compounds, that is, Rayleigh distillation (see Section 1.5.6.4).

This is consistent with the pattern observed for the I3 C composition of most compounds when

eluted from the ENV+ surface. The first elution, which contained the major fraction of each

compound, reflected the initial isotopic composition of each compound, with later elutions

becoming increasingly enriched in IlC. Decane did not fractionate.
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However, the D composition of compounds did not fractionate as expected. During the initial

elutions, the composition of each compound became increasingly depleted in D. This result

indicates the rate of reaction (dissolution from the surface) for D was slightly quicker than for

hydrogen. Such an event should only occur if the intermolecular interaction between

adsorbent and compound which contains D is weaker than the equivalent interaction

involving hydrogen. Such a phenomenon is rare but it has been observed previously for the

intermolecular interactions of methane with carbon monoxide (Liu and Jager 2004b), xenon

(Wen and Jager 2006) and krypton (Liu and Jager 2004a); and for the intermolecular

interactions of ammonia with argon (van Wijngaarden and Jager 2001b)and krypton (Van

Wijngaarden and Jager 200la). In all of these van der Waal bound clusters; partially

deuterated methane resulted in weaker intermolecular interactions.

For example, the CO---CH 4 cluster had a bond radius (R) of 3.996 A and force constant (k,J of

0.517 N/m for the ground vibrational state (Liu and Jager 2004b). The equivalent bond of

CO 13CH4 had R = 3.992 A and k, = 0.524 N/m. These effects are as expected: the heavier

isotope resulted in the shortening of the intermolecular bond, and a slight increase in the force

constant of the interaction. In contrast, CO---CH 3D had R = 3.977 A but k, = 0.464 N/m. The

heavy D caused the expected shortening of the intermolecular interaction but also weakened

it. This effect was not investigated in these papers but authors speculatively attribute it to

variations in centrifugal distortion, 'increased anisotropy in the internal rotation coordinate for

the partially deuterated species' or 'inadequacy of the pseudodiatomic approximation applied,

which neglects the coupling between the van der Waals radial coordinate and the internal

rotation coordinate' (Liu and Jager 2004a).

As compounds are eluted from a SPE cartridge, a second interaction occurs between the

compounds and the eluting solvent. Organic compounds obviously have stronger affinity for

the organic solvent than the surface (because elution occurs) but since all compounds were

initially adhered to the SPE surface, slow eluting compounds are expected to become enriched

in the heavy isotope (if normal isotopic fractionation occurs).

Therefore, these experimental results suggest partially deuterated compounds formed weaker

interactions with the SPE surface than hydrogen containing compounds, in agreement with

published electronic data (van Wijngaarden and Jager 200lb; Van Wijngaarden and Jager

200la; Liu and Jager 2004a; Liu and Jager 2004b; Wen and Jager 2006).
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The second interesting observation involves the sequential progression of D fractionation. As

described above, the first two-three elutions became increasingly depleted in D, and the final

two-three e1utions of decane and decalin were significantly enriched in D. The later elutions

displayed typical Rayleigh fractionation trends, that is, they became increasingly enriched.

These effects may result from the rapid equilibrium sorption and dissolution of compounds as

they are drawn through the SPE cartridge.

Although no studies have specifically considered these phenomena, Slater et al. (2000)

studied the sorption of VOCs at they were drawn through activated carbon and graphite.

VOC's became slightly enriched in IlC when significant adsorption occurred (>90 %), which

agrees with the BIlC fractionation observed for compounds retained on SPE cartridges.

Schuth et al. (2003) undertook a similar experiment using BTEX compounds and chlorinated

ethenes and observed no significant 13C or D fractionation during adsorption. However, D

values were only measured for compounds which adsorbed a maximum of 88 % to the surface

whereas experiments undertaken in this section analyse the residual I % of a compound

fractionation is always most evident in the last portion of a compound to react (Section 1.5.6).

Both of these observations require further experiments to further understand the interactions

that occur between compounds and SPE adsorbents. While interesting, such experiments are

beyond the scope of this project.
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3.4 Summary

The purpose of these experiments was to test and validate a SPE method for the extraction of

non-polar semi-volatile organic compounds from water (primarily landfill leachate) in

preparation for eSIA. For the method to be approved it needed to efficiently extract organic

compounds from water, efficiently elute extracted compounds from the SPE cartridge with an

organic solvent, extract and elute organic compounds without, or with highly reproducible

isotopic fractionation and to suffer no contamination from laboratory processes.

The performance of the SPE method can be summarised as follows:

• Standard non-polar compounds were successfully extracted from Milli-Q using all

SPE cartridges.

• Standard non-polar compounds were eluted from ENV+ cartridges using

dichloromethane with high efficiency and minimal isotopic fractionation (less than

one standard deviation beyond the instrumental precision).

• Eucalyptol, naphthalene, benzothiazole and dibutyl phthalate were efficiently

extracted from all natural waters. The extraction of dodecane from NWS was

poor; however this is attributed to microbial degradation.

• Except for dodecane, standard non-polar compounds were extracted from NWS

with negligible fractionation. The isotopic fractionation observed for dodecane is

attributed to microbial degradation.

• Incomplete elution of standard non-polar compounds from ENV+ cartridges

results in minimal isotope fractionation.

• Blank samples were prepared without significant contamination.

• SPE methods extracted slightly more of each compound from leachate than LLE.

The SD and S13e composition of a compound extracted using either method was

within experimental uncertainty.

A reverse-phase SPE method using ENV+ cartridges and dichloromethane has been proven a

suitable for the extraction and concentration of non-polar semi-volatile organic compounds

from water prior to eSIA.
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3.4.1 Recommended SPE procedure

The following method is recommended for the extraction of non-polar compounds from water

in preparation for CSIA. Please note: this procedure is not recommended for n-alkanes,

I) Collect sample (I L) with minimal exposure to air (larger samples may be required if

compounds are at low concentrations). Compounds should be extracted from samples

within 14 days of collection (Winslow et al. 2000).

2) Filter sample through pre-combustcd GF/F to remove humic and fulvic acids (may not

be necessary for clean water samples).

3) Precondition ENV+ SPE cartridges (200 mg/IO mL) with methanol (5 mL) and

distilled water (5 mL). Do not allow adsorbent to dry.

4) Load sample via reservoir or siphon tube at a rate of 10 mLlminute.

5) Dry cartridge by increasing vacuum in SPE manifold (5 minutes).

6) Elute compounds with dichloromethane (three 2 mL aliquots).

7) Combine elutions and dry with sodium suIfate (I g).

8) Remove solvent on a rotary evaporator (25°C, 320 mbar).

9) Redissolve sample in dichloromethane and transfer to GC vial (two 700 ul, aliquots).

10) If the concentration of compound is low, remove solvent under a gentle stream of

nitrogen (40 DC) and redissolve compounds in dichloromethane (ISO ul.), Transfer to

GC vial insert and store awaiting GC analysis (4°C).
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Chapter 4

SPE of fatty acids prior to CSIA

4.J Background

4.1.1 Nomenclature

Fatty acids are organic compounds consisting of a polar carboxylic acid head group attached

to a non-polar carbon chain. They are named by indicating the length of the carbon chain,

number of double bonds and the cis/trans nature of the double bond(s). For example, the fatty

acid containing 18 carbons in a straight chain with no double bonds is octadecanoic acid or

18:0. The first number indicates how many carbon atoms are in the carbon chain and the

second number indicates the number of double bonds. A fatty acid containing 18 carbon

atoms and one cis- double bond in the middle of the carbon chain is called oleic acid or

18:10l9c. The c indicates a cis- orientated double bond while the suffix 9 indicates the

position of the double bond when counted from the methyl carbon. If the double bond is trans

orientated, the c is replaced with at.

4.1.2 Fatty acids in environmental studies

Fatty acids have been used extensively as markers in environmental studies. Ludvigsen et al.

(1999) used changes in fatty acids profiles to indicate changes in microbial communities, and

Boschker et al. (1999) used specific fatty acids as indicators of bacterial activity. Other
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studies have used fatty acids to assess the quality of effluent from a Pulp and Paper mill

(Turoski et al. 1981; Lacorte et al. 2003) and to indicate the degradation phase of a landfill

(Hemnann and Shann 1997).

CSIA of fatty acids from fish tissue has allowed researcher to construct complex food webs

(McLeod and Wing 2007), has been used to assess the source of organic material and the

aerobic/anaerobic nature of a microbial community (Boschker et al. 1999; Boschker and

Middelburg 2002), and has been used to assess microbial utilisation and uptake of isotopically

labelled methane (Crossman et al. 2004) and chlorobenzene (Ste1zer et al. 2006).

4.1.3 Fatty acids in landfills

Fatty acids are one of the major classes of organic compounds found in landfill leachate.

Although the concentration of fatty acids in leachate is determined by the degradation phase

of the landfill, leachate typically contains 20 - 110 ug/L of common fatty acids (Paxeus

2000). Some of these fatty acids are released from MSW as it degrades (Benfenati et al.

1996) but many are synthesised by microbes living within the landfill and leachate

(Ludvigsen et al. 1999; Crossman et al. 2004).

Microbes living in a landfill synthesise fatty acids from material within their immediate

environment. Different processes can be responsible for the synthesis of fatty acids

(Chikaraishi et al. 2004b; Chikaraishi et al. 2004a) but synthesis always results in 13C

enrichment relative to the source material (Sakata et al. 1997). The extent of enrichment

depends upon the redox nature of the microbial environment, that is, microbes living in

aerobic environments enrich the IJ C of synthesised fatty acids by -7%0 while microbes living

under anaerobic conditions enrich their fatty acids by only -4%0 (Boschker and Middelburg

2002). This has allowed the IJ C of fatty acids from specific classes of microbes (e.g. bacterial

fatty acids: i15:0 and aI5:0, where i and a are short for iso- and antieso- respectively) to

indicate the environment in which microbes live (Crossman et al. 2004». Therefore fatty

acids can reflect the redox and degradative environment in which they were synthesised.

While many analytical methods have been published for the isolation of fatty acids from

water for quantitative and qualitative analysis (Oman and Hynning 1993; Lacorte et al. 2003;
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Genovese et al. 2005), none of these methods have been validated when preparing samples

for CSIA.

4.1.4 Extraction techniques

4.1.4.1 Liquid-liquid extraction

LLE is the traditional method used to extract organic compounds from an aqueous matrix

(general LLE principles are presented in Section 2.3.1). Although LLE can make use of many

different organic solvents dichloromethane has been used to extract fatty acids from seawater

(Osterroht 1993) and waste water (Turoski et al. 1981). LLE is acceptable for the isolation of

fatty acids from relatively clean waters but it is non-ideal for wastewaters containing high

concentrations of polar organic compounds. This is because polar compounds form

emulsions which disrupt the partitioning of compounds into the organic solvent (Lacorte et al.

2003).

4.1.4.2 Solid phase micro extraction

Only one study has used SPME to extract fatty acids from water (Yo 1999). This method was

used to extract volatile fatty acids with equal to or less than seven carbon atoms, therefore

unsuitable for the isolation of microbial fatty acids consisting of 14-24 carbon atoms. The

usefulness of SPME is also reduced by the need to derivatise large fatty acids prior to GC

analysis.

4.1.4.3 Solid phase extraction

C18 SPE cartridges (Valto et al. 2007) and SDVB SPE cartridges (Lacorte et al. 2003) have

been used to extract fatty acids from waste water with better efficiency than LLE. SPE is

suited to the extraction of fatty acids because it displays very good sample recovery (up to

100 %), it is reproducible and eliminates all emulsion effects (Lacorte et al. 2003). A general

description ofSPE isolation principles, cartridges, and methods are described in Section 2.3.

Although SPE has been accepted as a suitable method to extract fatty acids from wastewater

for quantitative analysis, no studies have validated the use of SPE to extract fatty acids from

water in preparation for CSIA. The remainder of this chapter presents a logical investigation

into the suitability of reverse phase SPE as a routine analytical method for the isolation of

fatty acids from a variety of waters prior to DD and Dl3 C CSIA.
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4.2 Method Development

4.2.1 Objectives

This section presents a rapid and highly reproducible method for the isolation of fatty acids

from water prior to CSIA. For SPE to be a suitable method, it must:

I) Efficiently extract organic compounds from water.

2) Efficiently elute the extracted compounds from the SPE cartridge with an organic

solvent.

3) Extract and elute organic compounds without, or with highly reproducible isotopic

fractionation (i.e. to obtain a high degree of precision.)

4) Suffer no contamination from laboratory processes.

To test the aforementioned parameters, an artificial fatty acid solution and spiked natural

water samples were prepared and analysed for their 80 and 813C composition before and after

SPE isolation. In addition, a leachate sample was extracted by both SPE and LLE to compare

the extraction ability and fractionation resulting from either method. These experiments are

described below.

4.2.2 Artificial fatty acid solution

4.2.2.1 Preparation ofartificial fatly acid solution

An artificial fatty acid solution (FAS) was used to assess the efficiency with which fatty acids

were extracted from water and the extent of isotopic fractionation during isolation. The FAS

was created by adding 10 mg each of 16:0, 19:0 and 22:0 (Figure 4-1) to Milli-Q (I L) in a

Teflon® bottle. All fatty acids were of AR grade and purchased from Sigma (St Louis, USA).

The pH of the FAS was adjusted to 7.0 (typical pH of leachate) by adding sodium hydroxide

(0.1M). The FAS was stored at 4 DC until required.

Prior to making the FAS, the 80 and 8BC composition of each compound was determined at

Iso-trace NZ Ltd. using bulk stable isotope methods as described in Section 2.7. The isotopic

compositions of standard fatty acids are shown in Table 4-1.
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Figure 4-1 Chemical structure of standard fatty acids

Table 4-1 Bulk oD and OBC compositions of standard fatty acids.

so (%0) vs OBC (%0) vs
Compound VSMOW 16 VPDB

16:0 -227.4 1.5 -28.5

19:0 -224.7 1.5 -30.4

22:0 -240.4 1.5 -25.0

16

0.1

0.1

0.1

4.2.2.2 Analytical methods

A series of experiments were undertaken to determine the efficiency with which fatty acids

were extracted from Milli-Q and natural water samples, and the isotopic fractionation that

occurs during SPE isolation. When fractionation occurred, further experiments were

undertaken to better understand the cause and extent of fractionation.

Material, glassware and SPE cartridges have been described earlier (see Sections 2.2.2 and

2.3.2).

The first experiments began by prepanng ENV+, Strata-X and e18E SPE cartridges as

described in Section 2.3.2. Once conditioned, each cartridge was loaded with (10 mL (100 ug

offatty acid)) FAS (10 mL (100 ug of fatty acid)) at a rate of2-5 mLlminute as recommended

by the manufacturer (Phenomenex 2003). Fatty acids were eluted from SPE cartridges with

methanol (three 2 mL aliquots) (Lacorte et al. 2003; Phenomenex 2003) at a rate of 1 ml./min

before being dried with sodium sulphate (I g). Samples were transferred to clean Kimax®
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tubes where the solvent was removed under a gentle stream of nitrogen (50 QC). An elevated

temperature was required to remove the methanol however this is acceptable because large

fatty acids are relatively non-volatile. Dry samples were derivatised with 5 % BF3/methanol

(500 ul.) and prepared for analysis as described in Section 2.5.1. The isolation efficiency of

each SPE cartridge was determined in triplicate. A standard fatty acid mixture was

methylated alongside the samples and used to calculate the BD and Bl3C of methanol added

during derivatisation.

Because these experiments were comparing SPE to LLE, a sample of FAS (10 mL) was

extracted by LLE (in triplicate) and used as a standard. Each sample was extracted three

times with dichloromethane (2 mL) by vortex mixing (2 minutes) (Turoski et al. 198I;

Osterroht 1993). Extracts were combined, dried with sodium sulphate (I g) and the solvent

was removed under nitrogen (50 QC). Fatty acids extracted by LLE were derivatised in an

identical manner to the samples extracted by SPE.

FAMEs were quantified using a GC-FID (Section 2.6.2) and the BD and BlJC composition of

each compound was determined using a GC-IRMS (Section 2.6.4). GC-FID data was drift

corrected by analysing a standard fatty acid mixture (5 mL of FAS extracted by LLE using

dichloromethane (three I mL aliquots)) at the beginning and end of the batch. GC-IRMS data

was worked-up by I) correcting for instrumental drift during analysis, 2) correcting for the

methanol added during derivatisation using Equations 2-3 and 2-4, and 3) standardised against

FAME's of known isotopic composition. Extraction efficiency results are presented in Section

4.2.2.3 and isotope fractionation results are presented in Section 4.2.2.5.

A second set of experiments were undertaken to further investigate how fatty acids fractionate

when only partially eluted from a SPE cartridge. The FAS used in these experiments was

created by adding each standard fatty acid (2 mg) to Milli-Q (35 mL). The pH of the FAS

was adjusted to 7.0 by adding sodium hydroxide (O.IM, approximately 5 mL). Strata-X

cartridges were conditioned as described above and loaded with FAS (5 mL) at 2 mLlmin.

Each fatty acid in this FAS had a higher concentration than the previous experiment to ensure

the final few percent of compound eluted from each SPE cartridge was still above the

detection limit of the GC-IRMS (30 ng of hydrogen and lOng of carbon). SPE cartridges

were eluted with six aliquots of solvent; the first three contained I mL of methanol and the

final three contained 3 mL of methanol each. Elutions were collected, derivatised and
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analysed individually using the methods described earlier in this section. Samples were

prepared in duplicate. Results of this experiment are present in Section 4.2.2.8.

4.2.2.3 Results ofisolation efficiency experiments

Even though the overall aim of these experiments was to assess the fractionation of fatty acids

when extracted using SPE cartridges, a suitable analytical method must extract the target

compound(s) from the sample matrix with a high extraction efficiency and good

reproducibility. These first experiments extracted fatty acids from Milli-Q to minimise the

interferences from the sample matrix. The full data from these experiments is shown in

Appendix D.1 and is summarised in Figure 4-2. The isolation efficiency for each SPE

cartridge is reported as a percentage (%) relative to the amount of compound extracted from

the sample by LLE.
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Figure 4-2 Isolation efficiency of 16:0 (black), 19:0 (red) and 22:0 (green) from MQ
using different SPE cartridges compared to LLE. Error bars = 10' for samples prepared
in triplicate.

The isolation efficiencies for 16:0 and 19:0 were consistent for all SPE cartridges (130 ±8 %).

22:0 was extracted most efficiently using C18E cartridges (130 %), followed by Strata-X

cartridges (106 %), with ENV+ cartridge displaying poor isolation (69 %). All isolation

efficiencies were better than LLE, except 22:0 extracted using ENV+ cartridges. The

isolation reproducibility was acceptable «10 %) for all compounds using all SPE cartridges

except 19:0 extracted using C18E cartridges (> 18 %).
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4.2.2.4 Discussion ofisolation efficiency experiments

Data presented in Figure 4-2 shows the amount of each fatty acid extracted using SPE relative

to LLE. That is, the isolation efficiencies presented in this figure depend upon two variables:

the isolation efficiency of the solvent and the isolation efficiency of the SPE cartridge. SPE

isolation could appear good for one of two reasons, I) SPE isolation was actually good, or 2)

liquid-liquid isolation was poor. Consequently, isolation efficiencies can only be compared

within each compound.

In general, SPE extracted more fatty acids from Milli-Q than LLE. This is probably due to

SPE cartridges having multi functional surfaces which can extract compounds by multiple

interactions. LLE depends solely on compound partitioning from the aqueous to organic

phase. Since all cartridges were loaded with the same FAS, any differences in isolation

efficiency can be attributed to the SPE cartridge.

It is possible but unlikely that the decrease in 22:0 isolation efficiency when extracted using

ENV+ and Strata-X cartridges resulted from poor compound adhesion to the SPE adsorbent,

that is, breakthrough. Later experiments showed the SPE elutant to contain no fatty acids;

therefore all compounds were extracted by SPE cartridges (see Appendix DA). The decrease

in 22:0 isolation efficiency when extracted using ENV+ and Strata-X cartridges was most

likely caused by incomplete elution rather than poor extraction. If fatty acids were efficiently

extracted from the water sample but not present in the eluted sample, the balance of

compound must still be adsorbed to the SPE cartridge. Data presented later in this chapter

show 22:0 was still eluting from a Strata-X cartridges after 12 mL of methanol. These

experiments used only 6 mL of methanol to elute fatty acids; therefore it is possible more than

50 % of22:0 was still adsorbed to the SPE cartridge (see Section 4.2.2.10).

The incomplete elution of fatty acids from SPE cartridges occur to a greater extent on

polymeric SPE cartridges (ENV+ and Strata-X) than silica based cartridges (CI8E).

Therefore the interaction between a fatty acid and polymeric SPE adsorbent must be stronger

than the bonds between the fatty acid and hydrophobic C 18E adsorbent. Consequently,

polymeric adsorbents will require larger volumes of eluting solvent than CI8E adsorbent to

efficiently elute fatty acids. This issue could also be addressed by trying other solvents. This

option was not investigated as isotopic fractionation was minimal when fatty acids were

eluted with methanol.
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4.2.2.5 Results ofisotope fractionation experiments

While efficient compound isolation is important when preparing samples for CSIA, efficient

isolation does not necessarily mean samples have been prepared without isotopic

fractionation. After quantification, the samples described in Section 4.2.2.5 were analysed on

a GC-IRMS (Section 2.6.4) to determine their isotopic composition and to discover if

fractionation occurred during isolation.

To ensure this study only investigated fractionation which resulted from SPE, compounds

extracted using LLE were used as reference (no fractionation associated with the dissolution

of the FAM in Milli-Q). Even though LLE can be inefficient, it is believed to extract most

organic compounds without isotopic fractionation (see de Groot 2004). All isotopic

differences between the samples prepared by SPE and LLE were assumed to be caused by the

SPE cartridges. Data from these experiments is shown in Appendix D.I and summarised in

Figure 4-3.

Figure 4-3 shows 16:0 and 19:0 were extracted from Milli-Q using all SPE cartridges with

negligible D or IlC fractionation (less than the instrumental precision of 4%0 and 0.3%0 for

hydrogen and carbon respectively). 22:0 was extracted using Strata-X cartridges with

minimal D and IlC fractionation, it was enriched in D (8%0) when extracted using ENV+

cartridges and depleted in D (9%0) when extracted using CI8E cartridges. This said, the

enrichment of 22:0 D when extracted using ENV+ was less than the poor reproducibility of

this analysis (la = 8%0).

Apart from 22:0 extracted using ENV+ cartridges, all 8D values for samples prepared in

triplicate were reproducible within the precision (l a) of the GC-IRMS. The reproducibility of

81lC values (I a) was very good for ENV+ and Strata-X cartridges «0.1 %0) and acceptable for

compounds extracted on CI8E cartridges «0.3%0).

If compounds were to undergo only 81lC analysis after extraction, all SPE cartridges would be

suitable but the least D and IlC fractionation was observed when fatty acids were extracted

using Strata-X cartridges.
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Figure 4-3 D and 13C fractionation of 16:0 ( • ), 19:0 ( ~ ) and 22:0 ( • ) when
extracted from Milli-Q using ENV+ (black), Strata-X (red), and C18-E (blue) SPE
cartridges. The shaded area indicates the instrumental uncertainty. Error bars = le; for
samples prepared in triplicate.

4.2.2.6 Discussion ofisotope fractionation experiments

Figure 4-3 shows 16:0 and 19:0 were extracted using all SPE cartridges without significant D

or I3C fractionation. These results compliment their high isolat ion efficiencies shown in

Figure 4-2. However, this trend does not always hold. Even though 22:0 was extracted less

efficiently using Strata-X than C18E (24 % less) this decrease in extraction efficiency did not

result in significant D or I3C fractionation (-2%0 and 0.05%0 respectively). In addition, 22:0

was extracted most efficiently using C18E cartridges (130 %) but resulted in a D depletion of

9.4 ±2%0.

Kinetic fractionation (Section 1.5.6.3) is known to occur when an incomplete reaction occurs.

When fatty acids are eluted from a SPE cartridge, the first compounds to elute are expected to

be isotopically lighter then the original compound. Therefore, the fatty acids seen in the

eluted portion should be depleted in the heavy isotope. In these experiments, only 22:0

extracted using Cl8E cartridges were depleted in D. Kinetic fractionation would then predict

22:0 to be only partially reacted (eluted) however, this compound was extracted with the

highest efficiency of 130 %.
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Statistical methods were employed to further investigate possible relationships between

isolation efficiency and isotopic fractionation.

4.2.2.7 Statistical investigations

The efficiency with which fatty acids were extracted was compared to the isotopic

fractionation of each compound (Table 4-2) and each SPE cartridge (Table 4-3) using linear

regression and ANOVA (explained in Section 2.9.2). Significant statistical relationships were

observed even though fatty acid fractionation was small.

Irrespective of the SPE cartridge used, D enrichment of22:0 can be significantly correlated to

the efficiency with which it was extracted (Table 4-2). This relationship is revealed by an R2

= 0.999, an F-test = 873 compared to the F-significance = 0.02, and P-values of 5.7 E-3 and

2.2 E-2 for the intercept and variable respectively. In fact, there are significant correlations

between the measured liD and isolation efficiency for all fatty acids. A strong correlation is

also observed for the l3 C enrichment and isolation efficiency of 22:0.

Table 4-2 Statistical significance of the relationship between the isolation efficiency and
fractionation of standard fatty acids. Data has been combined for all SPE cartridge
types.

Element Compound R2 F-test Significance P-value P-value
F-tcst Intercept Variable

Carbon 16:0 0.101 0.112 0.794 5.898E-02 7.944E-OI
19:0 0.413 0.705 0.555 3.88IE-02 5.554E-OI
22:0 0.825 4.700 0.275 8.016E-02 2.75IE-OI

Hydrogen 16:0 0.903 9.286 0.202 8.982E-03 2.019E-OI
19:0 0.783 3.601 0.309 1.815E-02 3.088E-OI
22:0 0.999 873.979 0.022 5.679E-03 2.153E-02

The statistical results in Table 4-3 indicate a significant relationship between the isolation

efficiencies and both the D and l3 C fractionation of fatty acids extracted using ENV+

cartridges. This correlation is indicated by an R2
= 1.000 and 0.986, F-test = 10459 and 73

compared to an F-significance = 0.006 and 0.74, and P-values of 1.9 E-3 and 2.1 E-2 for the

intercept and 6.2 E-3 and 7.4 E-2 for the variable, for carbon and hydrogen respectively. That

is, the observed fractionation of fatty acids on ENV+ cartridges was entirely dependant upon

the efficiency with which they were extracted. This relationship was understandable because

fatty acids were only partially eluted from the ENV+ cartridge, that is, fatty acids were

strongly bound to the ENV+ adsorbent and require a stronger (or a larger volume of) eluting

solvent to complete elution (see Section 4.2.2.10).
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Table 4-3 Statistical significance of the relationship between the isolation efficiency and
fractionation of standard fatty acids extracted on different SPE cartridges. Data is a
combination of all extracted fatty acids.

Element SPE R2 F-test Significance P-value P-value
F-test Intercept Variable

Carbon ENV+ 1.000 10458.963 0.006 1.932E-03 6.225E-03
Strata-X 0.001 0.001 0.983 1.304E-OI 9.825E-Ol

C18E 0.069 0.074 0.831 2.693E-02 8.307E-Ol

Hydrogen ENV+ 0.986 72.512 0.074 2.l47E-02 7.442E-02
Strata-X 0.406 0.700 0.560 8.025E-02 5.604E-OI

C18E 0.310 0.448 0.624 9.251E-03 6.243E-OI

Correlations between isolation efficiency and the 0 and 13C enrichment of fatty acids

extracted on Strata-X and C18E cartridges were weak (R2 < 0.6, F-test < I, P-values >0.01).

This suggests Strata-X and C18E cartridges are more suited for the isolation of fatty acids

from water because incomplete isolation is less likely to result in isotopic fractionation. To

further understand these relationships Strata-X cartridges were eluted with small consecutive

aliquots of solvent.

4.2.2.8 Results ofpartial elution experiments

Further experiments were carried out to better understand the elution and fractionation of fatty

acids when eluted from Strata-X cartridges. Strata-X cartridges were chosen for this

experiment because they extracted all fatty acids with efficiencies greater than 100 % (Figure

4-2), they fractionated all fatty acids less than the instrumental precision for both liD and 1i13C

analysis (Figure 4-3), and they displayed only minor correlations between isolation efficiency

and isotopic fractionation using statistical tests (Table 4-3). The details of these experiments

are described in Section 4.2.2.3. The results of these experiments are tabulated in Appendix

0.2 and summarised in Figures 4-4 and 4-5.

Figure 4-4 shows the relative amount and isotopic composition of each fatty acid as it eluted

from a Strata-X cartridge with successive aliquots of methanol. Unlike the non-polar

compounds in Chapter 3, fatty acid of different carbon chain length eluted at significantly

different rates. 16:0 eluted completely in the first four aliquots of methanol, while no 22:0

was detected in the first aliquot of eluting solvent. The majority of 16:0 and 19:0 eluted in the

second aliquot of solvent (55 % and 80 %, respectively), while the amount of 22:0 in elutions

two-through-six were relatively consistent. 19:0 exhibited an elution activity intermediate of

16:0 and 22:0. It is important to note 16:0 and 19:0 fatty acids were eluted in their entirety
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within the 12 mL of methanol used in this experiment but a significant amount of 22:0 was

present in the sixth elution, suggesting 22:0 was only partially eluted.

The elution aliquot which contained the largest amount of each fatty acid also contained the

least fractionated compounds. For example, the second elution contained the majority of 16:0

and 19:0 and these compounds were fractionated less than the instrumental precision for both

8D and 8l3e analysis. The most significant D enrichment (40%0) was observed for 16:0 and

19:0 when the sample contained a small fraction of the total compound « 5 %).

The cumulative D and l3e fractionation for each fatty acid with successive elution is shown in

Figure 4-5. The fractionation trends for 16:0 and 19:0 were similar, while the extent of 22:0

fractionation was different but predictable.

For 8l3e analysis , 16:0 and 19:0 showed minimal cumulative fractionation at any stage during

elution « 0.3%0). Following a different trend, the first elution to contain 22:0 was depleted in

"c Cl ± 0.1%0). The following cumulative value was even more depleted but the precision on

this value was poor (1.3 ± 0.7%0). Thereafter, the cumulative l3e fractionation trended

towards zero.
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Figure 4-4 D and l3C fractionation of 16:0 ( • ), 19:0 ( 'Y ) and 22:0 ( • ) when eluted
from a Strata-X cartridge with sequential aliquots of methanol. The first three aliquots
(black, red and green symbols, respectively) had a volume of 1 mL each, while the
remaining three aliquots of solvent (blue, purple and cyan, respectively) had a volume of
3 mL each. The shaded area indicates the instrumental precision. Error bars are la for
duplicate sample preparation.
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Figure 4-5 Cumulative D and 13C fractionation of 16:0 ( • ), 19:0 ( ..... ) and 22:0 ( • )
when eluted from a Strata-X cartridge with sequential aliquots of methanol. The first
three aliquots (black, red and green symbols, respectively) each had a volume of 1 mL,
while the remaining three aliquots of solvent (blue, purple and cyan, respectively) each
had a volume of 3 mL. The shaded area indicates the instrumental precision. Error
bars are 10' for duplicate sample preparation.

The fractionation trends observed for D were different to trends observed for BC analysis.

The first elution of 16:0 was significantly enriched in D with acceptable precision (20 ± 5%0) .

The next elution bought the cumulative fractionation to just 7%0, with the following elution

increasing the overall fractionation only slightly . These three cumulative D fractionations for

16:0 were all within two standard deviations of the GC-IRMS precision. 19:0 showed

minimal cumulative D fractionation in the initial three elutions . The last two 19:0 containing

elutions cause the cumulative fractionation to become slightly enriched (5%0 and 7%0

respectively) but these values were also within two standard deviations of the GC-IRMS

precision. Once again, 22:0 fractionation patterns were different to other fatty acids. D

fractionation of 22:0 was minor in the first 22:0 containing elution but the cumulative D

fractionation increased with subsequent elutions until it stabilised (15 ± 4%0).

4.2.2.9 Discussion ofpartial elution experiments

The extent to which fatty acids fractionate as they elute from Strata-X cartridges gives insight

into retention mechanisms and elution process that occurs at the SPE surface. Fatty acids

extracted in these experiments showed varied isotopic fractionation. More interestingly,

different fractionation processes occurred for fatty acids of different chain length.

16:0 and 19:0 exhibited similar behaviour when extracted using SPE cartridges. The first two

elutions contained the majority of each compound and returned the least BC fractionation.

Later elutions contained smaller amounts of compound, and the isotopic composition became
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increasingly enriched. This is typical Rayleigh Distillation (Section 1.5.6.3). However, it was

only the final portion (20 %) of 19:0 and 22:0 that displayed this fractionation, indicating that

the difference in the rate of reaction for the heavy and light isotopes were small (Criss 1999).

Except for the initial elution of 16:0 which was significantly enriched in 0, slight Rayleigh

Distillation was observed for both 0 and I3 C fractionation of 16:0 and 19:0.

Similar trends in 0 and IJ C fractionation indicates hydrogen and carbon atoms are both

involved in the interaction between compound and surface.

As mentioned above, the 0 and IJ C composition of 22:0 fractionated independently of each

other. 0 values were enriched from their initial composition and IJ C values were depleted.

22:0 fractionation is difficult to interpret because this compound was only partially eluted

from the SPE cartridge. This conclusion is based on the observation that elutions three

through-six contained similar quantities of22:0. If this compound was more efficiently eluted

from the SPE cartridge no compound would have been detected in the latter elutions. In

addition, the cumulative 013C value was tracking toward its original 013C composition, with a

trend line (R2=0.98) intercepting the x-axis at 165 % extraction (Appendix 0.3). This

suggests about 60 % of22:0 was eluted in the 12 mL of methanol used in this experiment, and

approximately 20 mL of methanol would be required to completely elute 22:0.

The typical IJ C Rayleigh fractionation shown by 22:0 indicated this compound primarily

binds to the Strata-X adsorbent by hydrophobic interactions involving carbon atoms. Some

H-bonding may occur to the carboxyl oxygen atoms but this would only be seen as a

secondary effect in the I3C signature.

The 0 fractionation trend for 22:0 was similar to the IJ C trend except instead of starting

depleted and drifting towards the original composition of 22:0, the 0 composition began with

minimal fractionation then became enriched. This observation was possibly caused by a shift

in the starting oD composition of 22:0, or a secondary process resulted in a different

fractionation pattern. For example, the solvation of a compound in methanol could result in

minor isotopic fractionation (see Section 3.2.2.6), especially if the eluted compound was

sparingly soluble or the rate of solvation was slow. Eluting solvent effects could be

investigated further by eluting fatty acids with different combination of solvents.
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But more importantly, if a SPE method only eluted 80 % of a compound, would isotopic

fractionation occur? From these experiments, it appears incomplete elution using methanol

does not cause isotopic fractionation of short chain fatty acids (e.g. 16:0 and 19:0) but slight

fractionation is observed for larger fatty acids. However, when compounds were eluted from

Strata-X cartridges with three 2 mL aliquots of methanol (Figure 4-3), only minimal

fractionation was observed.

In summary, fatty acids can undergo minor isotope fractionation if partially eluted from a SPE

cartridge. While this fractionation effect is relatively minor, it is more significant than

fractionation observed for non-polar compounds in Section 3.2.3.7. The greater fractionation

of fatty acids is probably due to the strength of the interactions between the compounds and

the SPE adsorbent. However, short to medium chain length fatty acids showed negligible

fractionation when only partially eluted from a SPE cartridge.

4.2.3 Spiked natural water samples

Experiments described in the previous section indicate fatty acids can be extracted from Milli

Q using Strata-X cartridges and methanol without significant D or I3C fractionation. To

further validate this method for environmental studies, fatty acids were extracted from natural

water samples where matrix effects could reduce extraction efficiencies and or cause isotope

fractionation.

To this end, four natural water samples were collected from a variety of water systems, each

possessing different matrix conditions. Water sources included potable water from Dunedin

City water supply, urban river water from the Water of Leith, coastal seawater from the Otago

Harbour, and heavily loaded landfill leachate from Green Island Landfill (Figure 2-1).

Artificial fatty acids were added to each water sample then extracted using SPE to determine

if the different water matrices (salts, dissolved organic matter, particulate organic matter)

affected the isolation efficiency or the BD and B13C composition of the extracted artificial

fatty acids.

4.2.3.1 Collection ojsamples

Potable water, river water and sea water were collected in the same manner as NWS for non

polar compounds (see Section 3.2.4).
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Landfill leachate was collected from PS4 at GILF using a battery operated submersible pump

and Teflon® tubing. The pump and tubing were purged (5 minutes) before a Teflon® bottle

was rinsed three times with leachate. The tubing was placed at the bottom of the bottle and

the bottle overfilled with leachate for 30 seconds. Bottles were capped with minimal

headspace.

Before being spiked with FAM, leachate was drawn through a SPE cartridge to remove

naturally occurring fatty acids that would distort the concentration and isotopic signature of

the spiked compounds (Oman and Hynning 1993; Benfenati et al. 1996). The extracted

leachate was poisoned with sodium azide (5 g) (Clark and Fritz 1997; Zheng et al. 2002).

4.2.3.2 Analytical methods

Multiple experiments were undertaken to assess the suitability of SPE as a method to extract

artificial fatty acids from natural water samples prior to CSIA.

Material, glassware and SPE cartridges used in this experiment were identical to those used in

Section 4.2.2.2.

NWS (250 mL) were spiked with FAS (5 mL, 50 ug each of 16:0, 19:0 and 22:0), equilibrated

(ten minutes), and extracted using Strata-X cartridges and methods as described in Section

2.3.2. Fatty acids were eluted from the SPE cartridge with methanol (three 4 mL aliquots) at

a rate of I mL/min. Solvent was removed on a rotary evaporator (40 DC, 120 mbar) and fatty

acids were derivatised using BF)/methanol (see Section 2.5.1.1). All NWS were prepared in

triplicate. FAMEs were analysed using methods described in Section 4.2.2.2.

4.2.3.3 Results ofisolation efficiency experiments

The efficiency with which Strata-X cartridges extracted fatty acids from four different water

samples is summarised in Figure 4-6 and the full data is shown in Appendix D.4. The

efficiency of isolation is reported as a percent (%) relative to the amount of each fatty acid

extracted via LLE using dichloromethane.

Figure 4-6 shows SPE to extract significantly more 19:0 and 22:0 from potable water, river

water and leachate (130 % to 210 %) than LLE. The amount of19:0 extracted from sea water

(137 %) was similar to other NWS but significantly less 22:0 was extracted from seawater (48
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%). The amount of 16:0 extracted from NWS was equal to or less than the amount of

compound extracted via LLE. Slightly more 16:0 was extracted from potable water using SPE

(123 %) but slightly less 16:0 was extracted from the other three NWS (50 % to 80 %). The

reproducibility for all extractions was acceptable (Io = 10).
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Figure 4-6 Efficiency with which 16:0 (black), 19:0 (red) and 22:0 (green) were extracted
from natural water samples using Strata-X cartridges relative to LLE. Error bars = 1 (f

for samples prepared in triplicate.

In addition to the standard fatty acids, SPE of NWS extracted up to 14 other orgamc

compounds. The presence of other organic compounds was understandable for river water

and sea water samples but unexpected for leachate since crude leachate had been drawn

through a SPE cartridge prior to spiking with the FAS.

Overall , 19:0 and 22:0 were extracted from natural waters with efficiency equal to or greater

than LLE (except 22:0 extracted from seawater). The isolation of 16:0 from sea water and

leachate was poor.

4.2.3.4 Discussion ofisolation efficiency experiments

The efficiency with which fatty acids were extracted from NWS was highly variable. SPE was

more efficient than LLE at isolating large fatty acids (19:0 and 22:0) but the isolation of 16:0

was incons istent.
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Many different physical and chemical processes could have caused the poor isolation of fatty

acids. One hypothesis is that poor extraction resulted from a decrease in fatty acid solubility

as the ionic strength of a sample increased. The addition of salt to water promotes the

precipitation of non-polar organic compounds and improves the efficiency with which they

are extracted (Leggett et al. 1990; Hodgeson et al. 1994). If this occurred in samples, a

gradual trend of decreasing isolation efficiency with salinity and increasing chain length

would be expected. This hypothetical relationship was investigated using statistical tests

(Data presented in Appendix 0.5) but they revealed there to be no relationship between

conductivity and the efficiency with which fatty acids were extracted from water.

A second possible explanation for the poor isolation of fatty acids from NWS is that a high

organic load within the samples overloaded the SPE cartridges. This theory is also unlikely

because SPE cartridges loaded without blocking, and the samples with the highest organic

load (leachate) were pro-extracted to remove resident organic compounds (particulate and

dissolved). A few organic compounds other than the introduced fatty acids were eluted from

the SPE cartridges but the total quantity of compounds extracted by SPE was small (1-2 mg).

The Strata-X cartridges used in these experiments are capable of isolating up to 75 mg of

organic compound (Phenomenex 2003), significantly more than was loaded during these

experiments. Therefore, it is unlikely the poor isolation of fatty acids was caused by

overloading the SPE cartridge with large quantities of organic material.

A third and more probable explanation for the poor isolation of fatty acids from NWS is that

fatty acids were degraded by microbes in the water. Although samples were poisoned with

sodium azide, it is possible this treatment failed to kill all microbes (Lee et al. 1992).

Microbes are known to utilise fatty acids as an energy source (Fritsche and Hofrichter 2000),

therefore it is possible standard fatty acids were consumed by microbes in the NWS.

Microbial degradation could also explain the presence of other organic compounds in the

post-extracted leachate samples.

4.2.3.5 Results ofisotope fractionation experiments

Fatty acids were spiked into a variety of NWS and extracted using Strata-X cartridges. To

validate this method for CSIA, a GC-IRMS was used to determine the 00 and 0 l3 C

composition of fatty acids before and after SPE isolation. These values were used to calculate

the extent to which fatty acids fractionated during SPE isolation. Data from these

experiments are summarised in Figure 4-7 with the complete data set shown in Appendix 0.6.
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Figure 4-7 shows the extent to which standard fatty acids fractionated when extracted from

NWS using Strata-X cartridges. 16:0 and 19:0 were extracted from all NWS with minimal 13C

fractionat ion. The 13C composition of 22 :0 was enriched by 0.8%0 to 1.8%0 during SPE but

these compounds underwent minimal D enrichment « 1%0). 16:0 extracted from all NWS,

except potable water, was enriched in D (l o >5%0) while the oD composition of 19:0

remained unchanged within analytical uncertainty (l o of fractionation = 2.2%0). The NWSs

that returned the least isotopic fractionation for all fatty acids were potable water and landfill

leachate. Even though slight D fractionat ion was observed for most fatty acids, the

uncertainties of these measurements were within the precision of the GC-IRMS. Likewise,

013C values for 16:0 and 19:0 were within one standard deviation of the 013C instrumental

precision. The 13C composition of 22:0 fractionated more than two standard deviations (95 %

confidence) beyond the GC-IRMS precision, therefore this fractionation was significant.
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Figure 4-7 D and I3C fractionation of artificial 16:0 ( • ), 19:0 ( T ) and 22:0 ( • ) when
extracted from NWS using Strata-X cartridges. Black symbols = potable water; red
symbols = river water; blue symbols = sea water; and green symbols = landfillleachate.
The shaded area indicates the instrumental precision of the GC -IRMS. Error bars = 10'
for samples prepared in triplicate.

The isotopic composition of 22:0 extracted from seawater is not shown in Figure 4-7 because

the concentration of this compound in the extracted sample was below the GC-IRMS

detection limit.
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The extent of D and IJ C fractionation was different for each compound but similar for each

compound extracted from different water samples. In general, 16:0 was enriched in D (5%0)

but not in IJ C, 19:0 shows no enrichment of D or l3 C, and 22:0 was not enriched in D but

enriched in IJ C (10 = 1.3%0).

4.2.3.6 Statistical investigations

Table 4-4 presents the linear regression and ANOVA data for the relationship between

isolation efficiency and isotope fractionation when fatty acids were extracted from NWS

using Strata-X cartridges. While the regression analyses shows some statistical correlations,

especially between the isolation efficiency and the carbon isotope value for 19:0 and 22:0

(R2
= 0.61 and 0.78 respectively), correlations are poorly supported by F-tests or P-values. All

the correlations described in Table 4-4 are minor. This indicates that while extraction

efficiency did affect the isotopic composition of the fatty acids as they were extracted from

NWS, this effect was minor compared to other process that were occurring in each sample.

Table 4-4 Statistical summary for the relationship between fatty acid extraction
efficiency and stable isotope fractionation of spike natural water samples.

Element Compound R2 F-test Significance P-value P-value
F-test Intercept Variable

Carbon 16:0 0.085 0.185 0.709 8.74IE-OI 7.088E-01
19:0 0.613 3.172 0.217 2o280E-OI 2.169E-OI
22:0 0.784 7.270 0.114 5.695E-OI 1.144E-0l

Hydrogen 16:0 0.545 2.393 0.262 l.302E-OI 2.620E-OI
19:0 0.548 2.425 0.260 3.325E-OI 2.597E-OI
22:0 0.018 0.038 0.864 9.570E-OI 8.64IE-OI

4.2.3.7 Discussion ofisotope fractionation experiments

During these experiments, 19:0 was extracted from all NWS with minor isotope fractionation.

16:0 suffered no IJ C fractionation but was slightly enriched in D. 22:0 underwent negligible D

fractionation but 22:0 extracted from all water samples were significantly enriched in IJ C.

The statistical tests above indicate the efficiency with which fatty acids were extracted from

NWS did have a minor affect on the resulting isotopic composition of the fatty acid but these

relationships do not explain most of the variation.
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One explanation for the D enrichment of 16:0, IlC enrichment of 22:0, and the associated

'poor compound isolation' is microbial degradation. Mancini et al. (2002) studied aerobic

microbial degradation of benzene and found the non-degraded benzene to be enriched in D

and IlC by 50%0 and 2%0, respectively. Significant lJC enrichment has been observed during

microbial degradation of vinyl chloride, dicholorethene, trichloroethene and tetrachloroethene

(Hirschorn et al. 2004; Chartrand et al. 2005a; Chartrand et al. 2005b), and both D and lJC

enrichment of methyl-tert-butyl ether when degraded by microorganisms (Kuder et al. 2005;

Zwank et al. 2005). Sun et al. (2005) measured the D and IlC enrichment of n-alkanes during

microbial degradation and found each n-alkane to follow a different degradation trend during

light-moderate degradation. The previous studies indicate hydrogen and carbon enrichment

occurs during microbial degradation but the extent of enrichment varies significantly with

compound and element.

Although there is no published data for the fractionation of fatty acids during microbial

degradation, an understanding of fatty acid degradation can be used to predict what

fractionation may occur. The first step in the microbial degradation process involves uptake

of the compounds into the microbe (Figure 1-4) (Banchio and Gramajo 1997). The specific

mechanism of this process is still under debate (Hamilton et al. 2002; Stelzer et al. 2006) but

preferentially occur for either the light or heavy isotope, changing the composition of residual

compounds. Once inside the cell, oxidative processes rapidly metabolise the compounds and

utilise the resulting energy (Fritsche and Hofrichter 2000).

Banchio and Gramajo (1997) characterised the uptake of two fatty acids by the Gram-positive

bacteria Streptomyces coelicolor. They found each fatty acid to be uptaken via different

mechanisms. Uptake of the short fatty acid (8:0) was rapid, simple, and remained constant

when environmental conditions were altered. This uptake was diffusion-like. Uptake of the

longer fatty acid (18:0) indicated 2 or more components in the transport system, with different

uptake mechanisms dominating when environmental conditions were altered. Storch et al.

(1991) believe the dominant method for 18:0 uptake involves a carrier protein located in the

cell wall of the microbe but other authors think the movement of free fatty acids into cells is

controlled by flip-flop translocation (Hamilton et al. 2002). Hamilton et al. (2002) presents

rate data for the microbial uptake of many different fatty acids, with the tl/2 for uptake of 16:0

being 10 ms and the tl/2 for 22:0 being I second. The rate of uptake is controlled by the

diffusion of the fatty acid to the cell surface, movement within the lipid bi-layer, and

desorption into the cell. As a result, the rate and mechanism for fatty acids of different chain
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length could induce a characteristic isotope fractionation on atoms involved in the slowest

step of the uptake process.

Even though much is stil1 unknown about fatty acid uptake by microbes, it is possible

microbes have a significant preference for fatty acids with even-length carbon chains. This

idea is supported with rate data published by Hamilton et of. (2002) where the rate of 16:0

uptake (10 ms) and 18:0 uptake (10 ms) were 35 times quicker than the rate of 17:0 uptake

(350 ms). In addition to the slower uptake rates for fatty acids with odd-length carbon chains,

if inter-cellular protein receptor sites control molecular assimilation, it is possible odd length

carbon chains (e.g. 19:0) are incompatible. This hypothesis is supported by 19:0 being

extracted from NWS with high and consistent efficiency (158 ± 20 %) and with minor D or

IJ C enrichment. 19:0 may have escaped microbial degradation due to a slower rate of

microbial degradation, that is, an incompatible 'fit' at protein receptor sites.

This theory could be further tested by growing a culture of microbes on a mixture of fatty

acids (e.g. 16:0, 17:0, 18:0, 19:0 and 20:0) as primary carbon sources. During growth, fatty

acids could be extracted and analysed to determine which acids are metabolised and to what

extent do fatty acids fractionate. This experiment could also help to further understand the

microbial mechanism used to assimilate organic compounds.

Therefore, the D and I'c enrichment observed in these experiments IS consistent with

microbial degradation rather than SPE isolation. To further test this theory, these experiments

could be repeated with mercuric chloride as the poisoning agent (Lee et of. 1992). Limited

access to the GC-IRMS meant the furthering of this experiment was not possible but it could

be repeated with adequate funding.

4.2.4 Comparison of SPE and LLE

The final experiment used to assess the suitability of SPE for the isolation of fatty acids prior

to CSIA was to conduct a comparison between SPE and LLE. This comparative test was

undertaken on IL samples oflandfil1leachate.

4.2.4.1 Analytical methods

Material and glassware used to extract fatty acids have been described in Section 2.2.2.
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Landfill leachate was collected from MW -SA at GILF (Figure 2-2). Samples were collected

in I L Teflon® bottles (see Section 4.2.3.1) and filtered through ashed GF/F paper (450 DC for

S hours) to remove humic and fulvic acids. Blank samples were also prepared by filling two

I L Teflon® bottles with MiIli-Q. Sample blanks were opened in the field and prepared using

identical methods to leachate samples.

For SPE isolation: Filtered samples (Ieachate and blank samples) were drawn through pre

conditioned Strata-X (500 mg! 6 mL) cartridges at a rate of 10 mLlmin. Sample was

transferred from the bottle to the SPE cartridge by a Teflon® siphoning system (Section

2.3.2.2). Fatty acids were eluted from each SPE cartridge with methanol (four 5 mL aliquots),

decanted into a round bottom flask and reduced to 2 mL on a rotary evaporator (40 DC, 150

mbar). The 2 mL extracts were transferred to Kimax® tubes where the remaining solvent was

removed under a gentle stream of nitrogen (40 DC).

For liquid-liquid isolation: Filtered samples (Ieachate and blank samples) were introduced to a

large separating funnel (ashed and solvent rinsed) and fatty acids were extracted using

dichloromethane (three 30 mL aliquots) (de Groot 2004) by shaking (2 minutes). Organic

extracts were combined, dried with sodium sulphate (2.5 g) and reduced to 2 mL on a rotary

evaporator (40 DC, 350 mbar). The 2 mL extracts were transferred to Kimax® tubes where the

remaining solvent was removed under a gentle stream of nitrogen (40 DC).

All samples underwent derivatisation using BF3/methanol as described previously (Section

2.5.1.1). A standard mixture of fatty acids was also derivatised to calculate the oD and Ol3C

composition of the methanol added during derivatisation.

Compounds extracted during these experiments were identified and quantified using a GC

MS in El mode (Section 2.6.3). oD and Ol3C values were measured using a GC-IRMS

(Section 2.6.4) however the concentrations of compounds were below the detection limit for

DD analysis.

4.2.4.2 Results

The concentration of each fatty acid in the Ieachate is shown in Table 4-5 and a full list of

compounds extracted in these experiment and their concentrations are shown in Appendix

D.7.
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Table 4-5 Amount and 8BC of fatty acids extracted from leachate using SPE and LLE.
The analytical precision for quantification was 20 % and the analytical precision for
8BC analysis was 0.3%0, n.d, = not detected.

Compound
Concentration

8BC (%0) vs VPDB Difference
(llglL)

SPE LLE SPE la LLE la 8BC (%0) la

12:0 0.30 0.19 n.d. n.d.

14:0 0.33 0.34 n.d. n.d.

16:0 1.97 1.55 -30.4 0.1 -29.5 0.2 0.9 0.4

18:0 2.70 0.81 -24.5 0.4 -25.4 0.3 0.9 0.7

18:1 0.85 1.34 -26.2 0.9 -30.2 1.0 3.9 1.8

SPE isolated larger amounts of 12:0, 16:0 and 18:0 than LLE but LLE isolated more 18:1.

However, the difference in the amount of compound extracted by either method was only

significant (>3a) for 18:0. Blank samples extracted by SPE and LLE were free of all fatty

acids (see Appendix D.6).

The 8llC compositions of 16:0, 18:0 and 18:1 prepared by either method were within three

standard deviations (99.5 % confidence). The concentrations of 12:0 and 14:0 were below the

detection limit of the GC-IRMS system.

Other organic compounds extracted from leachate included phosphates, phthalates and cyclic

carboxylic acids (benzoic acids and juvabiones). These and other organic compounds

extracted from leachate are investigated further in Chapter 5.

4.2.4.3 Discussion

SPE and LLE are shown to extract similar quantities of fatty acids from landfill leachate. The

only significant difference in isolation ability was observed for 18:0, with SPE isolating

approximately three times the quantity of compound.

Three of the five fatty acids extracted from leachate were at high enough concentrations to

determine their 8llC composition. All 8llC compositions for fatty acids extracted by SPE

were within three standard deviations of compounds extracted by LLE. The fractionation

between 16:0 and 18:0 extracted using either method was less than 1%0 which is good

considering the low concentration of fatty acids in the sample. The concentration of 18:1 was

very low, returning an area of only 0.7 Vs on the GC-1RMS. The small sample area reduced
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the precision of the analysis, and explains the large standard deviation observed for this

compound.

Some of the fatty acids extracted using SPE were enriched in IJ C (18:0) compared to LLE

isolation, and other fatty acids were depleted in IJC (16:0,18:1). This indicated SPE does not

systematically fractionate fatty acids.

Overall, three of the five fatty acids extracted from leachate by SPE and LLE had D13C

compositions within experimental precision for either isolation method. The other two fatty

acids (12:0 and 14:0) had concentrations below the detection limit of the GC-IRMS.
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4.3 Summary

The purpose of these experiments was to test and validate a SPE method for the isolation of

fatty acids from water in preparation for CSIA. For the method to be approved it needed to

efficiently extract organic compounds from water, efficiently elute extracted compounds from

the SPE cartridge with an organic solvent, extract and elute organic compounds without, or

with highly reproducible isotopic fractionation, and to suffer no contamination from

laboratory processes.

The performance of the SPE method can be summarised as follows:

• All standard fatty acids were successfully extracted from Milli-Q using all SPE

cartridges.

• 16:0 was completely eluted from the Strata-X cartridge with 6 mL of methanol,

19:0 with 9 mL methanol, and complete elution of 22:0 is forecast to require 20

mL of methanol.

• 19:0 was efficiently extracted from all natural waters, 22:0 was efficiently

extracted from most natural waters and 16:0 was adequately extracted from all

waters except leachate. However, poor compound isolation is consistent with

microbial degradation rather than poor SPE performance.

• 16:0 and 19:0 were extracted from Milli-Q and NWS with negligible D and l3C

fractionation (less than la beyond instrumental precision). 22:0 fractionation is

attributed to microbial degradation.

• Incomplete elution of fatty acids from Strata-X cartridges can result in isotope

fractionation but this effect is minimal.

• Blank samples were prepared without contamination by fatty acids.

• SPE and LLE extracted similar quantities of fatty acids from leachate, and fatty

acids extracted by either method had equivalent 8 l3C compositions.

Reverse-phase SPE using Strata-X cartridges has been proven a suitable method for the

isolation and concentration of fatty acids from water prior to CSIA. Minor fractionation was

observed for fatty acids when extracted from NWS but this was attributed to microbial

degradation. If microbial degradation was the cause, real samples can be extracted and

analysed without concern because fatty acids in environmental systems will already be in a

degradative equilibrium.



131

4.3.1 Recommended SPE procedure

The following method is recommended for the isolation of fatty acids from water and waste

water in preparation for CSIA.

1) Collect sample (1 L) with minimal exposure to air (larger samples may be required for

low concentration fatty acids).

2) Filter sample through pre combusted GF/F to remove humic and fulvic acids (may not

be necessary for clean water samples).

3) Precondition Strata-X SPE cartridges (500 mg/6 mL) with methanol (5 mL) and

distilled water (5 mL). Do not allow adsorbent to dry.

4) Load sample via reservoir or siphon tube at a rate of 10 mL/minute.

5) Dry cartridge by increasing the vacuum in the extraction manifold (5 minutes).

6) Elute fatty acids with methanol (four 5 mL aliquots).

7) Combine elutions and concentrate to ea. 2 mL on rotary evaporator (40 QC, 120 mbar).

8) Transfer final 2 mL of sample to Kimax® tube and remove the remaining solvent

under a gentle stream of nitrogen (40 QC).

9) Derivatise fatty acids to their methyl esters with 5 % BF3/methanol (0.5-1 mL). Cap

tightly and react (70 QC, 20 minutes).

10) Cool sample and add distilled water (1 mL) and hexane:dichloromethane (4:1, I mL).

Mix (1 minute) and allow layers to separate. Remove upper organic layer and repeat

extraction with another portion of solvent (1 mL).

11) Combine extracts in GC vial and remove solvent under a gentle stream of nitrogen (40

QC). Once dry, redissolve sample in dichloromethane (150 ul.) and transfer to GC vial

insert. Cap and store at 4 QC until analysed.

Please note: It is important to eo-methylate a fatty acid of known isotopic composition. This

compound is used to calculate the isotopic composition of the BF3/methanol reagent and to

allow for the addition of isotopically similar methanol to each derivatised fatty acid. The

calculation is undertaken using mass balance equations as described in Section 2.5.1.2.
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Chapter 5

Compound specific isotopic fingerprint of landfillleachate

5.1 Background

As water percolates through a landfill, waste material is transported and transformed at the

molecular level. As a result, the solid waste equilibrates with the leachate until the molecular

signature of the leachate reflects the waste material from which it leached.

As leachate diffuses from the waste environment certain characteristics of its physical nature

will remain constant, whilst others will equilibrate with or be altered by the new environment.

Characteristics which remain unchanged are deemed conservative and can be used to

positively detect leachate beyond the boundary of a landfill (e.g. chloride ions, ammonium

ions, PAHs). A list of these parameters is given in Appendix A.

One trace analyte commonly used as an indicator of leachate is chloride ions The

concentration of chloride ions is reasonable conservative and they are typically found at high

concentrations in leachate (150-450 mg/L). In many cases this approach is acceptable but

ambiguity arises if there are multiple potential sources of the indictor species. For example,

many New Zealand landfills (including GILF) are built on estuarine areas. The tidal nature of

these areas leads to a naturally high concentration of chloride ions (up to 18000 mg/L) which

swamps any detectable contribution from leachate. This means chloride ion analysis is not a

suitable analytical method to identify leachate infiltration to ground water at estuarine

landfills.
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More recently, SIA has been investigated as a tool to overcome this problem. SIA has the

potential to distinguish a single compound with multiple sources. This is because the isotopic

composition of a compound is a function of its source and reaction processes. Therefore, SIA

can potentially distinguish a single compound with two or more potential origins (Dempster et

al. 1997; Coffin et al. 2001). Work recently undertaken by North (2006) (described in

Section 1.6.2) used common chemical species (such as water, nitrate, ammonia and DIC) with

distinct isotopic compositions to identify the infiltration of landfill leachate into the natural

environment. While these techniques had limitations, the potential for identifying different

sources of a common compound was evident.

Therefore, this chapter assesses the isotopic variability of organic compounds in leachate

collected from a series of landfills and leachate wells to determine if leachate has a

conservative isotopic fingerprint. It also assesses the o1JC conservative nature of organic

compounds detected beyond the boundary of a landfill. The term 'conservative' is used to

describe the isotopic composition of a compound which does not change more than the

precision of the analysis. For example, these two samples of naphthalene (-25.0 ± 0.5%0 and

26.5 ± 0.3%0) can be termed 'conservative' because their isotope compositions are within two

standard deviations (95 % assurity) of each other, that is, the difference between these

samples is 1.5%0 whereas the sum of the Zo values is 1.6%0 (1.0 + 0.6%0). Therefore, these

two naphthalene samples are indistinguishable at the 95% confidence level. It is important to

note the standard precision for o1JC analysis was 0.3%0 giving a 2a precision for two

compounds of 1.2%0. Consequently, compounds with O1JC values within 1.2%0 can not be

differentiated.
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5.2 Experimental methods

Leachate, surface water and ground water samples were collected in Teflon® bottles as

described in Section 2.2.3. In brief, GILF leachate samples were collected from PSs and

MWs using a submersible pump and Teflon® tubing. MWs were twice pumped dry and

allowed to recharge before a sample was collected. Leachate was collected from NS2 using

the method described for collection of sample from PSs. SS4 (river sample) was collected by

submerging a bottle below the water surface, and LFA samples were collected directly from

the leachate collection system by laboratory technicians. Once collected LFA samples were

packed in ice and couriered to Dunedin. Organic compounds were extracted from leachate

within three days of sampling and extracts were analysed with six weeks of sample extraction.

Three sampling locations, PS4 (GILF), NS2 (NSLF) and Landfill A (LFA) were used to

collect leachate samples for the analysis of both non-polar and polar compounds. Three

further leachate samples were collected from GILF for non-polar analysis (PS I, PS6 and

PS8), and three different leachate samples were collected for the analysis of polar compounds

(MWIA, MW2A and MW8A). Multiple sample locations were used in an attempt to collect

leachate from cells of different age.

Glassware and apparatus used to extract samples are described in Section 2.2.4.

Two classes of organic compounds were extracted from leachate and analysed to determine

the oD and Ol3C composition of each compound. Non-polar semi-volatile compounds were

extracted using the method developed in Chapter 3 (ENV+ cartridges). This method is

described in Section 3.5.1. Polar compounds were extracted from leachate using the method

developed in Chapter 4. This method is summarised in Section 4.3.1 (Strata-X cartridges).

Compounds were identified using a GC-MS equipped with a BP-225 or DB-wax GC column

as described in Section 2.7.2. The GC setup and analytical parameters are described in

Section 2.7.3. The oD and Ol3C compositions of each compound in the concentrated extracts

were determined using a GC-IRMS. The analytical setup and methods are described in

Section 2.7.4. All compounds were drift corrected then standardised against laboratory

standards of similar molecular structure. Unfortunately, the concentrations of most

compounds were below the detection limits of oD analysis.
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5.3 Isotopic variability oforganic compounds in leachate

5.3.1 Semi-volatile non-polar compounds

Semi-volatile non-polar orgamc compounds were extracted from leachate collected at

multiple landfills and locations around the landfill. Leachate was collected from four PSs at

GlLF (PSI, PS4, PS6 and PS8), the leachate system at NSLF (NS2) and the leachate system

at LFA. Samples were analysed to determine the identity and SIlC composition of each

compound.

The physical properties of each leachate are shown in Table 5-1. The range in pH values

(6.7-7.6) indicate that these samples represent leachate that has percolated from landfill waste

at different stages of degradation. PS6 and PS8 had a similar pH (6.7 ± 0.1), and PS4 and

NS2 had similar pH (7.2 ± 0.1). This does not necessarily mean these samples are the same,

only that their pH values are similar.

Table 5-1 Ancillary data for leachate collected for the analysis of semi-volatile organic
compounds, n.d. = not determined.

Date

30104/2007
15105/2007
10109/2007
29/09/2007
29/09/2007

29/09/2007

Landfill

NSLF
GILF
LFA
GILF
GILF
GlLF

Location

NS2
PS4
Combined Leachate
PSI
PS6
PS8

Temperature
("C)
11.3

13.9
n.d.
12

12.8
12

pH

7.2
7.2
7.0
7.6
6.7
6.7

Conductivity
(mY)
-183.5
-194.7

n.d.
n.d.
n.d.
n.d.

The isotopic composition of compounds extracted from the six leachate samples are presented

in Appendix E.I (data for PS4 are presented in Appendix C.9) and the GC-MS identification

data are presented in Appendix E.2. Compounds identified by GC-MS, and at high enough

concentrations to have their SIlC composition determined are summarised in Table 5-2.
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Table 5-2 OBC composition of semi-volatile compounds extracted from multiple leachate samples. Compounds were identified using a GC-
MS and OBC values were determined using a GC-IRMS. la = one standard deviation of samples analysed in duplicate, n.d. = not determined.

PSI PS4 PS6 PS8 NS2 LFA

Compound
OBC OBC OBC OBC OBC OBC

(%0) vs la (%0) vs la (%0) vs la (%0) vs la (%0) vs la (%0) vs la
VPDB VPDB VPDB VPDB VPDB VPDB

Terpinen-4-o1 -23.8 0.4 n.d. -20.3 0.3 -20.0 0.7 n.d. -30.1 0.1

Norinone -24.6 0.1 n.d. n.d. n.d. n.d. -28.1 0.0
1,2-Propanediamine,2-methyl- n.d. n.d. n.d. n.d. n.d. -32.1 0.1
1,4-Benzenedimethanol, tetramcthyl- -29.6 1.0 n.d. n.d. n.d. n.d. n.d.
1,8-Terpin -30.0 0.3 n.d. n.d. n.d. n.d. n.d.
2-Norpinanone,3,6,6-trimethyl- -27.4 0.5 n.d. n.d. n.d. n.d. -30.6 0.2
4(1H)-Pyrimidinone, 6-methyl-2-(l-

n.d. n.d. -24.3 0.0 n.d. n.d. n.d.
methylcthyl)-
Acetophenone n.d. n.d. n.d. n.d. n.d. -31.5 0.2

Benzaldehyde, 4-methyl- n.d. n.d. n.d. -26.7 0.1 n.d. n.d.
Benzene, (I,2-dimethoxyethyl)- n.d. n.d. n.d. n.d. n.d. -25.5 0.1
Benzene, 1,2,3,5-tetramethyl- n.d. n.d. n.d. -26.6 0.3 n.d. n.d.
Benzene, 1,3,5-trimethyl- n.d. n.d. n.d. n.d. n.d. -31.4 0.2

Benzene, I-methyl-3-(I-methylethyl)- n.d. n.d. n.d. n.d. n.d. -30.7 0.0
Benzene, ethyl- n.d. n.d. n.d. n.d. n.d. -26.2 0.2

Benzenebutanoic acid, 2,5-dimethyl- n.d. n.d. n.d. n.d. n.d. -32.4 1.4
Benzenesulfonamide, N-ethyl-2-methyl- n.d. -36.3 0.8 n.d. n.d. n.d. n.d.
Benzenesulfonamide, N-ethyl-4-methyl n.d. -19.3 0.9 n.d. n.d. n.d. n.d.
Benzoic acid, 4-(1-methylethyl)- n.d. n.d. n.d. n.d. n.d. -25.0 0.9
Benzoic acid, p-tert-butyl- n.d. n.d. n.d. n.d. n.d. -27.0 0.4

Continues on next page
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PSI PS4 PS6 PS8 NS2 LFA

Compound
Ol3C ol3C ol3C ol3C 013C Ol3C

(%0) vs 10" (%0) vs 10" (%0) vs 10" (%0) vs 10" (%0) vs 10" (%0) vs 10"
VPOB VPOB VPOB VPOB VPOB VPOB

Benzophenone n.d. n.d. n.d. n.d. n.d. -27.8 0.3

Camphor -29.0 0.2 n.d. n.d. n.d. n.d. -29.2 0.2
Cyclohexanemethanol, 4-trimethyl- n.d. n.d. n.d. n.d. n.d. -29.7 0.7
Cyclohexanone, 2-ethyl-2-propyl- n.d. n.d. n.d. n.d. n.d. -30.6 0.5
Cyclohexanone,3,3,5-trimethyl- n.d. n.d. n.d. n.d. n.d. -26.1 0.4
Cyclohexanone, 4-methylidene- n.d. n.d. n.d. n.d. n.d. -29.1 0.2
Cyclohexanone, 5-methyl-2-(l-

n.d. n.d. n.d. n.d. n.d. -27.4 0.9
methylethyl)-
Cyclohexanone,5-methyl-2-(l-

n.d. n.d. n.d. n.d. n.d. -30.7 0.7methylethyl)-
Diethyltoluamide -26.0 0.8 n.d. n.d. n.d. n.d. -27.4 0.5
Eucalyptol n.d. n.d. n.d. n.d. n.d. -29.6 0.2
exo-2-Hydroxycineole n.d. n.d. n.d. n.d. n.d. -26.7 1.0
Fenehone n.d. n.d. n.d. n.d. n.d. -28.5 0.1
Furan, 2,3,5-trimethyl- n.d. n.d. n.d. n.d. n.d. -27.3 0.1
Heptanoic acid, 3,3-dimethyl- n.d. n.d. -22.7 0.8 -20.7 1.8 n.d. -25.5 0.2
Juvabione n.d. -30.3 0.2 n.d. n.d. n.d. n.d.

Morpholine, 4-methylethyl- -27.8 0.4 n.d. n.d. -27.6 1.5 n.d. n.d.

Naphthalene -23.8 0.4 -34.9 0.3 -24.1 0.0 -24.9 0.3 -30.0 0.2 n.d.

Octanoic acid n.d. n.d. n.d. n.d. n.d. -31.8 0.1
p-(Methylthio)benzyl alcohol -26.5 0.3 n.d. n.d. -26.1 0.2 n.d. n.d.
Pentaerythritol bisformal -38.0 0.2 n.d. -32.6 0.7 -33.8 0.9 n.d. n.d.

Continues on next page
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Table 5-2 continues

PSI PS4 PS6 PS8 NS2 LFA

Compound Ol3C ol3C ol3C ol3C ol3C ol3C
(%0) vs la (%0) vs la (%0) vs la (%0) vs la (%0) vs la (%0) vs la
VPDB VPDB VPDB VPDB VPDB VPDB

Pentanoic acid, 2,2,4,4-tetramethyl- n.d. n.d. -22.9 0.7 -23.9 0.0 n.d. n.d.
Pentanoic acid, 2-methylethyl-4-methyl-

n.d. n.d. n.d. n.d. n.d. -28.4 0.2
, methyl ester
Phenol n.d. n.d. n.d. n.d. n.d. -27.3 0.3
Phenol, 2-methyl- n.d. n.d. n.d. n.d. n.d. -30.3 0.2
Phenol,4-(I-methylethyl)- n.d. n.d. n.d. n.d. n.d. -20.9 0.9
Phenol, m-tert-butyl- n.d. n.d. n.d. -26.5 0.2 n.d. n.d.
Phenol, p-tert-butyl- n.d. n.d. -26.6 0.6 -24.5 0.8 n.d. -32.4 0.3
Phosphate (3:1), 2-propanol, l-chloro- n.d. n.d. -23.3 1.0 -24.7 0.8 n.d. n.d.
Phosphate, tributyl- -27.6 1.2 -29.1 0.5 -25.8 0.2 -25.6 0.8 n.d. n.d.
Phosphate, triethyl- -29.2 0.5 -16.5 0.4 -29.0 0.3 -29.1 0.1 n.d. n.d.
Phthalate, dibutyl- n.d. -29.7 0.1 n.d. n.d. n.d. n.d.
Phthalate, diethyl- n.d. -27.2 0.8 n.d. n.d. n.d. n.d.

Phthalate, hexylisobutyl- n.d. n.d. n.d. n.d. -27.5 0.1 n.d.
Phthalate, isobutylpentyl- n.d. n.d. n.d. n.d. -28.5 0.1 n.d.
p-~enth-I-en-8-o1 -27.4 0.9 n.d. n.d. n.d. n.d. -28.6 0.1
Propauenitrile, 2,2'-azobis[2-methyl- n.d. n.d. n.d. n.d. n.d. -30.5 0.7
p-Xylene n.d. n.d. n.d. n.d. n.d. -26.5 0.2
Pyridine, 2-ethyl- n.d. n.d. n.d. n.d. n.d. -28.7 0.2
Terbuthylazine -26.8 0.2 n.d. n.d. -28.2 0.7 n.d. n.d.
Thymol -26.5 0.3 n.d. n.d. n.d. n.d. n.d.
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Table 5-2 indicates the molecular composition of semi-volatile compounds extracted from

leachate varied significantly from sample to sample. Sixty compounds were identified in

leachate collected from six separate samples at three landfills but no single compound was

detected in all samples. The most common compounds were naphthalene (five of six),

terpinen-4-ol (four of six), triethyl phosphate (four of six) and tributyl phosphate (four of six)

(structures shown in Appendix G).

Leachate collected from NSLF contained very few compounds (three compounds above GC

IRMS detection limit). NSLF has been closed for nearly 30 years therefore this landfill is

mature, thus explaining the low concentrations of dissolved organic compounds (see Figure 1

3). Other compounds were detected in leachate from NSLF (Appendix B.2) but their

concentrations were below the detection limit of the GC-IRMS.

Leachate collected from LFA contained the greatest variety of organic compound (Appendix

B.2). This is probably due to the modern leachate collection system (minimal exposure of

leachate to air or ground water) and that the leachate analysed was a combination of leachate

collected from active and closed waste cells «15 years). Terpenes (camphor, norinone and p

menth-l-en-Seol) and 2-methylphenol were found in the highest concentrations.

The four leachate samples collected from different sampling wells at GILF had different

molecular compositions. Only naphthalene, triethyl phosphate and tributyl phosphate were

identified in leachate collected from all PSs. Leachate collected from PS6 and PS8 had a

similar molecular composition to match their similar pH values (Table 5-1). PS4 leachate

contained 'residual' organic compounds such as phthalates. Phthalates are not degraded

under aerobic conditions (Jonsson et al. 2003b) and their rate of transport through landfills is

slow (Oman and Rosqvist 1999). Phthalates were also observed in NS2 leachate. PS I

contained similar compounds to PS6 and PS8 (terbuthylazine, pentaerythritol bisformal, p

(methylthio)benzyl alcohol and 4-methylethyl-morpholine), and LFA (terpenes). This

suggests PS1 is a mixture ofleachate from both old and recent waste deposition.

The olJC composition of semi-volatile compounds extracted from the six leachates were all

between -38.0%0 and -16.5%0. The area weighted (mass balance, see Section 2.8) average

olJC composition for semi-volatile compounds extracted from each landfill is shown in Table

5-3. This data indicates the average olJC composition of semi-volatile compounds in leachate

was reasonably consistent (-27.9 ± 2.3%0 (10)) and indicative of compounds sourced or
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synthesised from higher plants. However, the variability of individual compounds within

each sample was large (10 of up to 6.9%0).

Table 5-3 Average area-weighted o13e composition of semi-volatile compounds extracted
from different leachate samples.

Leachate

PSI
PS4
PS6
PS8
NS2
LFA

Average 013e (%.)
vsVPDB

-30.2
-30.0
-24.5
-25.6
-28.6
-28.4

10"

3.3
6.9
3.6
3.3
1.3
2.5

n

16
8

10
15
3

36

The oJJe compositions of compounds extracted from multiple leachates were compared to

determine whether the composition of each compound was conservative or variable. Table 5

4 shows the average Ol3e composition of each compound which was extracted from two or

more leachates. Some compounds extracted from multiple leachates had a conservative

isotopic composition (10 = 0.2%0) while other compounds displayed significant variation

between samples (10 = 6.3%0).

For samples collected from GILF, conservative isotopic compositions were observed for 4

methylethylmorpholine (10 = 0.2%.) and p-(methylthio)benzyl alcohol (10 = 0.2%.). The

only other compound with one standard deviation less than 1.2%0 was 2,2,4,4

tetramethylpentanoic acid (10 = 0.7%0). Unfortunately, all of these compounds were

identified in only two of the four leachate samples. The three compounds identified in all four

GILF leachate samples (naphthalene, triethyl phosphate and tributyl phosphate) displayed

significant oJJe variability (10 = 5.3%0, 1.7%0 and 6.3%0 respectively).

Even though the oJJe compositions of these compounds varied from leachate to leachate, they

display interesting trends. For example, naphthalene extracted from PS I, PS6 and PS8 had a

conservative oJJe composition (-24.3 ± 0.6%0) while naphthalene extracted from PS4 and

NS2 were depleted in JJe but relatively consistent (-32.5 ± 3.5%0). Similarly, the Ol3e
compositions of triethyl phosphate extracted from PSI, PS6 and PS8 were similar (-29.1 ±

0.1%0) while PS4 sourced triethyl phosphate was significantly enriched in JJe (-16.5 ± 0.4%0).

Since PS4 and NS2 are believed to contain leachate derived from old waste material, these

shifts in 0JJe may be due to degradation with time.
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Table 5-4 Variability in OBC composition of semi-volatile compounds extracted from
different leachate samples, n indicates the number of samples that each compound was
identified in, n.d. = not detected

GILF only Alllandfills
Compound Average OBC Average OBC

(%0) vs VPDB
la n

(%0) vs VPDB
la n

Terpinen-4-o1 -21.4 2.1 3 -23.6 4.7 4
Norinone n.d. -26.4 2.5 2
2-Norpinanone,3,6,6-trimethyl- n.d. -29.0 2.2 2
Camphor n.d. -29.1 0.1 2
Diethyltoluamide n.d. -26.7 1.0 2
Heptanoic acid, 3,3-dimethyl- -21.7 1.4 2 -22.9 2.4 3
Morpholine,4-methylethyl- -27.7 0.2 2 -27.7 0.2 2
Naphthalene -26.9 5.3 4 -27.6 4.8 5
p-(methylthio )benzyl alcohol -26.3 0.2 2 -26.3 0.2 2
Pentaerythritol bisformal -34.8 2.8 3 -34.8 2.8 0

,)

Pentanoic acid, 2,2,4,4-
-23.4 0.7 2 -23.4 0.7 2

tetramethyl-
Phenol, p-tert-butyl- -25.6 1.5 2 -27.8 4.1 3
Phosphate (3:I), 2-propanol, 1-

-24.0 1.0 2 -24.0 1.0 2chloro-
Phosphate, tributyl- -27.0 1.7 4 -27.0 1.7 4
Phosphate, triethyl- -26.0 6.3 4 -26.0 6.3 4
p-Menth-I-en-8-01 n.d. -28.0 0.9 2

Terbuthylazine -27.5 1.0 2 -27.5 1.0 2

Only camphor displayed a conservative O1JC composition between leachate collected from

GILF and LFA (-29.1 ± 0.1%0). Camphor is a bicyclic terpene found in many plants. lt is

used synthetically as a plasticiser and is known for its antimicrobial properties. Therefore, it

is not surprising to find it as a residual compound in landfill leachate. However, since

camphor has many potential sources in a landfill, it is surprising to see a conservative O1JC

when extracted from leachate collected from different landfills. Therefore, the seemingly

conservative nature of camphor observed is a consequence of the small sample size (n=2).

In summary, the O1JC composition of individual non-polar semi-volatile compounds in

leachate shows little use as a universal tracer of landfill leachate. A few compounds (e.g.

camphor, 4-methylethylmorpholine and p-(methylthio)benzyl alcohol) returned a reasonably

conservative O1JC composition within leachate collected only from GILF but these

compounds were identified in just one or two leachate samples. Other compounds showed

distinct 13C trends with the degradation phase/age of adjacent waste (e.g. naphthalene and

terpinen-d-ol) but this was difficult to interpret because the exact age of waste was undefined.
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However, some compounds showed similar Ii13C compositions across short distances (e.g.

PS6 and PS8; terpinen-s-ol, 3,3-dimethylheptanoic acid, pentaerythritol bisformal and

tetramethylpentanoic acid), which suggests semi-volatile compounds may be useful to

identify a similar source ofleachate across short geographical distances.

5.3.2 Polar compounds

A variety of leachate samples were collected to assess the isotopic composition of polar

organic compounds as a conservative tracer oflandfillleachate. The methods used to prepare

and analyse polar compounds are described in Section 5.2.

Physical data collected at the time of sampling are included in Table 5-5. The pH of each

leachate collected from MWs varied more than leachate collected from similar PSs (6.5-7.88)

(see Table 5-1). This is probably because MWs are not infiltrated by ground water to the

same extent as the leachate collection system (PSs), nor is leachate from MWs aerated and

agitated by pumping. Consequently, leachate collected from MWs better reflect the true

nature of the adjacent landfill.

Table 5-5 Ancillary data for leachate collected for the analysis of polar organic
compounds, n.d. = not determined.

Date Landfill Location
Temperature pH

Conductivity
("C) (mY)

30/04/2007 NSLF NS2 11.3 7.15 -183.5

15/05/2007 GILF PS4 13.9 7.22 -194.7

19/07/2007 GILF MWIA 11.6 6.5 -204.4

19/07/2007 GILF MW2A 12.2 7.88 -210.3

27/07/2007 GILF MW8A n.d. n.d. n.d.

10/09/2007 LFA Combined Leachate n.d. 6.97 n.d.

The isotopic compositions of polar compounds extracted from each leachate are shown in

Appendix E.3, and the results of GC-MS identification are shown in Appendix E.4 (MW8A

data shown in Appendix 0.7). Compounds which were identified by GC-MS and present at

high enough concentrations to allow Ii 13C analysis are summarised in Table 5-6.
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Table 5-6 Sl3e composition of polar compounds extracted from leachate collected from multiple PSs and leachate MWs at GILF. la is for
samples analysed in duplicate, n.d. not detected.

MW1A MW2A PS4 MW8A NS2 LFA
Compound OBC (%.)

la
OBC (%.) 013C (%.) 16 013C (%.) 16 013C (%.) 16 013C (%.)

vs VPDB vs VPDB 16 vs VPDB vs VPDB vs VPDB vs VPDB 16

4-Carene n.d. n.d. n.d. n.d. n.d. -29.7 0.1

1,2-Pentadiene, 4-methoxy-4-methyl- n.d. n.d. u.d. n.d. n.d. -30.0 0.6

9-0ctadecenoic acid, methyl ester n.d. -19.7 0.5 n.d. -26.2 0.9 n.d. n.d.

Adamantane-I-carboxylic acid, 3-bromo-, methyl ester n.d. n.d. -36.1 1.1 n.d. n.d. n.d.

Benzene, (l-methoxy-methylethyl)- n.d. n.d. n.d. n.d. n.d. -26.1 0.8

Benzene, l-methyl-4-(methylethyl)- n.d. n.d. n.d. n.d. n.d. -32.5 0.0

Benzene, methylethyl- n.d. n.d. -27.2 8.0 n.d. n.d. -26.1 0.7
Benzenepropanoic acid, 3,5-bis( I, l-dimethylethyl)-4-

n.d. n.d. n.d. n.d. n.d. -30.4 0.4hydroxy-, methyl ester

Benzenepropanoic acid, 3,4-trimethyl-, methyl ester n.d. n.d. n.d. n.d. n.d. -32.5 0.2

Benzenesulfonamide, N-ethyl-2-methyl- n.d. n.d. n.d. -31.0 0.1 n.d. n.d.

Benzoate, methyl-4-tert-butyl- n.d. n.d. -34.5 0.9 n.d. n.d. n.d.

Benzoic acid, 3,4-dimcthyl-, methyl ester n.d. n.d. -30.3 0.3 n.d. n.d. n.d.
Benzoic acid, 3,5-bis(l, l-dimethylethyl)-4-hydroxy-,

n.d. n.d. n.d. -25.6 0.6 n.d. n.d.methyl ester
Benzoic acid, 3,5-dimethyl-, methyl ester n.d. n.d. -35.2 3.2 n.d. n.d. n.d.

Benzoic acid, methyl ester n.d. n.d. -29.1 0.8 n.d. n.d. n.d.

Benzoic acid, phenyl ester n.d. -50.0 0.7 n.d. n.d. n.d. n.d.

Benzoic acid, p-isopropyl-, methyl ester n.d. n.d. n.d. n.d. n.d. -24.7 0.3

Benzoic acid, p-tert-butyl-, methyl ester n.d. n.d. n.d. n.d. n.d. -26.6 0.3

Bicyclo[2.2.1 ]heptane, 2-methoxy-l,7,7-trimcthyl- n.d. n.d. n.d. n.d. n.d. -29.7 0.1

Camphor n.d. n.d. n.d. n.d. n.d. -31.6 0.5

Cyclohexanemethanol,4-trimethyl- n.d. n.d. n.d. n.d. n.d. -30.1 0.5

3-Cyclohexene-I-methanol, 4-trimethyl-, propanoate n.d. n.d. n.d. n.d. n.d. -26.6 0.0

Continues on next page
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Table 5-6 continues

MW1A MW2A PS4 MW8A NS2 LFA
Compound OBC (%0)

1"
OBC (%0)

1"
OBC (%0)

1"
OBC (%0)

1"
OBC (%0)

1"
OBC (%0)

1"
vs VPOB vs VPOB vs VPOB vs VPOB vs VPOB vs VPOB

Cyclohexanone, 4-methylidene- n.d. n.d. n.d. n.d. n.d. -30.4 0.3

Diphenylamine n.d. n.d. n.d. -26.9 0.4 n.d. n.d.

Heptanoie aeid, methyl ester n.d. n.d. -25.2 1.3 n.d. n.d. n.d.

Hexadecanoic acid, methyl ester n.d. -24.7 0.3 n.d. -30.4 0.1 -29.8 0.4 n.d.

Hexanedioic acid, dimethyl ester n.d. n.d. n.d. n.d. n.d. -24.0 0.5

Juvabione -28.4 0.3 -28.8 0.0 n.d. -27.3 0.8 n.d. n.d.

Motrin methyl ester n.d. n.d. n.d. n.d. n.d. -19.6 0.9

Naphthalene acetic acid, methyl ester n.d. n.d. -27.2 0.1 n.d. n.d. n.d.

Nonanoic acid, methyl ester n.d. n.d. n.d. n.d. n.d. -29.6 0.0

Octadecanoic acid, methyl ester -33.4 0.0 -24.7 0.2 n.d. -24.5 0.4 -26.5 0.5 n.d.

Octanoic acid, 4-methyl-, methyl ester n.d. n.d. n.d. n.d. n.d. -27.0 0.5

Octanoic acid, methyl ester n.d. n.d. n.d. n.d. n.d. -38.3 0.4

Phenol n.d. n.d. n.d. n.d. n.d. -26.8 0.1

Phenol,2-ethyl-6-methyl- n.d. n.d. n.d. n.d. n.d. -24.7 0.5

Phenol,2-methyl- n.d. n.d. n.d. n.d. n.d. -37.5 0.1

Phenol,2-methyl-5-(l-methylethyl)- n.d. n.d. n.d. n.d. n.d. -28.1 0.6

Phosphate, tributyl- n.d. -27.1 0.1 n.d. -28.6 0.1 n.d. -25.7 0.6

Phosphate, triethyl- n.d. n.d. n.d. n.d. n.d. -26.8 0.5

Phosphorin, 2,4,6-tris(l, I-dimethylethyl)- n.d. n.d. n.d. n.d. n.d. -25.6 0.6

Phthalate, dibutyl- -28.4 0.3 -22.4 0.0 n.d. -26.2 0.8 n.d. n.d.

Phthalate, diethyl- -28.1 0.0 -40.9 0.2 n.d. -28.3 0.1 n.d. n.d.

Phthalate, diisobutyl- -34.2 0.4 -28.5 0.9 n.d. -30.6 0.4 n.d. n.d.

Phthalate, methyl-2-propyl- n.d. n.d. n.d. -33.8 1.1 n.d. n.d.

Propanenitrile, 2,2'-azobis[2-methyl- n.d. n.d. n.d. n.d. n.d. -29.9 0.1

Terbutylazine n.d. -29.6 0.4 n.d. -26.8 0.0 n.d. n.d.
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Like semi-volatile compounds, no single polar compound was detected in all six leachates.

The compounds indentified in the most samples were 18:0 (four of six), 16:0 (three of six),

juvabione (three of six), tributyl phosphate (three of six) and three phthalates: diethyl-,

dibutyl- and diisobutyl- (three of six each). LFA leachate contained the most polar

compounds at concentrations sufficient for GC-IRMS analysis and NS2 contained only two

compounds at sufficient concentrations to allow SlJC analysis. GC-MS analysis of polar

compounds extracted from NS2 showed other compounds were present in the sample (e.g.

benzoic acids) but they were at very low concentrations (Appendix EA).

Table 5-6 also shows the SlJC compositions of polar compounds varied significantly when

extracted from different leachates. The reproducibility of SJ3C values for most samples

analysed in duplicate was acceptable (la < 0.5) but a few compounds displayed very poor

reproducibility. Poor compound reproducibility was observed when chromatographic peaks

overlapped slightly or the GC-IRMS peak areas were near the detection limit of the

instrument.

TIle area weighted average SlJC composition of polar compounds extracted from each sample

is shown in Table 5-7. The average composition of all extractable polar compounds was -29.1

± 1.5%0 which is within one standard deviation of the comparable value for extractable semi

volatile compounds (-27.9 ± 2.3%0). Caution must be applied to this comparison as only half

of the samples extracted for non-polar analysis were also prepared for polar analysis.

Table 5-7 Area weighted average S13e composition of polar compounds extracted from
multiple leachate samples.

Sample

MWlA
MW2A
PS4
MW8A
NS2
Landfill A

Average S13e (%0)
vs VPDB

-29.3
-28.9
-31.9
-28.1
-27.7
-29.0

10'

3.0
9.1
4.2
2.6
2.3
3.9

n

5
10
8
13

2
26

Table 5-8 shows the average SlJC composition of each polar compound extracted and

identified in more than one leachate sample. The average SlJC composition varied from 

3204%0 to -23.0%0 but the conservative nature of these compounds was generally poor (la =
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0.8%0 to 7.3%0). This poor reproducibility indicated either the source 8 13C composition of

each compound was variable, or degradation processes caused significant changes in the

isotopic composition of each compound. These processes could be distinguished further by

tracking the isotopic composition of compounds during wasted deposition and degradation, by

matching degradation products to source compounds or by analysing the isotopic composition

of waste as it arrives at the landfill.

2
2

3

3

4

3

3
3

3
2

nlO"

4.6

0.8

3.1

0.8

4.2

1.5
3.0

7.3

2.9

2.0

-23.0

-26.7

-28.3

-28.2

-27.3

-27.1

-25.7

-32.4

-31.1

-28.2

9-0ctadecenoic acid, methyl ester

Benzene, methylethyl

Hexadecanoic acid, methyl ester

Juvabione

Octadecanoic acid, methyl ester
Phosphate, tributyl-

Phthalate, dibutyl-

Phthalate, diethyl-

Phthalate, diisobutyl

Terbuthylazine

Compound

Table 5-8 Variability in 8l3C composition for compounds extracted from multiple
leachate samples, n indicates the number of samples which contained each compound.

Average 8l3C

(%.) vs VPDB

Of the compounds identified in three or four of the six leachates, only juvabione had a

conservative 813C composition (-28.2 ± 0.8%0). The 813C composition of methylethyl benzene

was also conservative (-26.7 ± 0.8%0) but this compound was only identified in two leachate

samples.

Juvabione is an aromatic methyl ester with a branched ketone tail (see Appendix G). It can be

isolated from many species of trees where it acts as a natural fungicide (Willfor et al. 2003).

As well as being present in certain trees, juvabione has been identified in the natural

environment (e.g. lakes (McFall et al. 1985), ash deposits (Fine et al. 2001) and as a residue

of pulp and paper processes (Dube et al. 2002»). While not all of the aforementioned source

materials are deposited at landfills studied in these experiments, the presence ofjuvabione can

be explained by its multiple potential sources, both natural and synthetic, and its anti

microbial properties. Unfortunately, it was only identified in three of the six leachate samples

analysed in this experiment (MW1A, MW2A, MW8A), therefore not universal to allleachate.
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Phthalates are another interesting class of organic compound which were indentified in

multiple leachates. The general structure of a phthalate is shown in Figure 5-1 and varies only

with the substituent groups. The presence of phthalates in landfill leachate is well

documented (Paxeus 2000; Jonsson et al. 2003c; Marttinen et al. 2003), and the wide

distribution of these compounds is probably due to their many commercial applications.

Phthalates are primarily used as synthetic plasticisers and they do not occur naturally. As a

result, the initial isotopic composition of phthalates will be set in the manufacture. Ejertsson

et al. (1997) found the mobility of phthalates in landfill leachate was dependant on their

solubility in water, which in turn depends on the size of their substituent groups. Under

naturallandfill conditions, the degradation of phthalates was observed to begin with the onset

of methanogenic conditions (Jonsson et al. 2003a; Jonsson et al. 2003b). These

transformations were noted by the removal of the phthalate and the formation of

corresponding mono-esters (Jonsson et al. 2003a). Although no data regarding the isotopic

fractionation of phthalates have been published, previous experiments (see Appendix C.6)

show dibutyl phthalate to become enriched in 81l e and depleted in 8D during microbial

degradation in natural waters.

a

~
R= -: ethyl-

R

# R' R=~ butyl-

a R= )( isobuytl-

Figure 5-1 General structure of a phthalate and substituent groups common to landfill
leachate.

Four phthalates were identified in these experiments: dibutyl-, diethyl-, diisobutyl- and methyl

2-propyl phthalate. The 813C compositions of the four phthalates were reasonably constant

across all samples (-28.9 ± 3.6%0), except for isotopically light diethyl phthalate extracted

from MW2A (-40.9 ± 0.2%0).

Also of interest was the isotopic relationship between 16:0, 18:0 and 18:lro9. These three

compounds are the most common fatty acids in plants and animals; therefore their presence in
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a landfill is understandable. In fact, fatty acids (16:0 and 18:0) have been indentified at high

concentrations (9-111 ug/L) in landfillleachate percolating from modem and closed landfills

(>25 years) (Paxeus 2000). As well as being released from waste during degradation,

microbes living in a landfill also produce fatty acids during metabolism. Therefore, fatty

acids can reflect both the source waste material and the microbes in the landfill.

The li13C composition offatty acids produced by C3 plants, C4 plants and microbes have been

studied extensively (Abrajano et al. 1994; Shi et al. 2001; Spangenberg and Ogrinc 2001; van

Dongen et al. 2002). Fatty acids in higher plants are usually depleted in IJC by 3-7%0

compared to the bulk plant material. That is, if a C3 plant is deposited in a landfill (li13C of

C3 plants = -32%0 to -23%0 (Glaser 2005» fatty acids released from this plant material will

typically have a lilJC composition of -40%0 to -26%0. Therefore, the large variation in the li13C

compositions of 16:0,18:0 and 18:1w9 shown in Table 5-7 could result from different sources

of waste material (plant species) or microbial activity.

Interestingly, 18:1w9 extracted from MW2A was significantly enriched in IJC (-19.7 ±

0.5%0). Under certain anaerobic conditions, long-chain fatty acids synthesised by microbes

(14:0-22:0) have been enriched in I3C up to 4%0 (Boschker et al. 1999). Therefore the lilJC

composition of this fatty acid indicates it was not released from a higher plant but the product

of microbial synthesis. In fact, all fatty acids extracted from leachate samples may have been

synthesised by microbes (e.g. 16:0, 18:0).

The li13C compositions of 18:0 extracted from MW2A, MW8A and NS2 were reasonably

uniform (-25.2 ± 1.1%0) whereas 18:0 extracted from MWIA leachate was depleted in IJC (

33.4 ± 0.1). This difference could indicate 18:0 from MWIA was released from plant

material, while 18:0 extracted from the other leachate wells were products of microbial

metabolism.

To determine whether fatty acids are released from plants, or produced by in situ microbial

synthesis, preparatory chemical techniques need to specifically target fatty acids which

indicate a specific class of microbes (biomarkers, see Chapter 6). Many studies have used

specific fatty acids (e.g. 16:1w7c, 16:1wl0t, 18:1cw8c, 18:lw7c, iso- and antsi- 14:0-17:0)

as indicators of microbial activity (Guckert et al. 1991; Shi et al. 2001; Tolosa et al. 2004;

Boschker et al. 2005). These and similar techniques are discussed further in Chapter 6.
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Overall, the presence and conservative D13e composition of juvabione indicates it could

potentially be used as a tracer of GILF leachate over short geographical distances. Each

landfill may have compounds with conservative D13e compositions but the high reactivity of

polar compounds under landfill conditions indicates they are unsuitable as universal tracers of

landfillleachate.
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5.4 Landjill boundary transect

5.4.1 Background

Although the previous section indicated polar and non-polar compounds extracted from

landfill leach ate are unsuitable as universal isotopic tracers of landfill leachate, on a smaller

location-specific scale, the isotopic variability of compounds may be minimal and suitable to

use as tracers. The previous section showed leachate from PS6 and PS8 was comprised of

semi-volatile organic compounds with similar BIlC compositions (Section 5.3.1). Although

these samples contained different compounds to leachates collected from different landfills,

the relatively small geographical separation between PS6 and PS8 (approximately 400 m)

meant sample collected from these two leachate wells had similar molecular compositions and

compounds had the same isotopic compositions (within experimental uncertainty).

Studying the molecular and isotopic changes of organic compounds across the landfill

boundary provides much information about the processes occurring underground. Of all the

processes occurring, two are of particular interest to this thesis: I) do organic compounds

maintain their isotopic compositions across short geographical distances, and 2) do the

isotopic compositions of compounds collect along a transect indicate the release of leachate

from the landfill?

To determine if leachate derived organic compounds can be used to detect the local release of

leachate from a landfill, samples were collected on a transect across the GILF boundary at

MW4A, MW48, MW4C, MW4D, PS4 and in the adjacent Kaikorai Stream (SS4). It is

important to note MW4A and MW48 are inside the landfill boundary while MW4C and

MW4D are outside the landfill boundary. PS4 is the leachate collection trench. A schematic

of this transect is shown in Figure 5-2.
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9.7

See Detail 1

10.5

1 m Length slotted

Slots 25 mm by3 mm

0.3
~:

I Pea Gravel 5-8 mm
.....,...-~A

Kaikorai stream (554)

4.7

5.4 MW 4C
~,

MW4D :
~, I
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,4 ~ ...41---,:-::-....
: 3.8,,,,
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,...4------_~ 4,,,,,,,,

5.5

Landfill

Detail 1

Figure 5-2 Cross-section of MW4, showing depth and distance between wells and the
leachate collection system. PS4 leachate collection point was 99 m west of the
monitoring wells but provides the closest access to the leachate trench shown in this
transect. All lengths are shown in meters, not drawn to scale.

5.4.2 Experimental methods

Leachate samples were collected, extracted and analysed as described in Section 5.2.2. Each

sample was extracted for both semi-volatile non-polar and polar compounds.

5.4.3 Results

The temperature, pH and conductivity of each sample were determined in the field (Table 5

9). The temperature and conductivity of all samples were relatively consistent but there was

significant variation in pH. The pH of MWs and the PS were reasonable consistent (7.1 ±

0.2) but the Kaikorai Stream was basic (8.6). This is typical of surface water.
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Table 5-9 Ancillary data for leachate, ground water and surface water collected across
the MW4 transect.

Location Temperature (DC) pH Conductivity (mV)

MW4A 13.2 7.0 -193.8

MW4B 13.5 7.3 -193.3

PS4 13.9 7.2 -194.7

MW4C 13.9 7.2 -193.4

MW4D 14.3 7.0 -194.5

SS4 10.2 8.6 -191.9

The complete liD and lilJC data for non-polar and polar compounds extracted from leachate

and water at MW4 is shown in Appendix E.5, the molecular composition of each sample is

shown in Appendix E.6. Table 5-10 summarises this data for non-polar compounds and Table

5-11 summarises data for polar compounds. Tables 5-10 indicates similar semi-volatile

compounds were identified in each of the three leachate wells (PS4, MW4A and MW4B),

whilst no compounds detected beyond the landfill boundary were above the GC-IRMS

detection limit. Although the liD composition was determined for some compounds, the

concentrations of most compounds were too low to allow DD analysis, thus providing an

incomplete data set (liD data is included in Appendix E.5).

Polar compounds extracted from leachate wells behaved in a similar manner to semi-volatile

compounds, that is, most compounds were present in each of the three leachate samples.

Many polar compounds were identified by GC-MS in MW4C, MW4D and SS4 and some had

concentrations high enough to allow GC-IRMS detection. Leachate, ground water and

surface water had a similar molecular composition comprised primarily of fatty acids and

benzoic acids.

The isotopic compositions of both semi-volatile and polar compounds varied significantly.

The li1JC composition of semi-volatile compounds varied from -44.1%0 to -19.3%0 while polar

compounds varied from -72.8%0 to -24.0%0. This variability is discussed in the following

section.
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Table 5-10 .sl3C summary of non-polar compounds extracted from MW4 transect samples. Compounds were identified by GC-MS. 10' = the
standard deviation of samples analysed in duplicate, n.d. = not detected.

MW4A MW4B PS4 MW4C MW4D SS4
Compound .sl3C (%0)

10'
.sl3C (%0)

10'
.sl3C (%0)

10'
.sl3C (%0)

10'
.sl3C (%0)

10'
.sl3C (%0)

10'
vs VPDB vs VPDB vs VPDB vs VPDB vs VPDB vs VPDB

Benzene, 2-ethyl-1 ,4-dimethyl- -25.0 0.1 -25.4 0.1 -21.1 OJ n.d. n.d. n.d.

Benzene, 4-ethyl-1 ,2-dimethyl- -27.2 0.5 -29.4 0.6 -28.4 0.8 n.d. n.d. n.d.

Benzenesulfonamide, N-ethyl-2-
-26.9 0.8 -27.2 0.0 -22.2 0.1 n.d. n.d. n.d.

methyl-

Benzothiazolone n.d. -30.6 0.7 -30.2 0.1 n.d. n.d. n.d.
Bis( l-chloro-2-propyl)(3-chloro-l-

-29.5 0.5 -26.5 0.1 -28.4 0.1 n.d. n.d. n.d.
propyl)phosphate

Camphene hydrate -34.8 0.8 -32.2 0.2 -30.8 0.5 n.d. n.d. n.d.

Caprolactam -19.3 0.1 -24.7 0.6 n.d. n.d. n.d. n.d.

Diphenylamine n.d. n.d. -31.3 0.7 n.d. n.d. n.d.

Morpholine, 4-methylethyl- -20.3 0.0 -20.2 0.3 -23.8 0.5 n.d. n.d. n.d.

Naphthalene -22.6 0.1 -23.1 0.1 -25.2 0.4 n.d. n.d. n.d.
Naphthalene, 1,2,3,4-tetrahydro-6-

n.d. n.d. -18.9 0.9 n.d. n.d. n.d.
methyl-

Nopinone -21.1 0.1 -24.8 0.0 -24.6 OJ n.d. n.d. n.d.

Phosphate, tributyl- -22.6 0.5 -23.9 0.6 -26.6 0.2 n.d. n.d. n.d.

Pentaerythitol bisformal n.d. n.d. -29.5 0.5 n.d. n.d. n.d.

Phenol, 4-(1, I ,3,3-tetramethylbutyl)- n.d. n.d. -26.2 0.2 n.d. n.d. n.d.

Phenol, 4-methyl- n.d. n.d. -44.1 0.7 n.d. n.d. n.d.

Phenol, p-rezr-butyl- n.d. -27.8 0.0 -28.2 0.4 n.d. n.d. n.d.
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Table 5-11 BBC summary of polar compounds extracted from MW4 transect samples. Compounds were identified by GC-MS. ](1 = the
standard deviation of samples analysed in duplicate, n.d. = not detected.

MW4A MW4B PS4 MW4C MW4D SS4

Compound BBC (%0)
](1

BBC (%0) ](1 BBC (%0)
](1

BBC (%0)
](1 BBC (%0)

](1
BBC (%0)

](1
vs VPDB vs VPDB vs VPDB vs VPDB vs VPDB vs VPDB

2-Thiophenecarboxylic acid, 5-tert-
n.d. -24.0 0.3 n.d. n.d. n.d. n.d.

butyl-
Adamantane-l-carboxylic acid, 3-

-36.1 0.8 -35.0 0.5 -36.1 l.l n.d. n.d. n.d.
bromo methyl ester
Benzene, methylethyl- n.d. n.d. -27.2 8.0 n.d. n.d. n.d.
Benzenepropanoic acid, 3,5-bis(l, 1-

-32.5 1.7 -27.7 0.4 n.d. n.d. n.d. n.d.
dimcthylcthylj-s-hydroxy-, methyl ester
Benzoic acid, 2,4-dimethyl-, methyl

-31.5 0.4 -34.4 0.6 n.d. n.d. n.d. n.d.
ester

Benzoic acid, 3,4-dimethyl methyl ester- -25.2 0.1 n.d. -30.3 0.3 n.d. -32.7 0.4 n.d.

Benzoic acid, 3,5-dimethyl methyl ester- -35.6 0.8 -31.9 0.2 -35.2 3.2 n.d. n.d. n.d.

Benzoic acid, 4-cthyl-, methyl ester n.d. n.d. n.d. n.d. -33.3 0.4 n.d.

Benzoic acid, methyl ester- -24.9 0.2 -28.6 0.1 -29.1 0.8 -25.1 0.2 -28.2 0.5 -27.6 0.0
Benzothiazolone -37.0 0.2 -39.6 1.3 n.d. n.d. n.d. n.d.

Heptanoic acid, methyl ester- n.d. n.d. -25.2 1.3 n.d. n.d. n.d.

Hexadecanoic acid, methyl ester -39.7 1.0 -40.1 0.6 n.d. -72.8 0.5 -72.1 0.7 -32.0 0.1

Methyl-4-tert-butylbenzoate n.d. n.d. -34.5 0.9 n.d. n.d. n.d.

Naphthalene acetic acid, methyl ester- n.d. n.d. -27.2 0.1 n.d. n.d. n.d.

Octadecanoic acid, methyl ester -25.2 1.5 -27.7 0.8 n.d. -32.7 0.2 -27.0 0.2 -27.4 0.5

Phosphate, tributyl- -25.0 0.5 -27.4 0.5 n.d. n.d. n.d. n.d.
Phosphoric acid, tris(2-chloro-l-

-28.5 0.6 -33.2 0.4 n.d. n.d. n.d. n.d.
methylethyl) ester
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5.4.4 Discussion

5.4.4.1 Close proximity leachate wells

The composition of non-polar and polar compounds in the three leachate wells (MW4A,

MW4B and PS4) was reasonable consistent. The non-polar fraction of leachate was

dominated by naphthalene, benzenes, phosphates and benzenesulfonamides, while the polar

fraction was dominated by benzoic acids and cyclic carboxylic acids. In addition, the polar

fraction ofleachate contained many unidentified compounds.

It is important to note that the interpretations offered in this and the following sections assume

all wells had a common single source of leachate. This assumption is valid because MW4A

D are located at a corner of GILF and leachate has had to diffuse a significant distance to

reach this point. In addition, sampling locations are separated by less than twenty metres

(except PS4 which drains leachate from this location).

Figure 5-3 shows the isotopic composition of non-polar compounds which were identified in

two or more leachate wells.

The BlJC compositions of non-polar compounds extracted from each leachate well showed

different trends (Figure 5-3). Compounds such as 2-ethyl-I,4-dimethylbenzene, N-ethyl-2

methylbenzenesulfonamide showed similar BI3C values for compounds extracted from

MW4A and MW4B but were significantly enriched in 13C when extracted from PS4 (up to

5%0). In contrast, naphthalene, 4-methylethylmorpholine and tributyl phosphate had similar

B1JC values for compounds extracted from MW4A and MW4B but compounds extracted from

PS4 were depleted in 13C (up to 3%0).

It is possible these trends resulted from changes in the environment when compounds were

transferred from the MW-soil environment to the PS. The GILF leachate collection system

(including the pumping stations) are believed to contain significant amounts of ground water

(North 2006) and leachate is aerated by the pumping process. Both of these activities can lead

to increased precipitation of organic compounds, the formation of colloids and micelles, or

increased microbial degradation (especially aerobic degradation). The precipitation of a

compound from solution (or formation of a colloid) is known to preferentially occur for

compounds containing heavy isotopes which would cause the residual dissolved compound to
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become depleted in the heavy isotope. The precipitation of the heavy isotope could explain

the isotopic trends of naphthalene, 4-methylethylmorpholine and tributyl phosphate.
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Figure 5-3 BBC variation of non-polar organic compounds from three closely associated
leachate wells, error bars = 1(; for compounds analysed in duplicate.
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In contrast, the aeration of leachate in the PS could significantly increase microbial activity

and the degradation of compounds. Microbes preferentially degrade compounds containing

light isotopes (requires less energy, see Section 1.5.6) thus residual compounds become

enriched in the heavy isotope (e.g. Hirschom et al. 2004; Chartrand et al. 2005b). This

phenomenon explains the trends observed for 2-ethyl-I,4-dimethylbenzene and N-ethyl-2

methylbenzenesulfonamide.

Although the concentrations of compounds were not quantified, no correlations were

observed between the peak area of a compound (as determined by GC-IRMS) and the olJC

composition of each compound. This indicates changes in the isotopic composition of a

compound probably did not result from a single removal process such as sorption or microbial

degradation but probably resulted from a complex suite of biogeochemical reactions. Once

again the local leachate system is an open system where compounds are constantly being

added, removed, transformed and degraded, thus making it difficult to interpret the

fractionation.

Different olJC trends were observed for other compounds (e.g. camphene hydrate,

caprolactam and nopinone) but more significantly, the olJC composition of only one

compound was conservative across all three leachate wells: p-tert-butylphenol (-28.0 ± 0.3%0,

n=3). p-tert-Butylphenol is a common reagent in polyurethane, resins, electronics and as a

skin disinfectant therefore it's presence in leachate is understandable.

The 0lJC compositions of polar compounds extracted from the three leachate sample are

shown in Figure 5-4. Although many polar compounds remained unidentified (Appendix E.6)

all compounds with concentrations above the GC-1RMS detection limit were identified.

Similar to non-polar compounds, a variety of trends in OIJ C with distance were observed.

However, the dominant trend (seven of 11 compounds) was for the olJC composition of the

compound to become depleted with increasing distance from the landfill. This trend is

consistent with adsorption or the formation of colloids.

The olJC composition of adamantane- l-carboxylic acid (-35.8 ± 0.6%0, n=3) and 16:0 (-39.9 ±

0.2, n=2) displayed a conservative olJC composition across all leachate wells. Within the

poor reproducibility of 18:0 analysis (la = 2.3%0), the olJC composition of 18:0 extracted
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from MW4A and MW4B was indistinguishable (-25.2%0 and -27.7%0 respectively) and

similar to 18:0 extracted from leachate at MW2A, MW8A and NS2 (Table 5-6).
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Figure 5-4 B13C variation of polar organic compounds from three closely associated
leachate wells, error bars = 10' for compounds analysed in duplicate.

Therefore, over the short geographical distances of this experiment, three non-polar

compounds and two polar compounds conserved their isotopic composition. The Bl3 C
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composition of most compounds varied across the three leachate wells but many of these

trends were attributed to the formation of colloids and degradation by microbes. These

processes were probably activated by the infiltration of ground water and aeration caused by

the pumping system.

5.4.4.2 Landfill-river transect

In addition to analysing sample collected from the three leachate wells, ground water and

surface water samples were collected and analysed. Within the detection limit of the GC-MS

(approximately I ug/L), no non-polar compounds were extracted from the Kaikorai Stream or

MW4C but five non-polar compounds were extracted from the deep ground water well

(MW4D). Unfortunately, the concentrations of non-polar compounds extracted from MW4D

were below the detection limit of the GC-IRMS. The amount of compound extracted could

be increased by loading a larger volume of sample though each SPE cartridge (l L used in

these experiments) but the practical limit of SPE is determined by the amount of material in

the sample. Leachate and ground water samples tended to contain significant amounts of

suspended solids which clogged the SPE cartridges if more than about I L of sample was

loaded. Filtering helped to alleviate this problem but the aeration of samples during filtering

destabilised the solution and caused more compound to precipitate from solution. Therefore,

it was impractical to extract more than about 1 L ofleachate or ground water through the SPE

cartridges used in these experiments.

Consequently, non-polar compounds were unsuitable as tracers ofleachate beyond the landfill

boundary because their concentration was too low. This technique may be useful if there was

a significant release ofleachate but not when conditions are as observed at MW4.

Polar compounds were also extracted from ground and surface water samples. Unlike non

polar compounds, samples contained many different polar compounds. This is expected since

polar compounds are more soluble in water than non-polar compounds. More than twenty

compounds were indentified in SS4 by GC-MS but unfortunately, the concentrations of all but

three compounds were below the GC-lRMS detection limit. Similar to SS4, MW4D and

MW4C contained many polar compounds (e.g. benzoic acids, fatty acids and phthalates).

Compounds were extracted from all samples with concentrations high enough to allow ol3C

analysis. The ol3C composition of polar compounds extracted from multiple leachate and

ground water samples are plotted in Figure 5-5.
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Once again, the Ol3C composition of compounds extracted from leachate and ground water

varied from well to well across the transect but it was common to observe sets of isotopic

values with the whole data. Benzoic acid extracted from MW4A and MW4C had a

conservative Ol3C composition (-25.0 ± 0.2%0) but benzoic acid extracted from other samples

(MW4B, MW4D, PS4, SS4) contained isotopically lighter benzoic acid (-28.4 ± 0.7%0).

Within the precision of analysis these groupings were significant. Benzoic acid is the

simplest aromatic carboxylic acid, and has been found in leachate as both the free acid and its

methyl ester (Paxeus 2000). Benzoic acid is primarily used as a food preservative (inhibits

the growth of mould, yeast and some bacteria) but is also involved in the manufacture of

various cosmetics, dyes, plastics and insect repellents (do Nascimento et al. 2004). Benzoic

acid is also a degradation intermediate for many aromatic acids, esters and alcohols (Elder and

Kelly 1994). Because there are many potential sources of benzoic acid, both synthetic and

degradative, it is understandable this compound has a significant range of isotopic

compositions. However, the two groupings may reflect that benzoic acid was derived from

two different sources or processes. In general, benzoic acid which results from the

degradation of more complex compounds will be isotopically light.

3,4-dimethylbenzoic acid was progressively depleted with increasing distance from the

landfill (MW4A, PS4 and MW4D). Although this compound has many commercial and

industrial applications (plasticiser, ink, antioxidants) it is also produced from the microbial

degradation of benzoic alcohols and trialkylbenzenes (Baggi et al. 1982; Huo et al. 1989).

This trend can be explained either by adsorption of compound to sediment, or it's the product

of microbial degradation. Because it was only identified in three samples it is more likely the

product of microbial degradation.

The Ol3C composition of 18:0 was reasonable consistent (-28 ± 2.8%0) but the lightest

compound was extracted from MW4C (-32.7 ± 0.2%0). However, the 013C composition of

16:0 in different samples was more surprising. Three distinct grouping of C16:0 were

observed. The first was at SS4 (-32.0 ± 0.1), the second grouping included MW4A and

MW4B (-39.9 ± 0.2%0), while the third group included MW3C and MW3D (-72.5 ± 0.5%0).
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Figure 5-5 013C composition of 3,4-dimethylbenzoic acid (@), benzoic acid ( [jIj] ), C16:0
( A ), and C18:0 (+ )extracted from leachate wells and ground water well across the
MW4 transect.

This later value was significantly depleted with an isotopic composition which appears

methanogenic (Levin et al. 1993; Botz et al. 1996; Pancost et al. 2000). For a compound to

have an isotopically light (-40%0) and very light (-73%0) 013C composition, it must be

synthesised by methanogenic microbes. Extremely light ol3C values as seen in these fatty

acids are the product of extensive nutrient recycling and highly anoxic conditions. In fact,

under highly reducing conditions, sulfate reducing bacteria are known to produce biomarkers

with ol3C as light as -115%0 (Thiel et at. 1999). In addition, anaerobic methane-oxidising

communities in marine sediments have been reported to synthesise fatty acids with ol3C

compositions down to -114%0 with an average ol3C of -67%0 (Hinrichs et al. 2000). However,

the most isotopically depleted 16:0 observed in the study by Hinrichs et al. (2000) had a Ol3C

of -48%0.

Suifate reducing conditions are known to exist in leachate and leachate-contaminated plumes

(Rugge et at. 1995; Ludvigsen et at. 1999). The microbial oxidation of naturally occurring

methane has been observed around landfills (Grossman et al. 2002) but previous experiments

only measured the enrichment of methane during oxidation, not the uptake of methane into

microbial communities. Another experiment was undertaken where landfill microbes were

fed l3C labelled methane (Crossman et at. 2004). The microbes utilised the methane as a
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source of carbon and incorporated it into their fatty acids. Although microbes synthesise

many fatty acids, the labelled carbon was primarily observed in 14:0, 16:lco7c, IOMeI6:0,

18:lco8c and 18:lco7c. Another labelling study provided l3 C labelled monochlorobenzene to

microbes to utilise as a source of nutrients. The 11C label was readily visible in 16:0

(+1025%0) and 16:1 (+5060%0) and less evident in 18:0 (+61%0) and 18:1 (+50%0) (Nijenhuis

et al. 2007)

Consequently, the isotopically light nature of 16:0 (and 18:0 to a lesser extent) can be

explained by sulfate reducing bacteria utilising methanogenic methane. Even though the Ol3C

of the fatty acids in these ground water wells do not reflect fatty acids extracted from leachate

wells, isotopically light fatty acids can only be synthesised by suIfate reducing bacteria.

These bacteria only live under very specific conditions, which include landfill leachate

plumes, and it is unlikely they occur naturally in these regions. Therefore, fatty acids with

isotopically light olJC compositions adjacent to a landfill must indicate the release of

leachate.

Overall, the variability of Ol3C values for individual compounds extracted from a variety of

leachate and ground water wells in close proximity discredits the direct analysis of the Ol3C

composition of compounds to validate and match sources of organic compounds.

Once again, changes in isotopic composition of a compound extracted from different locations

can provide information about the biogeochemical processes, gradients and trends across

short distances. Unfortunately, conditions within a landfill appear to be highly-localised

which in turn cause leachate to have a dynamic molecular and isotopic composition.
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5.5 Summary

The compound specific isotopic fingerprint of dissolved organic compounds in landfill

leachate is too dynamic to detect leachate beyond the landfill boundary, or to match leachate

over significant distances. Therefore, unless the release ofleachate into the surrounding water

system is significant and continuous, CSIA of dissolved organic compounds is unable to

match compounds to their source. However, the molecular and isotopic compositions of some

compounds were similar across short geographical distances. But in reality, the mere

presence of xenobiotic organic compounds adjacent to a landfill (i.e. phthalates,

benzothiazoles and PAHs) should be enough to confirm the release oflandfillleachate.

The greatest constraint on the experiments described in this chapter is the sensitivity of the

GC-IRMS. Very recently, an analytical method has been published which improves the

detection limit of GC-IRMS by up to one order of magnitude (Sacks et al. 2007). These new

methods improve sample introduction techniques; improve GC separation of individual

compounds; and more efficiently combust or pyrolise compounds to the required gas for

isotope analysis (e.g. carbon dioxide, hydrogen, nitrogen). These new instrument methods

have the ability to significantly assist the application of GC-IRMS to environmental studies.

However, analysis of 16:0 extracted from different landfill wells has the potential to indicate

the environment in which the compound was synthesised. The release of leachate from a

landfill causes significant changes to the oxidative conditions of the leached environment.

These changes also affect the availability of carbon substrates to microbes. Microbes will

utilise whatever sources of carbon are available and assimilate this carbon into their tissue.

The isotopic composition of fatty acids and other microbial compounds will then reflect the

pool from which the carbon was sourced.

Microbes living under methanogenic conditions will synthesise fatty acids with light .sIJC

compositions because the available pool of carbon is light. This phenomenon can be used to

detect the release ofleachate beyond the landfill boundary.
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Chapter 6

Compound specific isotope fingerprint of stream biota

6.1 Background

6.1.1 Microbial uptake of organic matter

Microbes utilise orgamc and inorganic compounds as a source of energy and nutrients.

Microbes will consume whatever nutrients are bioavailable to them therefore the isotopic

composition of the microbes will reflect this source material and the conditions of synthesis

(fractionation may occur) (Chikaraishi et al. 2004b; Chikaraishi et al. 2004a). The

mechanism microbes use to assimilate carbon and hydrogen will be different for each microbe

and different microbial processes preferentially utilise different source material (Heuer et al.

2006). This is because the energy required to utilise each nutrient will be different for each

biological process. Therefore, different microbes living in a single community can and will

have different isotopic compositions.

Particular microbes can be responsible for production of specific fatty acids and so they may

be used as biomarkers for these organisms. For example, changes to the ()I3C composition of

DIC has been traced in to 20:50l3 synthesised by diatoms (Hellings et al. 2001) and sulfate

reducing bacteria are known to uptake acetate into even numbered fatty acids such as

16:10l7c, 16:10l5, 16:0 and 18:10l7c.
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6.1.2 Microbial biomarkers

Different classes of microbes produce a variety of fatty acids. Fatty acids produced by only

one class of microbe are called biomarkers and can be used to identify and quantify microbial

communities (Table 6-1). In addition, once a microbe dies, fatty acids are broken down

within three-to-four days, therefore the fatty acid composition reflects the living microbial

population (Boschker and Middelburg 2002).

Table 6-1 Typical fatty acid biomarkers observed in freshwater, estuaries and aquifers
(adapted from Boschker and Middelburg 2002; Boschker et al. 2005; Glaser 2005).

Fatty acid

i14:0, iI5:0, aI5:0, i16:0

18:1w7c

18:3w3, 18:4w3

20:5w3,22:5w3

16:3,16:4w1

16:2w6, 18:2w6

i17:1,10Me16:0

16:1w6

18:1w8,18:1w7c

14:0,15:0,16:0, 16:1w7, 18:0, 18:1w9

Sum of all fatty acids

Sum of all polyunsaturated fatty acids

6.1.3 Periphyton

Microbe
Bacteria, mainly Cytophaga/Flavobacteria and
Gram-positive
Bacteria, mainly Gram-negative

Green Algae

Diatoms

Some green algae and diatoms

Fungi

Su1fatereducers

Methanothrope I

Methanothrope II

General PLFA

Community biomass

Algal biomass

Periphyton is a complex mixture of algae and heterotrophic microbes that attach to submerged

surfaces in most aquatic ecosystems. Periphyton serves as a good biological indicator

because it represents a high number of species, it can be sampled easily, contributing

microbes are easily identified and it is sensitive to changes in environmental conditions

(USEPA 1990). The growth of periphyton is primarily controlled by the abundance of

nutrients, light and temperature. When light and nutrients are abundant, the periphyton

growth becomes dependant on temperature through the alteration of metabolic and energy

pathways (Biggs 2000).
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Periphyton has been used extensively to indicate the health of a waterway (USEPA 1990).

The significant advantage of periphyton is, unlike other aquatic plants with root systems, they

assimilate nutrients directly from the water. This greatly simplifies their application as

sentinel species.

Periphyton found in New Zealand waters are dominated by diatoms, cyanobacteria and algae.

These microbes contain chlorophyll at concentrations up to 50 mg/m" (Biggs 2000).

6.1.3.1 Stable isotope analysis ofperiphyton lipids

The stable isotopic composition of periphyton has been analysed using three pnmary

methods: 1) bulk isotope analysis (Section 2.7), 2) phytol analysis, and 3) fatty acid analysis.

The bulk isotope signature of periphyton depends primarily on the composition of the

dissolved material utilised during growth (Raven et al. 1993). Other factors such as growth

rate, water flow rate and water temperature can affect the isotopic composition of periphyton

but these effects are minor and heavily debated (MacLeod and Barton 1998; Trudeau and

Rasmussen 2003; Hill and Middleton 2006; Comelisen et al. 2007). TIle Ol3C composition of

periphyton has been reported between -31%0 and -17%0, and between 1%0 and 7%0 for Ol~

analysis (Trudeau and Rasmussen 2003; Hill and Middleton 2006).

Bulk analysis of biological material provides an averaged value for all the diverse components

of the material. The isotopic composition of different components vary in response to

environmental forcing, therefore CSIA is advantageous over bulk isotopic analysis of bulk

material in that it measures changes in specific components which turnover at particular

timescales.

Chlorophyll is a molecule produced during photosynthesis and growth, and therefore the

isotopic composition will respond very quickly to changes in the local environment (Figure 6

I). Chlorophyll is an important molecule in the conversion of light to energy and its isotopic

composition can be used as a proxy for the bulk isotopic composition of periphyton (Rontani

and Volkman 2003; Oakes et at. 2005). This becomes a powerful tool to determine the

isotopic composition of periphyton growing in a complex matrix, for example, growing on a

muddy river bed. The separation of chlorophyll from other microbial lipids can be laborious

but a simple saponification reaction will cleave the phytol arm from the chlorophyll molecule

(Figure 6-1) and the resulting phytol can be separated and analysed using a GC system.
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The isotopic composition of phytol can be measured and used to estimate the composition of

the bulk periphyton (Oakes et al. 2005). The SlJC composition of phytol extracted from

aquatic plants has be observed between -54%0 and -14%0 (van Dongen et al. 2002).

Freshwater derived phytol tends to be isotopically light (usually carbon dioxide remineralised

from organic matter) and marine phytol is isotopically heavy (buffered by marine carbonate

system) (Shi et al. 2001; van Dongen et al. 2002).

Figure 6-1 Molecular structure of chlorophyll-a showing the origin of the saponified
phytol compound.

The third isotopic method used on periphyton is fatty acid analysis. As discussed in the

previous chapter and eluded to in this chapter, the SlJC composition of specific fatty acids

reflect the composition of the material from which they were synthesised, while the SD

composition reflects the water in which they were produced (Sessions et al. 1999; Chikaraishi

et al. 2004b; Sessions 2006). However, each species of microbe will preferentially utilise

different sources of carbon and therefore the isotopic composition of each source will be

reflected in specific fatty acids.

6.1.3.2 Periphyton around landfills

A previous study was undertaken by Iso-trace NZ Ltd. for Delta Utilities Services Ltd.

(operator of GILF) to determine if bulk SlJC and S15N values of periphyton grown along the

Kaikorai Stream indicated the infiltration oflandfillleachate (North 2006).

Although the nature of the Kaikorai stream changes from a pebbly-bottom flowing stream

(upstream) to a fine sediment stream bed vegetated with grasses, North (2006) noted a
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discernable isotopic difference upstream and downstream of the landfill. Changes in the

isotopic composition of periphyton matched trends also observed for wetland grasses (North

et al. 2004). This initial study concluded the .s13C and .s15N trends along the Kaikorai Stream

are due, at least in part, to changes in source material, that is, possible infiltration of landfill

derived nutrients. However, this previous study did not consider seasonal variations in

periphyton species, water temperature effects, water flow rates, pH, nor grew periphyton in

leachate. Therefore, this chapter further investigates the utilisation of nutrients by periphyton

by analysing the isotopic composition of bulk periphyton, fatty acids and phytol extracted

from periphyton grown adjacent to a landfill.
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6.2 Analytical Methods

6.2.1 Sample growth strategy

Periphyton is a collection of benthic microbes that grow in most aqueous systems and

indiscriminately adhere to submerged surfaces. To control the availability of nutrients from

the surface of growth, periphyton was grown on glass slides (MacLeod and Barton 1998).

Glass slides were positioned in full sunlight and in pools with very slow water flow to ensure

similar physical conditions for all growth samples.

6.2.2 Growth of biomass on glass

Periphyton was grown on glass slide submerged in the water system (MacLeod and Barton

1998). The first version of the glass slides (150 mm by 300 mm) were suspended between

Wharatahs® by plastic cable ties. Slides were held in place such that the largest surface was

parallel to the surface of the water and the water flowed parallel to the longest axis of the

slide. Only plastic cables ties came into contact with the slide (Figure 6-2A). The second

version of glass slide was made by supporting five microscope slides between two-piece of

plastic tubing and floating them just below the water's surface (Figure 6-2B). As the water

level changed, the slides and their holder slid up and down the anchor rod. The final growth

experiment (and design) combined both of the previous designs and floated the larger glass

slides (-150 x 300 mm) with polystyrene from a single anchor point as in Figure 6-2B.
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Figure 6-2 Two methods used to anchor glass slides in the river for periphyton growth.
Glass plates were held in place using apparatus shown in version 1 (A) but was altered
so the position of the glass slide would change with the water level (version 2 (B)).

6.2.3 Sample retrieval and handling

Periphyton was grown on glass slides submerged in water as described above. After 2--4

weeks of growth, slides were removed from the water, wrapped in aluminum foil and returned

to the laboratory for analysis. At the laboratory , a sample of periphyton from each location

was taken to identify the contributing microbes by microscope (Section 6.3), while the

majority of each sample was dried in an oven (60 QC, eight hours). Once dry, periphyton was

removed from the upper side of the glass slide using a stainless steel blade. This blade was

triply rinsed with acetone between samples. The mass of periphyton recovered from each

slide was recorded then samples were stored in the dark at -25 QC until required.

6.2.4 Elemental Composition

The elemental composition of bulk periphyton was determined at the Campbell Micro

analytical Laboratory in the Department of Chemistry. Results are presented as %C, %N and

%H (Tables 6-3, 6-5, 6-6 and 6-8).
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6.2.5 Bulk OBC analysis

Bulk /l!JC analysis was carried out as described in Section 2.7.1. Bulk /l!JC analysis typically

required 0.5-1.5 mg of periphyton.

6.2.6 Bulk oD analysis of water

Water was collected at each periphyton growth site and its oD composition was determined

using methods described in Section 2.7.3.

6.2.7 Lipid extraction and derivatisation

Two classes of lipid were extracted from periphyton: fatty acids and chlorophyll.

6.2.7.1 Fatty acid extraction

Fatty acids were extracted from dry periphyton using an adaptation of the method described

by Bligh and Dyer (1959) . The point of difference was the substitution of dichloromethane

for chloroform as an extraction solvent. This was done because dichloromethane is less toxic

while having similar solvation properties and GC-grade dichloromethane was available.

Periphyton (20-150 mg) and distilled water Cl mL) were placed in a Kimax® tube and mixed

using a vortex mixer (one minute). Methanolldichloromethane (2:1, 3.75 mL) was added

(mixed for one minute) followed by dichloromethane (1.25 ml., mixed for one minute).

Finally, another aliquot of dichloromethane (1.25 mL) was added and the solution was vortex

mixed (three minutes). Polar and non-polar layers were separated using a centrifuge (1200

rpm, six minutes) and the lower layer was transferred to a clean Kimax® tube. The solvent

was removed under a gentle stream of nitrogen (40 DC).

To the dry residue, 5 % BFJ/methanol reagent (1 mL) was added and fatty acids in each

sample were trans-esterified (70 DC, 20 minutes). Distilled water (I mL) and

hexane/dichloromethane (4:1, I mL) were then added to each sample and they were vortex

mixed (two minutes). The layers were allowed to separate before the upper organic layer was
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pipetted into a GC vial. The solvent was removed under a gentle stream of nitrogen (40 QC).

The residue was redissolved in dichloromethane (150 JlL) and the mixture transferred to a GC

vial insert. Samples were capped and stored at 4 QC awaiting analysis.

A standard mixture of fatty acids were methylated and used to determine the liD and IiDC

composition of the methanol added during sample derivatisation (see section 2.5.2.2).

Fatty acid methyl esters (FAMEs) were identified and quantified using a GC-MS (see Section

2.6.3). After quantification, the liD and IiDC composition of individual FAMEs were

determined using a GC-IRMS. GC-lRMS conditions are described in Section 2.6.4.

6.2.7.2 Chlorophyll extraction and phytol cleavage

Phytol was prepared using a the method described III Oakes et al. (2005). Briefly,

dichloromethane/methanol/distilled water (3:6:1, 10 mL) was added to periphyton (20-150

mg) in a Kimax® tube and lipids were extracted using with the help of an ultrasonic bath (ten

minutes). The liquid was decanted from the Kimax® tube and extraction was repeated.

Extracts were combined in a separating funnel before dichloromethane (15 mL) and distilled

water (15 mL) were added. After shaking (two minutes), the dichloromethane layer was

removed and extraction was repeated with another aliquot of dichloromethane (IS mL).

Dichloromethane extracts were combined, reduced to near dry using a rotary evaporator (40

QC, 320 mbar), transferred to a Kimax® tube by pipette and blown-dry under a gentle stream

of nitrogen (40 QC).

The chlorophyll in the dried residue was saponified using 5 % KOH in methanol/water (4:1, 3

mL). Kimax® tubes were flushed with nitrogen and samples were reacted (80 QC, two hours).

Samples were cooled and phytol was partitioned into the non-polar solvent by adding distilled

water (3 mL) and hexane/dichloromethane (4:1, 3 mL). The aqueous phase was extracted

twice with hexane/dichloromethane (4:1, 2 mL). Extracts were combined and the solvent was

removed under a gentle stream of nitrogen (40 QC). Compounds were redissolved in

dichloromethane (150 JlL) and stored at 4 QC awaiting analysis.

Phytol was analysed in the same manner as fatty acids above. A phytol standard was created

by purchasing a neat sample (Aldrich, St Louis, USA) and determining its liD and IiDC

composition using bulk isotope techniques (Sections 2.7.1 and 2.7.2).
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6.3 Identification ofperiphyton constituents

6.3.1 Identification of algal taxa

Microbes were identified using an optical microscope with 200-times magnification by visual

comparison to sketches (Belcher and Swale 1979; Cox 1996), photographs (Entwisle et al.

1997) and samples previously identified by Ryder Consulting Ltd. (Stewart 2005). The

photographs shown below are of periphyton grown during May-June 2007, however the same

microbes were observed for each growth event. However, estuarine samples from August

September contained more diatom Vaelgare than shown in these photos.

6.3.1.1 Upstream (GIl)

Periphyton grown at GIl was dominated by bacterial filaments and diatom Vaelgare (Figure

6-3A). Smaller populations of other diatoms were also identified: Elongatum and

Gomphonema, Melosira, and Cyclotella (Figures 6-3B - D, respectively).

Figure 6-3 Periphyton constituents identified at GIl included bacterial filaments and
diatom Vaelgare shaped like tear drops (A, 200x magnification (200x)), fibrous fingers of
Elongatum and radial bricks of diatom Gomphonema (B, 200x), tubes of diatom Melosira
(C, 200x) and Cyclotella diatom (D, 200x).
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6.3.1.2 Stream Staff3 (SS3)
Periphyton grown at the upstream edge of the landfill was dominated by a colonial film,

probably Palmellopsis (a chlorophyta (Figure 6-4A)). A reasonably significant portion of

periphyton was also identified as Peridinium (Figure 6-4B). Small amounts of the diatoms

Elongatum, Melosira, Cyclotella and Navicula (Figure 6-4C) were identified at this site, as

well as a few bacterial filaments.

Figure 6-4 Periphyton constituents identified at SS3 included the colonial film
Palmellopsis (A, 50x), Peridinium (B, 50x) and diatom Navicula (C, 200x).

6.2.3.3 Stream Staff4 (SS4)

The predominant periphyton adjacent to the landfill was Palmellopsis (Figure 6-5). A few

diatom species were also present (Melosira and Gomaphonema).

Figure 6-5 Periphyton constituents identified at SS4 included Palmellopsis viewed at 50
times magnification (A) and 200-times magnification (B).

6.2.3.4 Downstream edge oflandfill (GIDn)

A significant quantity of diatoms (Melosira, Gomphonoma, Elongarum and Vulgare (Figure

6-6A) were present in periphyton grown adjacent to the downstream edge of the landfill.

However, this sample was dominated by an unidentified colonial film (Figure 6-6B). This

film was different to the Palmellopsis identified in the previous sample.
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Figure 6-6 Periphyton constituents identified at GIDn included Gomphonoma,
Elongatum and Vulgare (A, 200x) but was dominated by an unidentified film (B, lOOx).

6.2.3.5 Estuary

Further downstream of the landfill the periphyton was dominated by the same colonial film as

the previous sample (Figure 6-7A). A small amount of diatom Navicula was identified in the

film as well as some other organisms (Figure 6-7B).

Figure 6-7 Periphyton constituents identified at Estuary consisted of an unidentified film
(A, lOOx) and an unidentified microorganism (B, SOx).

6.2.3.6 Leachate

Periphyton was also grown III a surface leachate trench adjacent to PS 1. This sample

consisted of a non-descript brown (Figure 6-8A) and green film (Figure 6-8B). This film is

reasonably similar to the film grown at SS4. Approximately 70 % of the film was brown

organism and 30 % was green.
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Figure 6-8 Periphyton at PSI consisted of a brown (A, IOOx) and green (B, IOOx) films
observed for periphyton grown in a surface leachate trench.

6.3.2 Discussion of periphyton composition

Two classes of organisms dominated periphyton growth at all locations . A general trend in

their respective populations was observed upon progression from upstream to downstream;

upstream periphyton was predominantly diatoms, while downstream was dominated by an

unidentified colonial film. Periphyton grown at SS3, SS4, 015 and PSI (leachate) were

similar except more microbes grew at PS1. This was probably due to the nutrient rich

environment.
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6.4 Results and analysis

This section chronologically presents the results and analysis of four periphyton growth

events (Table 6-2). The resulting trends are discussed in Section 6.5.

Table 6-2 Frequency and description of periphyton growth events.

Date (2007) Location
Time of growth Number of growing

(days) sites

February-March GILF 20 4

April NSLF 30 2

May-June GILF 34 6

August-September GILF IS 6

6.4.1 February-March 2007 (GILF)

The first periphyton experiments occurred during February-March adjacent to GILF. Stream

samples were grown upstream of the landfill (GIl), adjacent to the landfill (SS4) and

downstream (GIDn). One sample was also grown in a surface leachate collection trench at

PS1. It is important to note this trench primarily consisted of landfill surface runoff, not

seepage from the base of the landfill.

The bulk elemental composition of periphyton growth during these experiments are shown in

Table 6-3 and 813C composition of the bulk periphyton and phytol are shown in Table 6-4.

Table 6-3 Elemental data for periphyton grown in the Kaikorai Stream, February-
March 2007, n.d = not determined.

Amount of
Amount of C on

Location periphyton on %C %H %N C:N
slide (ltglcm2

)
slide (mg/cnr')

GIl 0.47 10.5 2.0 1.4 7.3 49.6

SS4 1.47 17.2 3.0 2.2 7.9 253.4

GIDn n.d. 24.5 4.2 3.0 8.1 n.d.

PSI n.d. 6.4 1.2 0.6 10.8 n.d.
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The C:N ratio of bulk periphyton between locations was reasonably similar with a slightly

higher ratio for periphyton at PS I (Table 6-3). A stable C:N ratio indicates similar microbes

grew on each slide and microbes were assimilating nutrients at similar rates (North 2006).

Growth may have been slightly more vigorous at PS I but the difference was minimal. The

periphyton growth rate is important because some studies have found this to affect the bulk

;S13C composition (Oakes et al. 2005; Hill and Middleton 2006).

The Redfield ratio initially described a link between the concentration of nitrate and

phosphate in the deep ocean and plankton growing here within (Redfield 1958). Since then it

has been extended to describe the relative amount of other nutrients in both the deep ocean

and phytoplankton (C:N:P, 106:16:1) but the mechanism causing this relationship is still

unknown (Arrigo 2005). The ideal C:N ratio in phytoplankton is 6.6 however changes in this

ratio is often attributed to changes in exogenous nutrient delivery (Fanning 1989), microbial

metabolism (Kuypers et al. 2003)and the degree of nitrogen deficit or excess (Gruber and

Sarmiento 1997). C:N ratios ofperiphyton are typically between 3.7 and 10.1 (Cummins and

Klug 1979), indicating periphyton grown during January-February in the Kaikorai Stream and

GILF, especially samples grown in leachate, were nitrogen limited.

Table 6-4 ;S13e of bulk periphyton and phytol grown in the Kaikorai Stream, February
March 2007.

Bulk Periphyton Phytol
Location ;S13e (%0) vs 013e (%0) vs

Area (Vs)
VPDB

10'
VPDB

10'

GII 35.5 -25.6 O. I -28.5 1.6

SS4 93.1 -19. I 0.1 -21.4 0.3
GIDn 67.8 -19.2 0.3 -26.0 0.1

PSI 31.4 -12.3 1.1 -14.1 0.2

The isotopic composition of bulk periphyton and phytol both indicated a strong trend from

upstream to downstream sites (Table 6-4). Periphyton at GII was depleted in I3C (-25.6 ±

0.1%0) while periphyton at SS4 and GIDn were enriched relative to GII (-19.2 ± 0.4%0). The

;SI3C of bulk periphyton contained even more 13C (-12.3%0). The enrichment of the bulk ;Sl3e
ofperiphyton from GII to GIDn has been observed previously (North 2006).

The ;SI3C composition of phytol ranged from -28.5 ± 1.6%0 (GII) to -14.1 ± 1.2%0 (PSI). The

relationship between the ;SI3C composition of bulk periphyton and phytol is plotted in Figure

6-9. This figure shows a distinct relationship between the ol3e of these two substances, with
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phytol depleted by 1.8%o-6.8%o.from the bulk periphyton. The linear regression of this data

gives an R2 of 0.88. If the GiDn data point is removed, the R2 of the linear regression

becomes 0.99998. The enrichment of phytol from bulk periphyton at each location could

indicate periphyton at GIDn utilised a different source of carbon for the synthesis of phytol to

other locations, or more likely, a different microbial consortium grew at this location and

fractionated carbon during synthesis to a different extent. Consequently, the Ol3C

composition of phytol for most periphyton communities is a proxy for the Ol3C composition

of bulk periphyton following Equation 6-1, which has a precision of ±0.05%o (Io).

Ol3Cbu1k = 0.9236*o l3CphytOI - 0.7045. (6-1)
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Figure 6-9 Relationship between 013C of phytol and 013C of bulk periphyton grown at
GIl (.), SS4 ( ), GIDn ( ) and at PSI (0), February-March 2007.

Fatty acids were extracted from bulk periphyton using the method described in Section 6.2.7.1

and the contribution of each fatty acid to the total fatty acid fraction is shown in Figure 6-10.

This indicates the distribution of fatty acids in periphyton at SS4, GIDn and PS1 were similar,

while the fatty acid composition of fatty acids synthesised at GIl were more diverse.

The presence of specific fatty acids can indicate the presence of particular classes of microbes

(biomarkers, see Section 6.1.2). GIl periphyton consisted of Gram-negative bacteria

(l8:lro7c), green algae (l8:2ro6, l8:3ro3) and diatoms (20:5ro3). These fatty acid biomarkers

are in agreement with identifications made using the optical microscope (Section 6.2.3).

Periphyton grown at other locations consisted primarily of common fatty acids such as 16:0,
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16:1co7c and 16:1co9c. SS4 and PSI periphyton also contained significant amounts of

18:1co9c, and GIDn periphyton was dominated by 18:3co3 (typical of green algae).

The algal biomass can be estimated by the sum of the polyunsaturated fatty acids (Boschker

and Middelburg 2002). This data treatment indicated GIl and GIDn received 41-46% of their

lipid biomass from algae while SS4 and PS1 periphyton only received 7-11 % of their lipid

biomass from algae. However, caution must be applied because derivatisation usmg

BF3/methanol can understate the contribution from unsaturated and cyclic fatty acids

(Klopfenstein 1971; Moss et al. 1974). Since SS4 is situated between GIl and GIDn, and the

water conditions appear similar, it is possible the different microbial communities reflect
I

changes in the source and availability of nutrients.
I
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Figure 6-10 Contribution of each fatty acid to the total fatty acid fraction of periphyton.
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for the nurhber of carbon atoms in each compound, February-March 2007.

I



181

The isotopic composition of fatty acids extracted from periphyton grown at each location are

summarised in Figure 6-11, and the raw data is shown in Appendix F-l. The isotopic

compositions of most fatty acids varied from location to location. Fatty acids synthesised

upstream of the landfill tended to be isotopically light (-35%0 to -30%0) and fatty acids

synthesised in the surface leachate trench tended to isotopically heavy (-30%0 to -18%0).

Downstream of the landfill, the Sl3C composition of fatty acids were generally between -30%0

and -25%0, while fatty acids from SS4 periphyton were scattered widely (-35%0 to -17%0).

The most stable Sl3C compositions were observed for nondescript fatty acids such as 16:0 (

28.7 ± 2.2%0) and 18:1w9c (-29.5 ± 2.0%0). 16:lw7c and 16:lw9c were also of interest

because these compounds showed two distinct Sl3C groupings: sample grown at 011 (-33.7 ±

1.0%0 and -35.6 ± 0.6%0 respectively) and all other samples (-26.0 ± 1.4%0 and -21.0 ± 0.3%0).

Although these two compounds are common to many microbes, there appears to be a

distinctly different source of carbon for periphyton upstream. This 'different source' may be

another chemical species but is most likely the same chemical species (DIC (COz/HCOl'n

with a distinct isotopic composition. However, changes in the isotopic compositions of fatty

acids grown at each location may result from these fatty acids being synthesised by different

microbes (Chikaraishi et at. 2004b). Changes in fatty acids profiles (Figure 6-10) also

support this suggestion.

If the upper Kaikorai stream and the ocean were the only sources of nutrients to the upper

Kaikorai Estuary/lower Kaikorai Stream, the Sl3C composition offatty acids adjacent to OILF

(SS4) should be intermediate to fatty acids at 011 and OIDn. However, since SS4 and OIDn

are both estuarine and 011 is fresh water, SS4 should be more like OIDn than OIl. In this

experiment, three fatty acids extracted from SS4 did not contain SllC compositions

intermediate of OIl and OIDn, 18:Iw9c, 18:2w6c and 20:5w3c. The Sl3C composition of the

first two compounds mentioned here were similar to fatty acids synthesised at PS I-possibly

indicating the assimilation of leachate. This argument is strengthened because two of these

three compounds are biomarkers, therefore their Sl3C composition should only be affected by

the isotopic composition of the source material (not different synthetic process by different

microbes).
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Figure 6-11 Bl3C composition of fatty acids extracted from periphyton at GIl ( • ), SS4
( IiI ), GIDn ( ) and at PSI ( 0 ), February-March 2007.

The enrichment (8) between bulk Bl3C of periphyton and fatty acids was calculated using

Equations 1-6 and 1-7 and the results are presented in Figure 6-12. Most fatty acids were

depleted in l3C from the bulk periphyton by 5-15%0. Some fatty acids displayed significant

depletion from location to location, while other fatty acids displayed consistent enrichment.

For example , the depletion of 14:0, 20:4m6c and 20:5m3c was reasonably consistent for each

compound (-5.0 ± 0.7%0, -7.7 ± 1.9%0 and -8.1 ± 1.6%0, respectively). This indicates these

fatty acids, like phytol , can be used as proxies of the bulk Bl3C composition ofperiphyton.
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Figure 6-12 Enrichment of fatty acids extracted from bulk periphyton at GIl ( • ), SS4
( Ill), GIDn ( ) and at PSI ( <) ), February-March 2007.

The spread of enrichment for all fatty acids synthesised at GIl was reasonably small (-4%0 to 

13%0) while other locations had a larger spread of enrichment (up to 17%0). The variability in

enrichment of fatty acids from bulk carbon is attributed to the complex cycling of carbon

during microbial synthesis (acetogenic pathway). This synthetic pathway produces n-alkanes,

n-alkanoic acids (fatty acids), n-alkanols and their unsaturated derivatives (Chikaraishi et al.

2004a) where each step in the process can potentially exert kinetic fractionation. However,

the apparent enrichment of specific fatty acids from bulk periphyton may have resulted from

fatty acids being synthesised from different source material (Hellings et al. 2001) . That is,

individual fatty acids can be synthesised from different organic and inorganic compounds

dissolved in the same water sample. Upstream of the landfill (GIl) there may be only one

source of carbon for assimilation, and thus all fatty acids possess similar isotopic

compositions, while other locations may have multiple sources of carbon.

In summary, this experiment indicated the depletion of phyto l during periphyton synthesis can

be correlated to the bulk 813C composition of periphyton, and specific fatty acids (especially

microbial biomarkers) appear to indicate the release of landfill leachate into the Kaikorai
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Stream. To test the consistency of these findings, similar experiments were undertaken at

NSLF. The results of these experiments are described in the following section.

6.4.2 April 2007 (NSLF)

Glass slides were installed upstream (NSl) and downstream (NS3) of NSLF using sample

methods described in the previous section. Periphyton was allowed to grow on each slide for

thirty days before being removed, prepared and analysed as described in Section 6.3. The

bulk elemental and bllC composition of periphyton growth during these experiments are

shown in Table 6-5.

Data shown in Table 6-5 indicates the C:N ratio of periphyton grown at NS 1 and NS3 to be

reasonably similar-therefore periphyton at each location displayed comparable growth rates.

The difference in the bulk bllC of periphyton grown at NS 1 and NS3 was statistically

significant although small (0.8%0). Periphyton growth at NSl was isotopically heavier (-27.4

± 0.1%0) than periphyton growth at NS3 (-28.2 ± 0.1%0) but this trend is opposite to the

enrichment trend observed for periphyton grown upstream and downstream of GILF (previous

section). However, the enrichment of periphyton grown at NS 1 relative to NS3 has been

observed previously (North 2006).

Table 6-5 Elemental and bulk BBC data for periphyton growth adjacent to NSLF during
April 2007.

Location %C %H %N C:N
BBC (%0)

10"
vs VPDB

NSl 4.3 1.1 0.4 10.7 -27.4 0.1

NS3 9.3 2.2 1.0 9.1 -28.2 0.1

Fatty acids and phytol were extracted from periphyton grown around NSLF but the

concentrations of phytol in the extracted samples were below the detection limit of the GC

IRMS. The contribution of each fatty acid to the total fatty acid fraction is shown in Figure 6

13. Both NS 1 and NS3 periphyton were dominated by 16:0, and contained biomarkers for

green algae (l8:3m3, 16:3) and diatoms (20:5m3 and 16:3). Therefore periphyton

communities grown upstream and downstream were reasonably similar.
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Figure 6-13 Contribution of each fatty acid to the tot~l fatty acid fraction of the
periphyton. The relative amount of each fatty acid was determined by GC-IRMS peak
areas, therefore areas were adjusted for the number of carbon atoms in each molecule,
April 2007.

The oD and Ol3C compositions of fatty acids were measured by GC-IRMS but the

concentration of most compounds was below the detection limit for hydrogen analysis. The

oD and Ol3C compositions of fatty acids are presented in Appendix F-2 and the ol3C

compositions are summarised in Figure 6-14. In general, the Ol3C composition of fatty acids

were similar for periphyton growth at NS1 and NS3, that is, the variability between NS1 and

NS3 was less than two standard deviations . However, 16:0 and 18:1 extracted from

periphyton growth at NS3 were both depleted in I3C. The average Ol3C composition of fatty

acids extracted from periphyton growth at NS1 was -29.8 ± 2.8%0 and at NS3 was -31.0 ±

1.9%0. The standard deviations of these values were significantly affected by three fatty acids

with variable isotopic compositions. Without these three compounds, the ol3C composition of

all fatty acids were between -32%0 and -27%0.

The enrichment of fatty acids from the bulk Ol3C composition of periphyton (cbulk-fatty acid) was

calculated using Equations 1-6 and 1-7 and results are shown in Figure 6-15. Since the bulk

ol3C composition of periphyton at NS1 and NS3 were similar, the trends observed in this data

match trends in the ol3C composition of fatty acids (Figure 6-14). Importantly , most fatty

acids were enriched in I3C by -4%0 to 0%0, with similar depletion observed for fatty acids

synthesised at both NS1 and NS3. The smaller differences in isotopic compositions of most

fatty acids probably result from different synthetic processes and pathways (e.g. Sessions et

al. 1999) but large difference in cbulk-fatty acids must result from different sources of carbon for
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the synthesis of fatty acids, especially for fatty acids which provide a minor contributions to

the bulk oBe composition.
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6.4.3 May-June 2007 (GILF)

Periphyton experiments were repeated during May-June to further investigate the relationship

between periphyton, water and the enrichment of stable isotopic ratios during synthesis.

These experiments were also undertaken in an attempt to understand how the isotopic

composition of periphyton changed with seasons, that is, do seasonal factors such as UV

irradiation, precipitation and temperature affect the isotopic composition of periphyton?

These samples were grown in and around GILF.

The elemental composition of bulk periphyton grown in the Kaikorai Stream is shown in

Table 6-6 but these experiments were flawed because the glass slides used to grow periphyton

were too small. As a result, insufficient periphyton was grown to allow all of the desired

analyses. While the C:N ratios were reasonably stable (6.5-8.7), the amount of carbon on

each slide varied significantly (5-169 ug/crrr'). The amount of carbon on each slide is a better

measure of microbial abundance than total mass because significant portions of sediment

accumulated on some slides (especially GIl).

Table 6-6 Elemental and bulk OBC data for periphyton growth in the Kaikorai Stream,
May-June 2007, n.d. = not determined.

Water Amount of Amount of
Location temperature periphyton on %C %H %N C:N C on slide

(0C) slide (mg/cnr') (llglcm2)

GIl 2.5 0.62 7.5 0.7 n.d. n.d. 46.2

SS3 2.6 0.48 9.1 1.7 1.05 8.6 43.4

SS4 2.4 0.62 21.4 3.4 2.96 7.2 131.6

GIDn 2.5 0.27 10.6 n.d. 1.21 8.7 28.9

Estuary 2.2 0.07 7.7 n.d. n.d. n.d. 5.3

PSI surface 0.6 0.92 18.3 2.8 2.8 6.5 168.5

The oD composition of water and bulk O1JC composition ofperiphyton are shown in Table 6

7. The oD composition of water indicated two distinct groups: GIl and PS I had similar

oDwater compositions (-29 ± 2%0), while SS3, SS4, GIDn and Estuary had similar

compositions (-52 ± 1%0). The first two samples were similar and represented recent

Dunedin precipitation, which had an average oD of -24%0 during April 2007 (Personal

Communication, Frew 2007). The second set of samples are all part of the tidal upper
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Kaikorai Estuary, therefore their oD values must reflect estuary water. oD values for surface

water and leachate were comparable with water collected during 2004 and 2005 at the same

(or similar) locations (North 2006).

The Ol3C composition of bulk periphyton showed a general trend to be more depleted

downstream. This trend is opposite to results from the first periphyton experiment (February

March) and maybe a seasonal effect. However, there was a slight enrichment of bulk

periphyton at SS4 (-25.19 ± 0.02), tending towards the isotopically heavy periphyton growth

at PSI (-11.50 ± 0.02%0).

Table 6-7 Bulk oD compositiou of water collected from the Kaikorai stream and estuary
and /) BC composition of bulk periphyton grown at the same locations, May-June 2007,
n.d. = not determined.

Location I)D (%0) vs 1<; I)BC (%0) vs 1<;
VSMOW VPDB

OIl -27.6 0.7 -26.88 0.02
SS3 -51.7 0.7 -28.59 0.02
SS4 -51.9 0.7 -25.19 0.02
OlDn -51.6 0.7 -29.56 0.02
Estuary -53.9 0.7 n.d. 0.02
PSI -30.3 0.7 -11.52 0.02

Lipids were also extracted and analysed but once again, the concentration of phytol was

below the detection limit of the OC-IRMS. The contribution of each fatty acid to the

periphyton lipid fraction is shown in Figure 6-16. Most periphyton samples were dominated

by common fatty acids but significant contributions of 18:3co3c (> 15% of total lipid) were

observed for periphyton growth at SS3, SS4 and OIDn. This lipid is a biomarker for green

algae which confirms the identification of the colonial green film as Palmellopsis (Sections

6.2.3.2-6.2.3.4).

The isotopic composition of fatty acids extracted during these experiments are shown in

Appendix F-3 and summarised in Figure 6-17. The oD and Ol3C compositions of fatty acids

were significantly spread. The most reproducible I)I3C composition was observed for 16:0 (

30.6 ± 2.5%0) and 18:0 (-29.7 ± 2.8) and the most reproducible oD composition was observed

for 18:0 (-181 ± 21%0). However, these variations and shifts are significantly larger than the

reproducibility of analysis «1.4%0 and 7%0 for ol3C and oD analysis respectively). The

isotopic composition of fatty acids extracted from the extreme upstream and downstream
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locations (GIl and Estuary) were often indistinguishable. Therefore, isotopic deviation from

these two samples must arise from changes in source nutrients or external stimulation of

growth conditions . This said, the present data can only indicate trends because only few data

were gathered.
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Figure 6-16 Contribution of each fatty acid to the total fatty acid fraction of periphyton.
The relative amount of each fatty acid was determined by GC-IRMS peak areas,
therefore areas were adjusted for the number of carbon atoms in each molecule, May
June 2007.

The enrichment of D from water during biosynthesis was reasonably variable, even for a

single fatty acid (Figure 6-18). The variability in isotopic composition of common fatty acids

may only reflect a variety of synthetic mechanisms, therefore little can be concluded from this

data (Chikaraishi and Naraoka 2003; Chikaraishi et al. 2004b). The enrichment of 18:3(03

(green algae biomarker) from bulk periphyton was consistent when grown at SS4, GIDn,

Estuary and PSI (-10.0 ± 0.4), whereas this compound grown at SS3 was enriched in I3C by

14.0 ± 0.0%0. This different extent of enrichment may be caused by changes in the synthetic

process, a different nutrient being utilised or represent a different class of green algae.
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Figure 6-18 D and 13C enrichment of fatty acids extracted from bulk periphyton growth

at GIl ( • ), SS3 ( ), SS4 ( ), GIDn ( 0 ), Estuary ( ~ ) and PSI ( • ), May-June
2007.

To improve the data set, these experiments were repeated with larger glass slides.
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6.4.4 August-September 2007 (GILF)

6.4.4.1 Elemental and bulk isotopic data

An improved version of the three previous experiments was undertaken in the Kaikorai

Stream during August-September 2007. Large glass slides (150 x 300 mm) were floated just

below the waters surface at each location for 14 days (Section 6.2.2). In addition to growing

periphyton, the pH and temperature of water at each location was recorded at insertion and

retrieval (Table 6-8), and water samples were collected for oD analysis. The range in pH

values recorded from each location in the Kaikorai Stream was small (6.1 ± 0.2) and the

leachate was slightly basic (7.9 ± 0.1). The temperature of the water at each location was

relatively stable across all sites (3.5-8.5 "C) with the greatest variability due to inserting the

glass slide in the afternoon (5.5-8.5 QC), and retrieving them early in the morning (3.5-5.2 DC).

The amount of carbon removed from each slide varied significantly (24-167 ug/crrr') (Table

6-8). Samples grown near the mouth of the Kaikorai Estuary (Estuary) contained the lowest

amount of carbon. The poor periphyton growth may be due to the marine environment or the

large rise and fall with each tide.

Even thought the amount of carbon recovered from each slide varied significantly, C:N ratios

were constant for all river and estuary samples (4.3 ± 0.4), indicating similar assimilation of

nutrients (North 2006). The ratio for periphyton growth at PS1 was slightly higher (5.8).

However, the C:N ratio measured during these experiments were considerably lower than the

first two growth experiments at OILF and indicates an abundant supply of nitrogen.

The oD composition of water collected from each location and the olJC and 015N composition

of bulk periphyton are presented in Table 6-9. The oD composition of water was similar to

previous experiments, except OIl was comparable to the other river samples (-56 ± 3%0). The

oD of leachate was isotopically lighter than the previous experiments (-40 ± 1%0) but still

heavier than river water. TIle similarity between OIl and other river samples may reflect the

low Dunedin rainfall during August 2007 (Appendix F.5).
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Table 6-8 Physical and elemental data for periphyton grown in the Kaikorai Stream, August-September 2007.

Location At insertion At retrieval Amount of
C:N Amount of C on

Temperature Temperature periphyton on slide %C %H %N
Ratio slide (!1g1cm2

)pH (0C) pH
("C) (mg/cnr')

Gll 6.5 5.5 6.1 4.6 9.75 1.72 0.47 0.15 3.7 167.7
SS3 6.1 5.5 6.2 4.8 3.04 3.34 0.80 0.30 4.2 IOU
SS4 5.9 5.5 6.0 4.7 0.71 5.69 1.20 0.60 4.7 40.5
GIDn 6.4 7.0 6.2 5.2 1.26 8.41 1.77 0.84 4.8 105.6
Estuary 6.4 7.0 6.2 4.0 0.41 5.96 1.36 0.76 4.4 24.2
PSI Surface 8.0 8.5 7.8 3.5 0.44 19.0 3.25 3.44 5.8 84.2

Table 6-9 150 of water, I5 l3C of bulk periphyton and I5 lsN of bulk periphyton grown in the Kaikorai Stream, August-September 2007.

Location 150 (%0) vs VSMOW 1u I5 l3C (%0) vs VPDB 1u I5lsN (%0) vs Air 1u

Gll -55 1.1 -23.4 0.3 4.6 0.2
SS3 -59 1.1 -24.2 0.3 5.5 0.2
SS4 -57 1.1 -25.6 0.3 5.9 0.2
GIDn -54 1.1 -27.5 0.3 4.5 0.2
Estuary -52 1.1 -26.1 0.3 10.8 0.2
PSI Surface -40 1.1 -20.8 OJ -2.7 0.2
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Bulk Ol3C composition of periphyton showed the general trend of l3 C depletion from

upstream to downstream, although the absolute (PC composition of periphyton grown during

this experiment was heavier than the previous growth experiment. The 013C composition of

periphyton grown in leachate (-20.8 ± 0.3%0) was heavier than periphyton grown in the stream

(-27 .5 ± 0.3%0 to -23.4 ± 0.3%0), which must reflect the isotopic composition of the available

nutrients.

The 015N composition of bulk periphyton was also determined. Periphyton grown at GIl,

SS3, SS4 and GIDn had a similar 015N composition (5.1 ± 0.7%0) but periphyton grown at

Estuary was significantly enriched in 15N (l0.8 ± 0.2%0). The enriched 015N value for Estuary

periphyton is heavier than expected for marine nitrogen (~7-8%0) and could reflect input from

the adjacent sewage treatment station (Derse et al. 2007). Periphyton grown at PS1 was

depleted in 15N (-2.7 ± 0.2%0) and this composition is indicative of nitrogen fertilisers (Derse

et al. 2007). Previously published data indicate the 015N composition of algal periphyton to

be between 1%0 and 7%0 (MacLeod and Barton 1998), and the 015N values for river

periphyton are similar to previous experiments (GIl = 3.4 ± 0.5%0, SS4 = 5.9 ± 0.4%0, GIDn =

5.5 ± 0.9%0 (North 2006».
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GIDn ( 0 ), Estuary ( ... ) and PSI ( • ), August-September 2007. Grey symbols
indicate data collected by North (2006) and symbol shapes match locations from August
September 2007.
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A plot of the bulk Ol3C and 815N compositions ofperiphyton grown at each location showed

no distinct trends (Figure 6-19). The plot of this data is very different to a plot of data

collected by North (2006) in an earlier experiment. North found the isotopic composition of

downstream samples from GIl to GlDn to become progressively enriched in l3 C and 15N

(Figure 6-19 grey data). Once again, without any additional sources of nutrients, the isotopic

compositions of stream samples are expected to be intermediate of GIl and Estuary. This

occurs for periphyton grown at SS3 and SS4 but not periphyton grown at GlDn, indicating an

alternative nutrient source, especially carbon. However, Cornelisen et al. (2007) found

isotopic shifts of 4%0 and 5%0 for Ol5N and Ol3C respectively, due to light intensity or water

motion.

6.4.4.2 Phytol

Chlorophyll was extracted from periphyton grown at each location and the phytol arm was

cleaved using the method described in Section 6.2.7.2. The oD and 81lC composition of

phytol extracted from each sample is shown in Table 6.10. It is important to note one

hydrogen atom has been added to each phytol molecule during cleaving from chlorophyll.

There is no simple method to allow for the change in 8D composition due to the addition of

this hydrogen but fractionation should be minimal because phytol contains another thirty nine

hydrogen atoms. Therefore, isotopic shift due to this one atom will be small and assumed to

be less than the uncertainty of this experiment. The isotopic composition of phytol extracted

from each sample has been plotted in Figure 6-20A and the calculated enrichment factors are

plotted in Figure 6-20B. These plots show strong correlations (R2
) between the oD and 81lC

composition of phytol, and between the enrichment of phytol from water and the bulk isotopic

composition of the periphyton. The isotopic composition and E of phytol from periphyton

grown at GlDn showed a slightly different trend to periphyton grown at other locations but

this may reflect the presence of different microbial species (larger amounts of fungi, green

algae and fewer diatoms). The Ol3C composition of phytol extracted from periphyton at GlDn

was similar to phytol at Estuary, indicating this isotopic composition was controlled by the

estuarine environment. Phytol analysed in these experiments was a combination of compound

cleaved from all photosynthetic microbes constituting each periphyton sample. Therefore, if a

sample was dominated by a different photosynthetic microbe, it is likely the isotopic

composition and E will be different.
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Chikaraishi et al. (2004) found the biosynthetic pathway of phytol within a plant to be

independent of most synthetic reactions, thus the 813C composition of phytol reflects the bulk

isotopic composition of the plant (with consistent fractionation).

Table 6-10 8D and 8l3C composition of phytol cleaved from periphyton chlorophyll
growth, August-September 2007, n.d, = not determined.

Location Area (Vs) 8D (%0) vs
10- Area (Vs) 8l3C (%0) vs 10-

VSMOW VPDB
GIl 2.1 -309 6 30.6 -27.3 0.2
SS3 8.9 -321 1 47.7 -26.9 0.1
SS4 46.8 -331 2 103.4 -31.1 0.1
GIDn 55.0 -321 3 57.3 -33.5 0.1
Estuary n.d. 20.5 -34.6 0.2
PSI 40.2 -255 4 147.2 -20.2 0.4
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Figure 6-20 D vs 813C composition of phytol (A) and the enrichment factor (B) of phytol
from bulk material (13 C) and water (D). Periphyton was grown at GIl ( • ), SS3 ( ),

SS4 ( ), GIDn (0) and PSI ( ), August-September 2007.

6.4.4.3 Fatty acids

A variety of fatty acids were extracted from periphyton and their 8D and 8l3C compositions

are shown in Appendix F-4. The contribution of each fatty acid to the total lipid fraction

extracted from periphyton is shown in Figure 6-21. All periphyton grown in natural waters

(excluding PSI) were dominated by similar fatty acids; 16:0, 16:lco7c, 16:2co4, 18:0,

18:1co9c, 18:2co6, 18:3co3c and 20:5co3. While most of these compounds are common to

many classes of microbe, the presence of green algae is confirmed by l6:2co4 and l8 :3co3, and

diatoms are confirmed by 20:5co3. The presence of these two microbes was also confirmed

by the presence of 16:2co4. The largest contribution from a single fatty acid was 20:5co3 to
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SS4 (38 %), indicating periphyton at this location was dominated by diatoms. Another fatty

acid, common to all periphyton was 11,12-cyclopropyl hexadecanoic acid which contains a

cyclopropyl group within its carbon chain. While very little information is available regarding

this compound it may indicate the periphyton assemblage contains a sponge (Jordan Nechev

2002).

SS3
~ 40-,--------------------,
c
o
t5 30
.jg

GI1
~ 40 -,--------------------,

c
o
t5 30ro.:::

"0
"0
ro
~
.ll!
]j
.9
.9
c
o:g
.0

E
oo

]j 10 ....

.9

.9
c
o:g
.0

~
o
o

OOOOUID~OOOOUUOUOM

~~~~~~~~~~~~~1~~~
~ ~~~ ~ iciici~~~~~
0'> .,-- 0""" ,.... ,.... .,.- ,.- 0

a. ~

o
~
er

N
~-

;::::

PS1

GIDn

20

40 -,------------------,

30

30

40 -,--------------------,

c
o
~
.0

E
oo

c
o
t5
.jg
"0
"0
ro
~ 20
.ll!
]j
.9 10

.9

c
o
:s
.0

E
oo

OOOOUID~OOOOUUUUOM

~~~~~~~~~~~~~1~~~
~ ~~~ ~ ~~~~~~~
()) 'I"""" 0 '1"""""'" T""" T""" T""" 0a. ~

o

~
N
'":
;::::

ooooum~OOOuuUUUOM

~~~~~~~~~~~~~1~~~
~ ~~~ ~ ~ici~~~~~
(j) ,.... e"'" 'I"""" ,- .,.... ,.... ~

a.
o
~
o
N

SS4

Estuary

20

40 -,----------------------,

30

40 -,-------------------:=___>

30

.9
c
o
~
.0

~
o
o

c
.Q
::;
.0

~
o
o

c
o
~
.jg
"0
Ti
ro
~ 20
.ll!
]j
.9 10

Figure 6-21 Contribution of each fatty acid to the total fatty acid fraction of periphyton.
The relative amount of each fatty acid was determined by GC-IRMS peak areas,
August-September 2007.



197

Periphyton grown at PS I consisted of similar fatty acids to other samples except the

contribution from 20:5003 was low (diatoms) with more significant contributions from 16:2006

(fungi) and 18:3003 (green algae). Periphyton grown at PSI also contained 9-methyl

tetradecanoic acid, a fatty acids synthesised by fungi (Sassaki et al. 2001), brown algae

(Kamenarska et al. 2004), soil bacteria (Dembitsky et at. 2000) and (Jordan Nechev 2002).

The contribution of each fatty acid to the total fatty acid fraction at each location is similar to

the previous experiment (Figure 6-16). The differences of note were the wider variety of fatty

acids in each sample (large quantities of bulk periphyton were available for extraction) and

each sample contained a greater contribution from diatoms. The greater contribution by

diatom may be a seasonal effect.

The D13e and DD composition of each fatty acid extracted from periphyton is plotted in

Figures 6-22 and 6-23 respectively, with the complete data shown in Appendix FA. Figure 6

22 shows a considerable spread of D13e compositions for each fatty acid extracted from a

single periphyton samples, and for a single fatty acid synthesised at multiple locations. The

only fatty acid to return a similar B13e composition across all samples was 18:loo9c (-29.2 ±

1.3%0). Even the isotopic composition of biomarkers (e.g. 16:2004, 18:3:oo3c and 20:5003)

showed significant B13e variability (up to 15%0). Although isotopic values were scattered,

fatty acids synthesised at GIl tended to be the most enriched in l3e (-24%0 to -17%) while

fatty acids synthesised at GIDn tended to have more negative 13e compositions (-34%0 to 

29%0). Fatty acids synthesised in leachate possessed an intermediate B13e composition (-26.5

± 4.2%0).

Fatty acid showed similar BD values for compounds extracted from periphyton grown at GIl,

SS3, SS4, GIDn and Estuary (Figure 6-22). The reproducibility of a single compound

extracted from five periphyton samples grown at different locations was often within 15%0

(e.g. 16:0, 18:0, 18:1009). The BD of these samples showed a sequential enrichment ofD with

increasing chain length and desaturation. The shortest compound had a BD composition

around -290%0 followed by a sequential enrichment to -160%0 (18:3003), however this trend

was not followed by all fatty acids (e.g. 20:5(03 = -291 ± 9 and 18:2006 = -149 ± 45%0). The

BD composition of 18:2006 extracted from SS3 matched the overall trend but 18:2006 extracted

from SS4 had a BD composition of -123 ± 2%0, similar to leachate. Both fatty acids which did

not conform to the sequential enrichment trend are biomarkers for diatoms. 18:2(06 can also
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be synthesised by algae but Figure 6-20 indicates SS4 was dominated by diatom, therefore the

majority of 18:2(06extracted from SS4 periphyton was synthesised by algae.

Except for 18:0, all fatty acids synthesised III leachate had a relatively consistent 8D

composition (-126 ± 14%0).

Data presented in Figure 6-23 shows two distinct tends occurring. The first trend is the

gradual D enrichment of fatty acids with increasing un-saturation and carbon chain length.

This trend has been noted previously but not elaborated (Sessions et af. 1999; Chikaraishi et

al. 2004b; Sessions 2006). The experiments undertaken in this study observed an enrichment

of approximately 120%0 between 14:0 and 18:3(03 which is comparable to the sequential D

enrichment observed by Chikaraishi et af. (2004) for fatty acids extracted from aquatic plants

(40%0 and 100%0).
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Fatty acids are typically synthesised within a plant via the acetogenic pathway (Chikaraishi et

al. 2004a). At specific points during synthesis compounds reach a synthetic branching point

where the compound is either released as a fatty acid (or n-alkane or n-alkanol), or the

compound is recycled and grown by two carbon atoms. If the release mechanism is sensitive

to the presence of D then fractionation would occur such that the release of isotopically

depleted fatty acids is favoured kinetically (Figure 6-24). That is, the process which releases a

fatty acid is slightly quicker for compounds containing less D, while compounds with more D

are recycled and lengthened. After multiple cycles through this synthetic process a compound

would become significantly enriched in D.
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Figure 6-23 oD composition of fatty acids extracted from periphyton grown at GB ( • ),
SS3 (Ill), SS4 ( T ), GIDn ( 0 ), Estuary ( ..... ) and PSI (.), August-September 2007.

The second trend presented in Figure 6-23 considers the consistent oD composition of fatty

acids synthesised at PS 1 (except 18:0). Sessions (2006) found the isotopic composition of
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fatty acids extracted from aquatic plants to become enriched in D over summer. These more

positive CiD values were attributed to the reliance on recently photosynthesised nutrients as

feedstock for biosynthesis, whereas stored carbohydrate reserves were utilised more

extensively at other times of the year. Their results indicate plants utilise recently

photosynthesised compounds when nutrient levels are adequate but depend on stored energy

when nutrients become lacking. In addition, Sessions (2006) found the CiD composition of

fatty acids produced by recent photosynthesis tended to have more negative D values while

fatty acids produced under carbon limited conditions had less negative D values. This

phenomenon can explain the CiD values observed in this experiment, that is, the abundance of

nutrients in the leachate trench caused fatty acids synthesised at this location to have a

consistent CiD composition (about -120%0), while periphyton growing during a period of

minimal growth and possibly relied on the recycling of D within the cell. The lower C:N

ratios for periphyton grown in the Kaikorai Stream suggest an abundance of nitrogen and

minimal microbial activity.

synthesis

synthesis

oD-ve

oD+Ve synthesis
I

Figure 6-24 Schematic showing proposed D enrichment of fatty acids within the
acetogenic synthetic pathway. The reaction kinetics are proposed to cause enrichment
of recycled and lengthened compounds.

This second trend can also be explained by periphyton growth at PSI having a different

sources of hydrogen. However, this is unlikely because water is known to be the primary D

source for fatty acid synthesis and the CiD composition of water was relatively similar at all

locations (-59%0 to -40%0) (Chikaraishi et al. 2004b; Oakes et al. 2005; Chikaraishi and

Naraoka 2006; Sessions 2006).
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Figure 6-23 shows different organisms within a common community can synthesise fatty

acids with differing fractionation. The 8D composition of 20:5:w3 (diatom biomarker)

synthesised at all locations were consistent (-291 ± 9%0), that is, compound did not follow the

trend observed for other fatty acids. Since 20:5w3 is only synthesised by diatom, the more

positive 8D composition for this compounds synthesised at PS I must reflect an isotopically

distinct source material. Therefore, changes in the 8D composition of biomarker compounds,

especially 20:5w3 have the potential to indicate source material of different isotopic

composition (other than water).

The l3e and D enrichment of fatty acids from bulk periphyton and water, respectively, were

calculated using Equations 1-6 and 1-7. The results of these calculations are shown in Figure

6-25. The plot of this data showed the 13e of fatty acids had enrichment factors of -15%0 to

9%0 from bulk periphyton and D had enrichment factors of -275 to -50%0 from water. The

most probable explanation for the significant variation in Ebulk-fatty acid values in the bulk

periphyton composition is an average composition for all microbes in the sample, and does

not consider the isotopic variability from one species of microbe to another. For Sbulk-fatty acid to

be a useful calculation the bulk 81l e composition must reflect the microbe which synthesised

the fatty acids (not observed in many of these experiments). However the most positive

enrichment was generally observed in fatty acids grown at GII and SS3, and the most

negative enrichment was observed from compound synthesised at PS I and GIDn. Fatty acids

synthesised at Estuary usually contained a more positive Sbulk-fany acid composition than PSI

and GIDn. This possibly indicates the processes and enrichment occurring at GIDn is more

akin to PS I than other reactions in the Kaikorai Stream-possibly indicating the infiltration

and utilisation oflandfillleachate by GIDn microbes.

The enrichment of D from water to a fatty acid (Ewatcr-fattyacid) is a more precise calculation

because water is a homogenous source. Since the 8D composition of all water samples were

between -59%0 (SS3) and -40%0 (PSI), that is, reasonably consistent, the plot of Ewater-tatry acid

vs fatty acid looks similar to Figure 6-23. However, fatty acids synthesised at PS1 were

enriched by approximately -100%0 while compounds synthesised in other water samples

displayed greater fractionation (Ewater-fattyacid Up to -250%0).
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Figure 6-25 013C-Ebilk_fatty acid and OD-Ewater-fatty

periphyton grown at GIl ( • ), SS3 ( ), SS4 (
( ), August-September 2007.

acid for fatty acids extracted from
), GIDn ( 0 ), Estuary ( ... ) and PSI

A plot of 0bulk-fatty acid VS 0water-fatty acid indicates the extent of D and BC enrichment in

periphyton was location specific (Figure 6-26). The two most significant groupings are for

fatty acids synthesised at PS1 (more D) and for fatty acids grown in all other waters (less D).

Between these two major groups are two smaller groups, each consisting of a single fatty acid,

16:lro7 and 18:3ro3. This first fatty acid (16:1ro7) is common to many organisms while the

second fatty acid (18:3ro3) is a biomarker for green algae. Within these two smaller groups,

0bulk-fatty acid shows the largest variability. As discussed before, this is a result of many

microbes contributing to the bulk composition. Although 16:1ro7 can be synthesised by

many different microbes, the tight grouping of both 0water-fatty acid and 0bu lk-fatty acid suggests these

compounds were synthesised by a single common microbe , and the synthetic pathways were

reasonably independent of other fatty acids.
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Therefore, a plot of cbulk-fatty acid VS Cwater-fatty acid had the potential to identify the changes in

microbial synthetic processes caused by the availability of nutrients , that is, it could be used

as a measure of microbial stress. Microbes utilising landfill leachate will generally have an

abundant supply of nutrients and energy, therefore, unstressed microbes (less C of D) could be

an indicator of landfillleachate.

6.4.4.4 Phthalates

A series of phthalates were also extracted from periphyton grown in the Kaikorai Stream and

at PS1. Phthalates are common synthetic chemicals used in many industrial processes and

consumer products. Phthalates are known to bioaccumulate in fish, shellfish and algae

(Brown and Thompson 1982; Parkerton and Konkel 2000), with bioconcentration factors of

2500 and 3500 for di-2-ethylhexyl phthalate and diisodecyl phthalate respectively (Brown and

Thompson 1982). Phthalates can accumulate in plants and animals because their toxicity to

the organism is low (Parkerton and Konkel 2000).
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Figure 6-27 shows the relative amount of each phthalate which accumulated in periphyton.

These samples were not quantified because their identity was unknown during GC-IRMS

analysis (no standards analysed), therefore data are presented as peak areas (Vs) divided by

the original dry mass ofperiphyton (100-250 mg) as obtained from the GC-IRMS. The most

abundant compounds were diethyl phthalate and dibutyl phthalate but small amounts of

diisobuty l phthalate and butyl-4-octyl phthalate were also found. The largest portion of

compound was extracted from periphyton grown in the leachate trench but significant

amounts were also extracted from samples grown at SS4 and GIDn. Significant amounts of

diethyl phthalate and dibutyl phthalate were also extracted from periphyton grown at GIl ,

upstream of the landfill. This result suggests phthalates are entering the system upstream of

GILF. However, periphyton grown at SS4 and GIDn contained the largest amount of

phthalates for all sample grown in the Kaikorai Stream, suggesting the landfill as a second

source of material. Phthalate contamination from laboratory processes was eliminated as a

source ofphthalates because no compounds were identified in blank samples (Appendix F4).
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Figure 6-27 Amount of phthalates extracted from periphyton grown at GIl ( • ), SS3
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The 8D and 8l3C composition of each phthalate was determined to see if multiple sources

could be identified. The 8D data set for phthalates extracted from periphyton (Figure 6-28) is

incomplete because many compounds had concentrations below the detection limit of 8D

analysis. Of the compounds which could be analysed, diethyl phthalate and dibutyl phthalate

had similar 8D compositions for compounds extracted from each periphyton sample.

However, the 8D compositions of diethyl phthalate and diisobutyl phthalate extracted from

PS1 periphyton were enriched in 8D relative to the same compounds extracted from other

samples (-40%0 enriched from PS1).

The 81lC compositions of phthalates tell a different story (Figure 6-28). The 8l3C

compositions of dibutyl phthalate and butyl 4-octy phthalate extracted from each periphyton

sample were isotopically indistinguishable (-26.9 ± 0.9%0 and -25.3 ± 0.8%0, respectively).

Diisobutyl phthalate extracted from Kaikorai Stream samples were isotopically

indistinguishable (-28.6 ± 0.7) but the leachate sourced sample was depleted in IlC (-38.9 ±

0.4%0). The isotopic composition of diethyl phthalate indicated multiple groupings; GIl and

SS3 grouped at -26.5 ± 0.5%0; SS4, GlDn and Estuary grouped at -30.4 ± 0.6%0; and PSI

sourced diethyl phthalate was -24.1 ± 0.5%0. Figure 6-29 is a plot of the oD vs 81lC

composition of phthalates, and confirms the trends mentioned above. That is, the source of

dibutyl phthalate to all periphyton samples has a consistent isotopic composition. This may

result from dibutyl phthalate contamination during sample extraction however extraction

blanks contained no phthalates (Appendix F-4). Therefore, it is likely the unknown source

of dibutyl phthalate upstream of GIl has a similar isotopic composition to phthalates leaching

from GILF.

Experiments described in Section 5.3 identified dibutyl phthalate and diethyl phthalate in

GILF leachate. Diethyl phthalate extracted from GILF leachate had a 81lC composition

between -40.9 ± 0.2%0 and -27.2 ± 0.8%0, while dibutyl phthalate extracted from GILF had a

Ol3 C composition of -28.4 ± 0.3 to -22.4 ± 0.7. Both of these compounds have wide isotopic

ranges and the composition of compound escaping from the landfill may be anywhere within

or beyond this range. In addition, butyl 4-octyl- and dibutyl phthalate were identified in

stream water collected at SS4 (Appendix E.5) but the concentrations of these two compounds

were below the detection limit of the GC-IRMS.
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Figure 6-28 BD (A) and B13C (B) composition of phthalates extracted from periphyton
grown at GIl ( • ), SS3 ( IiI ), SS4 ( ), GIDn ( 0 ), Estuary ( .at.. ) and PSI ( • ),
August-September 2007.

The data presented in Figure 6-29 indicates multiple sources of diethyl phthalate available to

periphyton. This was shown by two (possibly three) distinct groupings of B13C values. Two

sources of diisobutyl phthalate are also indicated, however, nothing is known about the

isotopic enrichment of phthalates as they are uptaken by periphyton. Before multiple sources

of phthalates can be confirmed more data is required but also a rigorous understanding of

compound enrichment during microbial uptake. This is especially important for periphyton

where each species of microbe will exert a different degree of enrichment during assimilation.

Therefore, before the isotopic composition of bioaccumulated compounds such as phthalates

can be used to indicate the source of organic compounds to a water system, laboratory batch

experiments need to be undertaken to determine the enrichment factors for each compound

and organism of interest. This is discussed further in Section 7.2.
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6.5 Discussion

6.5.1 Bulk periphyton

Several factors are known to affect the SIJC composition of periphyton. Trudeau and

Rasmussen (2003) found the IJC composition of periphyton to become depleted with

increasing water flow (up to 5%0). They propose this fractionation was caused by changes to

the cell boundary layer thickness. Studies by Cornelisen et at. (2007) agree with this result

whereas others have found no correlation between flow rate and the isotopic composition of

periphyton (MacLeod and Barton 1998; Hill and Middleton 2006). In addition to depletion in

IlC with increased flow, Cornelisen et al. (2007) observed enrichment in the bulk IlC of

periphyton under high ultraviolet (UV) irradiance. This trend was also observed by MacLeod

and Barton (1998) for periphyton growth during summer months but not for changes in UV

irradiance related to different seasons. Both of these studies conclude that UV irradiance

affected the metabolic activity of periphyton but Cornelisen et at. (2007) proposed under

conditions of low UV irradiance periphyton utilise bicarbonate as their primary source of

carbon but when UV irradiance is high periphyton utilise carbon dioxide via photosynthesis.

The other significant cause of the SIJC composition of periphyton has been the amount of

periphyton on a slide. Hill and Middleton (2006) observed significant changes in the SIJC

composition of periphyton over a two week period (up to 6%0)-samples became enriched

with increasing biomass, This unexpected fractionation was attributed to localised nutrient

conditions created by the vertical accumulation of periphyton, As periphyton accumulates,

localised gradients of photosynthesis, oxygen production and pH within the periphyton matrix

is likely to result in a defined relationship with the SllC composition (Hill and Middleton

2006).

Throughout the experiments described in this chapter, periphyton showed many different

trends. The first experiment at GILF showed the bulk SIJC composition of periphyton to be

depleted upstream and to become isotopically heavier downstream (Figure 6-30). North

(2006) suggested this occurrence may result from the increased water flow rate at GI I

(Cornelisen et al. 2007) however this sequence of SllC values was reversed at NSLF and in

the final two experiments at GlLF. The SIJC composition of periphyton grown at GIl
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remained reasonable stable (-27.3.6 ± 0.2%0 to -23.4 ± 0.3%0) but changes were more

significant downstream and in the leachate trench.
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Figure 6-30 Seasonal changes in bulk ()13C composition of periphyton grown at GB

(.), SS3 ( 1i1), SS4 ( ), GIDn (<»), Estuary ( • ) and PSI ( ).

As mentioned previously, Hill and Middleton (2006) found periphyton with heavier growth to

cause enrichment in bulk 013C compositions . Figure 6-31 shows the bulk Ol3C composition of

each sample in relation to the amount of carbon detected on the slide. Assuming all

periphyton utilised DIC with a consistent isotopic composition, these data indicates the Ol3C

composition of periphyton becomes enriched with increasing carbon per unit area on the slide.

This relationship has an R2 of 0.46 for all data points but data collected during May-June had

an R2 of 0.76 . August-September periphyton was only grown for fourteen days, therefore the

isotopic dependence on periphyton bulk may not have established during this short period of

time (R2 = 0.09). Overall , it appears that the bulk ol3e composition of periphyton can be

affected by the amount of periphyton on the glass slide, either by self shading or the

establishment of small scale nutrient gradients but this only occurs once a critical mass of

material has been achieved.

In addition to self shading, the microbes may have been shaded by the presence of sediment

and detritus . The accumulation of sediment was evident on slides at GIl . Figure 6-32 shows

the relationship between the Ol3C composi tion and percent carbon (%C) in each periphyton
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sample. Under specific conditions the relationship between these two properties is blatant (R2

= 0.9631). Therefore, these data suggest the Ol3C composition of many periphyton samples

grown during May-June and August-September was directly related to the %C on the slide.

This relationship indicates the Ol3 C compos ition of periphyton is a function of the %C on the

slide rather than the amount of carbon on the slide (Figure 6-30), that is, periphyton shading

by detritus is more significant than self shading. If periphyton were self shading, the

relationship present in Figure 6-31 would be stronger than the relationship presented in Figure

6-32.
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Figure 6-31 Relationship between the ol3e composition of periphyton and the amount of
carbon on slides grown at GIl ( • ), SS3 ( • ), SS4 ( ... ), GIDn ( • ), Estuary ( ~ )
and PSI ( .). Samples were grown during February-March (black), May-June (red)
and August-September (cyan).
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However, not all periphyton displayed the same relationship between the %C and () I3C

composition (Figure 6-32). This relationship was not observed for periphyton grown during

February-March or grown in the leachate trench during any season. This result suggested the

()I3C composition of periphyton is controlled by shading (primarily detritus but also self

shading) when nutrient levels and metabolic activity is low. In addition, periphyton grown at

SS4 during May-June failed to conform to the aforementioned trend where samples directly

upstream (SS3) and downstream (GIDn) did. This result suggests this periphyton may have

had an alternative source of nutrient, possibly leachate.

DV irradiance data were calculated for Dunedin during periods of periphyton growth using

DV Atlas 2 (Shiona et al. 2007). The resulting numbers are cumulative blue-sky irradiation

values for a whole day and should be an indirect measure of photosynthetic rate. The DV

values were compared to the () I3C for each periphyton (Figure 6-33) and general trends agree

with results obtained by Cornelisen et al. (2007). That is, increased irradiance caused the

()I3C composition of periphyton to become enriched. This general trend held for all

periphyton except sample grown at GIl during February-March and PS1 during May-June.

The more negative ()I3C during February-March at GIl can be explained by the partial

shading of the slide by deciduous trees (decrease in irradiance), and the more positive ()I3C
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during May-June at PS I (similar to February-March) could have be caused by an alternative

source of carbon during this growth period.

The data in Figure 6-32 indicates the relationship between DV irradiance and Ol3C is not

simply an on-off switch which controls whether bicarbonate or carbon dioxide are the source

of carbon for periphyton (Cornelisen et at. 2007). Instead, the level of irradiance appears to

control the contribution from each source pool.

Overall, many different properties appear to influence the 013C composition of bulk

periphyton, with a balance of environmental conditions determining which process will be

dominant. In addition, multiple environmental factors can be operating at the same time, with

the bulk Ol3C composition being the sum of these effects.
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Figure 6-33 Relationship between the o13e composition of periphyton and estimated
blue-sky DV irradiance at GIl ( • ), SS3 ( • ), SS4 ( T ), GIDn ( • ), Estuary ( .. )
and PSI ( .). Samples were grown during February-March (black), May-June (red)
and August-September (cyan). DV irradiances were estimated using the DV atlas
(Shiona et al. 2007)



213

6.5.2 Phytol

The isotopic composition of phytol extracted from leachate showed a significant correlation to

both the bulk Ol3C of periphyton and the oD of the water in which it grew (compare Figures

6-30 and 6-34). These correlations allow the Ol3C composition of phytol to be used as a

proxy for bulk Ol3C of microbes collected from mudflats (Oakes et al. 2005). This is a useful

proxy when it is difficult to obtain periphyton free of sediment and detritus, however

periphyton grown on glass slides (as in this experiment) tend to be free of material that will

distort bulk isotope analysis, therefore negating the need to use this proxy.
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Figure 6-34 Seasonal changes in the 013C composition of phytol extracted from
periphyton grown at GIl ( • ), SS3 ( ), SS4 ( ), GIDn ( 0 ), Estuary ( .... ) and PSI
( ). No data has been included for May-June because the concentration of phytol was
below the detection limit of the instrument.

6.5.3 Fatty acids

Fatty acids hold significant potential in the study of periphyton in natural systems because

biomarker compounds can distinguish an individual species within a periphyton community.

This technique is powerful because each species within the community will impose a slightly

different isotopic fractionation during growth, therefore biomarker compounds have the
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potential to resolve this complex mixture of organisms (Boschker and Middelburg 2002;

Boschker et al. 2005; Glaser 2005). Biomarker compounds have one biosynthetic source and

therefore the variability in enrichment trends during their synthesis is minimised.

The profile and isotopic composition of fatty acids extracted from periphyton was highly

variable. The 1)13C composition of fatty acids extracted from periphyton are primarily a

product of their source material and the acetogenic metabolic pathway (Sessions et al. 1999;

Chikaraishi et al. 2004b). This metabolic pathway is a complex system of compound

recycling, branching, cleaving and release, with each step exerting kinetic fractionation. As a

result, the 1)!J C composition of a fatty acid can be variable, even within a single species

(Boschker et al. 2005).

The 1)!JC composition of 14:0, 16:0, 18:0, 18:2(06, 18:3(03 and 20:5(03 extracted from

periphyton grown in and near GILF at three times during 2007 are shown in Figure 6-35. The

enrichment of !J C for all compounds at 011 is evident. SS4 and GIDn show similar trends of

a depletion of !J C into winter and then enrichment in September. This trend is similar for all

fatty acids and it is similar to the trend in 1)13C of bulk periphyton (Figure 6-30). Therefore, it

is likely the 1)!JC composition of these fatty acids, like bulk periphyton, are controlled by UV

irradiance. The seasonal changes in the 1)!J C composition of fatty acids grown in leachate are

diverse. Some compounds follow the aforementioned trend but the 1)13C compositions of

other compounds appear to change indiscriminately. This indicates the process of carbon

uptake and utilisation is more complex and diverse in leachate than in natural water systems.



215

-15 -,-------------------, -15 .,.-------------,

GI1
-20

SS4
-20

m
o
0... -25
>
(/l

> -30
-0-
~
o -35
'"~c.o

m
o
0... -25
>
(/l

> -30
-0-
~
o -35
'"

o

-40 -40

-45 +-----.--,--,---,----.---------.--,---1
2 3 4 5 6 7 8 9 10

Month

-45 +-----,- -.-- ,---,--- .,.-----,- -.-----i

2 3 4 5 6 7 8 9 10

Month

-15 .,.-----------------,

GIDn

-40

-20

-15 .,.----------------,

m
~ -25
>
(/l

> -30
-0-
C
o -35
'"~c.o

o

•
-20

-40

m
o
0... -25
>
(/l

> -30
-0-
~
o -35
'"eo

-45 +-----,--.-- ,---,--- -.---------,- -,-----i -45 +-----,- -.---,---,--- .----r--.-----i

2 3 4 5 6 7 8 9 10

Month

2 3 4 5 6 7 8 9 10

Month

Figure 6-35 Seasonal changes in the 013e composition of 14:0 ( • ), 16:0 ( ), 18:0 ( ),
18:2006 ( • ), 18:3003 ( • ) and 20:5003 ( 0 ) extracted from periphyton grown at four
locations adjacent to GILF.

The oD composition of fatty acids has already been discussed thoroughly in the previous

section. In addition, the few oD data gathered in the third periphyton growth experiment

showed a trend similar to data collected in the fourth experiment. That is, the oD composition

of fatty acids became more positive with increasing chain length and desaturation from 14:0

through to 18:30)3. This was most likely due to microbial stress and the recycling of

hydrogen when microbes were living in nutrient limited conditions . This trend was observed

for fatty acids synthesised in the Kaikorai Stream but not at PS1. Fatty acids synthesised

within leachate maintained a consistent oD composition (-150%0) which was enriched from

water by 100%0. This result suggests microbes living with an abundance of nutrients utilize

hydrogen directly from water with a relatively small and consistent enrichment.
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6.6 Summary

This chapter has used SIA as a tool to trace the uptake and utilization of carbon and hydrogen

by periphyton. As periphyton grows, fatty acids and phytol are synthesised from nutrients

and water in the immediate environment. While the isotopic composition of bulk periphyton

is affected by many physical parameter (e.g. water temperature, nutrient source, water flow

and nutrient availability), during periods oflow metabolic activity (winter) the composition of

periphyton is closely related to the irradiance of light. Changes in irradiance probably alter

the metabolic pathway such that microbes primarily utilize bicarbonate in preference to

carbon dioxide. However, this relationship was not observed for periphyton grown In

leachate, suggesting nutrient limitation (other than bicarbonate/carbon dioxide) also plays an

important role.

These experiments showed the IillC composition of phytol can be correlated to the bulk IillC

composition of periphyton.

The correlation between the IillC composition of fatty acids and bulk periphyton is more

irregular that the relationship between phytol and bulk periphyton due to the complex and

branching acetogenic metabolic pathway by which fatty acids are synthesized.

The correlation between the liD composition of water and fatty acids was more conservative.

Two distinct trends were observed, which are believed to be caused by environmental stress to

the microbe. The environmental conditions which cause microbial stress appear to be

different for each species of microbe, that is, stress was evident in some microbial biomarkers

but not others. Under stress-free conditions, microbes synthesis fatty acids with liD

compositions correlating to water (Ewatec-fatty acid = -lOO). When microbes become stressed,

intracellular recycling of nutrients cause significant enrichment of Din 14:0 (Ewatec-fatty acid =

250%0). The liD of compounds becomes increasingly enriched as the carbon chain is

lengthened or unsaturated.

For the CSIA of fatty acids extracted from periphyton to be used as a successful indicator of

different nutrient sources, experiments need to focus on single organisms and incorporate an

understanding of the complex synthetic processes that occur during microbial synthesis.
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In addition, the bulk i)15N composition of periphyton grown in leachate was distinct from

periphyton grown in the Kaikorai Stream. Although lipids contain very little nitrogen, other

microbial nitrogen-containing compounds may be better compound specific proxies for

microbes (e.g. amino acids).

However, the isotopic composition of some biomarker fatty acids during summer had an

isotopic composition more akin to leachate than the upstream or downstream sampling

locations. Although this composition may result from some internal microbial process, it is

possible and likely these compounds indicate the presence of landfill leachate. It is also

possible the release and infiltration of leachate is related to recent precipitation and water

flow.

These experiments also highlighted the bioaccumulation of phthalates in periphyton both

upstream and downstream of the landfill. The isotopic composition of these compounds

indicated multiple sources but since little is known about the enrichment of these compounds

during bioaccumulation, it is difficult to match compounds to a specific source.
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Chapter 7

Conclusions

7.1 Aims and objectives

The following objectives were achieved during this study:

I) Refined and validated two SPE methods to extract and concentrate semi-volatile

non-polar compounds and polar compounds from water prior to BD and Bile eS1A.

2) Defined and characterised the isotopic signature of semi-volatile non-polar

compounds and polar organic compounds in leachate from three separate landfills.

3) Assessed the consistency of the isotopic fingerprint of leachate as a tool for

compliance monitoring oflandfills.

4) Used the isotopic compositions of fatty acids and phytol extracted from periphyton

grown in surface waters to indicate low levels ofleachate in the environment.

The fulfilment of these objectives provides robust building blocks towards developing CS]

techniques for compliance monitoring of landfills. These techniques have the potential to

determine the source of contaminants from multiple potential sources. These outcomes are

discussed further in the following sections.
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7.1.1 Method development

Two distinct SPE methods were successfully developed to extract organic compounds from

water prior to CSlA. Neither method caused D or IlC fractionation beyond the precision of

the GC-lRMS system. Semi-volatile non-polar compounds were best extracted from water

using ENV+ SPE cartridges manufactured by Biotage, and polar compounds were best

extracted using Strata-X SPE cartridges manufactured by Phenomenex. These methods

provide a solvent-reduced, highly reproducible method to extract and concentrate organic

compounds prior to CSlA. Both methods are able to concentrate 1L or aqueous sample to 150

ul, for GC-lRMS analysis. This allows CSlA of compounds with concentrations of only 1-2

ug/L.

7.1.2 Compound specific isotopic fingerprint of leachate

Six leachate samples from three distinct landfills were analysed to determine the 8D and 81lC

fingerprint of their dissolved organic compounds. Both the semi-volatile non-polar fraction of

leachate and the polar fraction returned a highly variable molecular and isotopic composition.

No one single compound was extracted from all leachate samples and the isotopic

compositions of most compounds identified in multiple leachates were highly variable. In

fact, the range compositions reflected the range of isotopic compositions observed in natural

and consumer products.

In most instances, the concentrations of compounds in leachate were too low to allow 8D

analysis.

Within small geographical distances, the isotopic compositions of some compounds were

conservative (i.e. a single landfill or section of a landfill). Juvabione and tributyl phosphate

extracted from the polar fraction of GILF leachate had a consistent 81lC composition in

multiple leachate wells. Therefore these compounds could potentially be used as molecular

and isotopic tracers ofleachate.

Overall, the isotopic composition of organic compounds dissolved in leachate was too

variable to be used as a universal tracer of landfill leachate but a Iandfill-specific fingerprint

may confirm the local release ofleachate.
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7.1.3 Compound specific isotopic signature ofleachate beyond the landfill

Organic compounds extracted from monitoring wells across the landfill boundary indicated

the I;J3C composition of most organic compounds change significantly within a short distance

(± 5%0). This variation is most likely due to compounds interacting with ground water and

oxygen, increasing microbial degradation and the formation of colloids. However, the

absence of non-polar compounds beyond the landfill boundary at MW4 (GILF) suggests this

component ofleachate was contained within the landfill.

Many different benzoic acids and fatty acids were identified within and beyond the landfill

boundary at MW4. Some of these compounds were products of microbial degradation while

other compounds were synthesised by microbes. As such, the isotopic compositions were

variable. Multiple ground water wells beyond the landfill boundary contained 16:0 with Ol3C

compositions of -72.5 ± 0.5%0. These highly depleted fatty acids were synthesised by sulfate

reducing bacterial utilising methane as a source of carbon. The methane they consumed must

have been produce by methanogenic bacteria living in the landfill and leachate. Therefore,

the presence of fatty acids with extremely negative Ol3C compositions indicate sulfate

reducing bacteria, which only exist is extremely reducing conditions such as methanogenic

landfillleachate.

Although microbes continuously produce and consume fatty acids, and fatty acids in a landfill

do not have a single point source, their isotopic compositions can reflect the methanogenic

environment in which they were synthesised. This characteristic can be used to identify

landfill leachate beyond the boundary of a landfill, and with further work this technique has

the potential to be used for compliance monitoring oflandfills.

7.1.4 Compound specific composition of periphyton

Multiple experiments were undertaken to better understand how periphyton assimilate

nutrients and synthesise lipids. This was done in an attempt to trace the uptake of leachate

into the periphyton biomass. The first and foremost conclusion is that microbial assimilation

and synthesis is a complex process which must be understood before any firm conclusions can

be drawn.
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The synthetic pathway for phytol production appears to be simple and independent of fatty

acid synthesis. Consequently, the lil3C composition of phytol can be used a proxy for the

bulk Ol3C composition of periphyton, and the liD composition of phytol can be used as a

proxy for the liD ofthe water in which periphyton grew.

The relationship between the isotopic compositions of fatty acids and bulk parameters is more

complex than observed for phytol. The Ol3C composition of fatty acids are primarily

determined by their source material but also affected by the acetogenic pathway by which

they are synthesised. As a result, changes in growth conditions (temperature with seasons)

caused significant lil3C scatter, and probably indicates various states of microbial stress. The

extent of D enrichment during fatty acid synthesis was consistent for compounds grown in

leachate whereas sequential D enrichment was observed for 14:0 through to 18:3w3 during

periods of stress. This sequential enrichment reflects the recycling of nutrients and the

utilisation of stored energy during winter.

lt also appears not all microbes suffer from similar stresses. The D enrichment discussed

above was not observed for all fatty acids.

In addition, a series of phthalates were extracted from periphyton grown at all locations. The

isotopic compositions of these bioaccumulated phthalates indicated they had multiple sources,

however, microbial assimilation processes must be understood before these compounds can

be matched to a specific source.
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7.2 Future work

The experiments described in this thesis were undertaken to develop CSIA tools for

compliance monitoring of landfillleachate. This study has brought together two distinct areas

of research: the monitoring oflandfills and CSIA but in doing so, it has raised more questions

than it has answered. However, these results provide an understanding of compound specific

isotope fractionation in and near landfills but more importantly, it has identified where further

research should be focused.

7.2.1 Naturally occurring tracers ofleachate

For a compound specific isotope tracer of landfill leachate to be of use, it must have an

isotopic composition which is unique to a landfill. That is, material deposited in a landfill

will have a variety of isotopic compositions depending on their source and process of

manufacture. As a result, compounds in a landfill will have a range of isotopic values similar

to the same compound beyond the landfill boundary, and are therefore unsuitable as tracers of

leachate. The ideal tracer of leachate will be a simple common compound with an isotopic

composition distinct to landfills, that is, it is the product of a landfill processes.

7. 2.1.1 Fatly acids

Results of this thesis and other recent studies indicate the isotopic composition of microbial

fatty acids reflect the environment and compounds from which they were synthesised (Bull et

al. 2000; Slater et al. 2006). As a result the isotopic composition offatty acids synthesised by

microbes in a landfill reflect the waste environment in which they were produced. If waste

material (Ieachate) infiltrates ground water, the insitu microbial community will be

transported with the plume, forming a methanogenic plume and producing methanogenic fatty

acids beyond the landfill boundary (Christensen et al. 200 I; Grossman et al. 2002; Van

Breukelen and Griffioen 2003).

Consequently, the 81JC of fatty acids extracted from ground water beyond the boundary of a

landfill should be a definitive test of landfill leachate infiltration. In the presence of leachate

fatty acids will be isotopically light (813C) . This hypothesis could be further tested by

analysing the isotopic composition of fatty acids from ground water around the perimeter of a

landfill. If leaching is occurring, the 813C of fatty acids will be light and reflect fatty acids
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from adjacent leachate. More negative olJC values for fatty acids in ground water wells than

leachate may indicate the historical release of leachate (i.e. isotopically lighter beyond the

landfill).

7.2.1.2 Amino acids

A second experiment would be to analyse the 015 N of bacterial amino acids. The nitrogen

contained in these compounds may be a tracer of leachate because landfills are known to

contain significant quantities of nitrate and ammonium ions (Fatta et al. 1998; Kjeldsen et al.

2002; North 2006). Ammonium ions in leachate are commonly enriched in 015 N, that is, 15%0

to 20%0 (North et al. 2006). It is likely heavy nitrogen is assimilated and utilised by microbes

during growth, and therefore the isotopically heavy nitrogen will be detectable in nitrogen

containing compounds by CSIA. Only a few fatty acids contain nitrogen but other

metabolites such as amino acids are rich in nitrogen. The 015 N composition of amino acids

can be determined using analytical methods similar to methods used to analyse fatty acids

(Macko et al. 1997). Proteinaceous samples would require hydrolysis to release the amino

acids, and derivatisation of the free amino acids to make them volatile enough for GC

separation (Meier-Augenstein 2005). 015N analysis of amino acids has been used to

investigate plant and bacterial communities (Bol et al. 2002; Veuger et al. 2005).

The experiments described above should first be used to extract amino acids from leachate but

if this yields no useful data, amino acids could be extracted from periphyton. After all, the

bulk 015N composition of periphyton showed significant difference for material grown in

leachate, surface waters and at the mouth of the Kaikorai Estuary. To understand the nitrogen

cycle of periphyton, it would also be important to measure the concentration and 015N

composition of nitrate and ammonium ions at each sample location on a seasonal basis.

7.2.2 Stimulated microbial tracers ofleachate

7.2.2.1 Biosep" beads

One of the greatest constraints on GC-IRMS is the relatively high limit of detection (-lOng

of carbon and -300 ng of hydrogen). These limits are constantly being improved (e.g.

Jochmann et al. 2006) but an alternative approach is to stimulate microbial growth in landfill

monitoring wells to increase the concentration of compound in the sample. Microbial growth

can be stimulated using simple methods such as placing a glass slide in a river, or by insitu

incubation using Biosep" beads loaded with microbes (Stelzer et al. 2006; Nijenhuis et al.
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2007). Microbes, even stimulated microbes, assimilate and utilise the carbon, nitrogen and

hydrogen available in the monitoring well. The concentration of target compounds from

stimulated microbes should be high enough for CSIA. Therefore, if the concentration of

compounds resulting from experiments described in 7.2.1 are too low, microbial growth in

monitoring wells could be stimulated using Biosep'" beads.

7.2.2.2 Periphyton as a tracer ofleachate

Before periphyton can be further used as a tracer of landfill leachate, the cycling of nutrients

must be better understood. To understand the cycling of nutrients, experiments need to be

undertaken using single species of microbial cultures. These experiments need to analyse the

,sIlC composition of potential sources of carbon (acetate and DIe) and the ,slsN of potential

nitrogen sources (nitrate ions, nitrite ions, ammonia and ammonium ions) as well as the bulk

and fatty acids isotopic compositions. The isotopic composition of acetate has recently been

linked to volatile fatty acids synthesised by microbes (Heuer et al. 2006). The extent of

isotopic enrichment during microbial synthesis was dependent on the source material and the

synthetic processes which produced each compound. However, the exact process is still

unknown.

Some of the variability observed in Chapter 6 could be minimised if experiments were

undertaken slightly differently. The best approach would be to incubate a series of periphyton

at a single location (e.g. at GIl) before incubated slides are transferred to different growth

locations (Costanzo et al. 2001). Any change in the isotope ratios of bulk material and fatty

acids could be attributed to the new environment (changes to nutrients or the isotopic pool of

nutrients). In additions, the contribution of nutrients from different sources could by

quantified by growing periphyton (post-incubation) for different periods of time (e.g. 3, 7, 10

and 20 days).

Periphyton growth experiments in Chapter 6 also noted the bioaccumulation of phthalates in

periphyton. The isotopic composition of synthetic compounds which bioaccumulated in

periphyton have the potential to indicate source of these compounds but before this can occur,

experiments need to be undertaken to determine the fractionation of compounds during

microbial uptake under controlled and natural conditions. This could be achieved conducting

an experiment where microbes are fed a constant source of phthalates. At different times
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during growth, compounds could be extracted, the isotopic composition could be measured

and the fractionation during uptake calculated from the original composition.

7.2.3 Laboratory culture experiments

Many of the questions raised during the study of periphyton relate to the complex nature of

the system it lives in. This system would be better understood if laboratory culture

experiments were undertaken to adjust and monitor the periphyton response to changing

physical and nutrient conditions (temperature, irradiance, water flow rate, nutrients). The

change in bulk isotope ratio have been considered during such studies,(MacLeod and Barton

1998; Hill and Middleton 2006; Comelisen et al. 2007) but isotopic changes in fatty acids

have not.

Once the aforementioned processes have been understood, single cultures then mixed cultures

of microbes could be fed isotopically labelled nutrients (individually): IlC-bicarbonate and

IlC acetate. The isotopic composition of bulk material and fatty acids could be measured and

this data should indicate nutrient flow pathways. Similar nutrient studies using 15N labelled

nitrate, nitrite, ammonium and ammonia could be used to determine the flow of nitrogen to

amino acids and other nitrogen-contain compounds.

The labelled nutrient studies could also be undertaken of microbes placed under various states

of stress. The results of these experiments would indicate the adaptability of microbes to

seasonal conditions and identify species which could be used as environmental tools in a

variety of natural environments.
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Appendix A

Example landfill monitoring programmes

Table A-I Example leachate monitoring programme for an operating regional landfill
(Hendtlass 2000).

Parameters Units MonitOf"ing frequency

Physico-chemical parameters Bi-annualJannuaJ

Alkannlty glm' y

Alumlnlum glm' y

amrnceuacet nitrogen gIm' Y

Arsenic gll11' y

Biological oxygen demand glm' Y

Boron glm' y

Cadmium g/rll; Y

Calcium glm! Y

Chloride gIm' y

Chromium glm' y

Chemical oxyqen demand ginl; y

Conductivity msm' y

Dtssotved reactive phosphorous g/m2 Y

Total hardness glm' Y

Iron glm; y

lead glm' Y

Magnesium gIm' Y

Nickel gJm; Y

Nitrate nitrogen glm' y

pH Y

Potassium glm; Y

Sodium gll11' Y

Sulphate gIm' y

Suapenoecsolids'"'" glm' y

Silica g.ll11' y

Total Kjeldahl nitrogen glm; y

Total organic carbon gll11' Y

Zinc gin,; y

Total phenots gll11' y

Volatileadds gIm' y

Volatile organic compounds gfm! Y

Semi-volatile organic compounds 9/01' y

U Only where samples not pre-tlrtereo.

Table A-2 Example surface water monitoring programme for an operating regional
landfill (Hendtlass 2000).
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Parameters Units Water quality Sediment
quality

Baseline Indicator comcrehenelve'

Continuous Fortnightlyl Quartertyi Yearly Yearty
monlllly bi-annual

Physico--chemicaf perametfNS

FI"w lis y y y

Alkalinity glm:> y y

Aluminium (TOT/AS) glm' y y y

Ammoniacal nitrogen g./m3 y y y

Arsenic {AS) gJm3 y y y y

Boron glm:> y y

Cadmium {AS) glm' y y y y

Calcium glm' y y

ChlOfide glm' y y y

Chromium (AS) glm; y y y y

Chemical oX'jQen demand glm3 y y y

Conductivity rnsrn'" y y y y

Copper (AS) g/m3 y y y y

Disoorved reactive glm' Y y
phosphorous

Total hardness glm' y y

Iron ITOT/AS) glm' y y y y y

Lead {AS) glm' y y y y

Magnesium glm' y y

Manganese ITOT/AS) glm' y y y y

NICk'" (AS) glm' y y y y

NITrate nitrogen g!m3 y y

pH glm' Y Y Y

Potassium glm' Y y

Sodium g.lm3 y y

SUlphate glm' y y

Suspended sobds glm' y y y

Temperature gtm:> y y

Total Kjeldahl nitrogen g/m3 y y y

Totalorganic carbon glm' y y y

Turbidity gJm3 y y y

Zinc (AS) gm:> y y y y y
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Parameters Units Water quality Sediment
quality

Baseline Indicator Comprehenslve"

Continuous Fortniglltlyl Quarlertyl Yearly Yearly
monthly bi-ermual

Organic screens

Total pneaoss 91m3 y y

Volatile acids g/m 3 Y Y

Volatile organic compounds 91m
3 y y y

Semi-volatile organic g/m3 Y y y
compounds

Biological oeremoter«

Aquatic biota gfm 3 Y y y

WET (whole effluent toxicity) gfm3 y

Table A-3 Example groundwater monitoring programme for an operating regional
landfill (Hendtlass 2000).

Parameters Units Monitoring tier

Baseline Indicator Comprehensive'

ForInightlyl Quarterly! Yearly
quarterty bi-annual

Physico--chemical pa,am~ters

Waterleve! M y y y

Alksiinity'""'* 9101;' y y

Aluminium glm 3 y y

nrnmcmacat nitrogen*u glm 3 y y y

Arserac glm;' y y

Boron'u gfm:; y y

Cadmium glm 5 y y

Calcium gfm3 y y

Chloride glm 3 y y

Chromium glm] y y

Chemical oxygendemand glm:> y y

Conductivity'"u mSm
,

y y y

Dissolved reactive phosphorous glm' y y

Total hardness gim:; y y

Iron gfm:; y y

lead gIm' y y

Magnesium gfm:; y Y

Manganese glm3 y y

Nickel gIm' y y

Nitrate nitrogen gJm3 y

»H glm:> y y y



Parameters Units Monitoring tier

Baseline tndlcetor Comprehereslve"

Fortnightly/ Quarterlyl Yearly
quarterly bi-annual

Potassium glm' y Y

Sodium gJm~ y y

Sulphate gim' y y

Suspended solids'" gim' y y y

smca glm' y Y

Total Kjeldahl nitrogen glm' y

Total organic carbon gim' Y Y

Zinc.....'" gim' y y

Organic screen

Tota, phenols gJm5 y Y

Volatile acids glm~ y Y

Vofatile organic compounds gim' y y

Semi-volatile organic oampoonds gim' Y Y

Thisparameter list alsoapplies forcontingency monitoring.
It'" Only\PA1ere samplesare not pre-flltered.
"'..... Screen forsignificance.
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Appendix B

Supplementary data-Chapter 2

E.1 Fractionation oforganic compounds with the addition ofsodium sulfate

An experiment was undertaken to determine if the D or 13C composition of orgamc

compounds fractionate when an organic solution is dried with sodium sulfate. ACM (2 mg)

was dissolved in dichloromethane (10 mL) and six sub-samples (lmL) were taken from the

stock solution - three were analysed untreated and three were each dried with sodium suIfate

(1.0 mg). The organic solvent was removed from the dried samples by pipette and transferred

to a clean GC vial. The oD and Ol3C values for each compound were determined using a GC

lRMS system (Section 2.6.4).

The D and IJC fractionation of all compounds, except dibutyl phthalate, were within the

precision of the GC-IRMS (4 %0 and 0.3 %0 for D and IJC respectively). D fractionation of

dibutyl phthalate was 6%0, but this was less than the reproducibility for this compound when

dried with sodium suIfate (9%0). Therefore, the addition of sodium sulfate to remove water

from a non-polar solvent does not cause the D or IJC value of dissolved organic compounds to

fractionate.



Table B-1 oD and 0DC composition of semi-volatile componnds before and after the addition of sodinm snlfate as a drying agent.

Compound No Sodium Sulfate Added Sodium Sulfate Fractionation

sn (%0) vs ODC (%0) vs sn (%0) vs ODC (%0) vs

VSMOW la VPDB la VSMOW la VPDB la D (%0) DC (%0)

Eucalyptol -294 I -26.1 0.1 -297 I -26.1 0.1 -3 0.0

Dodecane -137 0 -31.4 0.0 -139 2 -31.4 0.1 -2 0.0

Naphthalene -52 4 -24.2 0.0 -52 I -24.2 0.1 -I 0.0

Benzothiazole -68 9 -27.2 0.1 -67 I -27.1 0.2 2 0.1

Dibutyl Phthalate -125 5 -28.5 0.1 -131 9 -28.6 0.2 -6 -0.1
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B.2 Data/or nitrogen blow-down experiments

Raw data for ACM compounds concentrated using N2 blow-down. Samples were analysed in triplicate and duplicate for liD and Ii l3 C analysis

respectively, n.d, = not detected

Table B-2 liD and lil3e composition of semi-volatile compounds when prepared with and without concentration by nitrogen blow-down.

Neat Concentrated Neat Concentrated
Concentration Method Componnd Area sn (%0) vs Area sn (%0) vs Area olJC (%0) vs Area Ol3C (%0) vs

(Vs) VSMOW 1" (Vs) VSMOW 1" (Vs) VPDB 1" (Vs) VPDB 1"

N2 blow-down @ 40 "C Eucalyptol 13.5 -252 I 24.6 -247 2 2.2 -26.2 0.5 4.0 -26.6 0.1
Dodecane 104.4 -1l6 2 205.8 -105 I 13.9 -33.9 0.0 26.1 -34.0 0.1
Naphthalene 0.8 -78 3 1.6 -67 2 0.3 -23.5 0.5 0.6 -23.8 0.2
Benzothiazole 5.2 -75 0 9.5 -67 4 1.6 -25.8 0.0 3.3 -26.5 0.1
Dibutyl phthalate 12.1 -74 I 25.3 -70 I 2.4 -27.6 0.0 4.1 -27.9 0.0

N2 blow-down @ 40 -c Eucalyptol 12.9 -240 0 31.5 -240 I 2.2 -26.0 0.2 5.9 -26.2 0.1
Dodecane 22.6 -1l2 I 59.8 -104 I 2.9 -34.2 0.1 8.3 -33.8 0.0
Naphthalene 0.6 -69 15 1.5 -59 4 0.3 -23.1 1.1 0.8 -23.1 0.2
Benzothiazole 4.7 -76 I 11.9 -65 2 1.5 -25.8 0.0 4.7 -26.7 0.1
Dibutyl phthalate 37.7 -65 I 101.6 -56 I 7.6 -28.0 0.1 19.1 -28.2 0.0

N2 blow-down @ 40 -c Eucalyptol 10.7 -237 3 36.6 -228 0 2.3 -26.1 0.2 9.2 -26.4 0.1
Dodecane 13.1 -125 I 50.1 -97 1 2.0 -34.5 0.4 9.2 -33.9 0.3
Naphthalene n.d. 0.8 -53 0 n.d. 0.8 -23.4 0.6
Benzothiazole 4.8 -72 2 17.2 -56 1 1.8 -26.2 0.1 9.9 -27.2 0.0
Dibutyl phthalate 9.2 -80 4 38.5 -59 1 2.3 -27.5 0.0 10.0 -28.1 0.0

N2 blow-down @ 40 "C Eucalyptol 11.9 -229 0 35.7 -221 I 2.2 -25.6 0.1 6.9 -26.0 0.1
Dodecane 24.2 -1l0 I 70.6 -72 I 3.4 -33.2 0.0 10.7 -33.6 0.0

Naphthalene 0.3 -21 42 1.7 -67 I 0.3 -22.1 0.3 1.0 -22.8 0.2
Benzothiazole 3.4 -63 3 10.4 -61 0 1.5 -25.5 0.4 4.5 -25.7 0.2

Dibutyl phthalate 20.4 -63 2 65.4 -41 2 4.5 -27.8 0.1 12.8 -28.1 0.0
Table B-2 continues on next page



Table B-2 continues

Neat Concentrated Neat Concentrated
Concentration Method Componnd Area so (%.) vs Area sn (%.) vs

1"
Area IiBC (%.) vs

1"
Area IiBC (%.) vs

1"(Vs) VSMOW 1" (Vs) VSMOW (Vs) VPDB (Vs) VPDB
N2 blow-down @ 60 "C Eucalyptol 2.7 -248 1 39.2 -213 0 14.9 -26.1 0.1 7.7 -26.2 0.1

Dodecane 25.7 -115 3 35.5 -69 2 9.0 -33.3 0.0 5.2 -33.5 0.0
Naphthalene 3.2 -66 3 2.5 -65 3 7.5 -23.9 0.1 L7 -23.3 0.1
Benzothiazole 4.8 -75 I 15.9 -68 0 7.1 -26.9 0.0 6.6 -27.2 0.0
Dibutyl phthalate l6A -72 3 14.0 -70 1 12A -28.2 0.0 3.6 -28.0 0.0

N2 blow-down @ 60 -c Eucalyptol 2.7 -248 I 31.8 -213 I 14.9 -26.1 0.1 6.3 -26.1 0.1
Dodecane 25.7 -115 3 29.5 -81 I 9.0 -33.3 0.0 4.3 -33.6 0.0
Naphthalene 3.2 -66 3 1.9 -65 I 7.5 -23.9 0.1 lA -23.2 0.1
Benzothiazole 4.8 -75 1 13.0 -69 I 7.1 -26.9 0.0 5.6 -26.9 0.0
Dibutyl phthalate 16A -72 3 11.0 -76 2 l2A -28.2 0.0 3.0 -27.8 0.1

N2 blow-down @ 60 "C Eucalyptol 2.7 -248 1 30.6 -209 2 14.9 -26.1 0.1 6.0 -26.1 0.1
Dodecane 25.7 -115 3 28.9 -84 1 9.0 -33.3 0.0 4.0 -33.6 0.1
Naphthalene 3.2 -66 3 L7 -62 1 7.5 -23.9 0.1 lA -23A 0.1
Benzothiazole 4.8 -75 I 12.7 -70 2 7.1 -26.9 0.0 5.6 -26.9 0.1
Dibutyl phthalate l6A -72 3 11.0 -80 3 12A -28.2 0.0 2.8 -27.6 0.2

N2 blow-down @ 60 "C Eucalyptol 2.7 -248 I 18.6 -215 0 14.9 -26.1 0.1 3.6 -26.3 0.1
Dodecane 25.7 -115 3 17A -96 3 9.0 -33.3 0.0 2.3 -34.3 0.7
Naphthalene 3.2 -66 3 0.8 -49 11 7.5 -23.9 0.1 0.8 -23.4 0.6

Benzothiazole 4.8 -75 I 7.7 -73 0 7.1 -26.9 0.0 3.1 -24.8 0.0
Dibutyl phthalate l6A -72 3 5.9 -92 3 12A -28.2 0.0 1.5 -27.3 0.2
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B.3 Data for rotary evaporation experiments

Table B-3 00 and oDe composition of semi-volatile concentrated nsing a rotary evaporator at a variety of temperatnres and pressnres.
Samples were analysed in triplicate and duplicated for 00 and oDe analysis respectively, n.d. = not detected.

Concentration
Neat Concentrated Neat Concentrated

Method
Compound Area OD (%.) vs

1"
Area sn (%.) vs

1"
Area ODC (%.) vs

1"
Area ODC (%.) vs

1"(Vs) VSMOW (Vs) VSMOW (Vs) VPDB (Vs) VPDB

Rotovap uncontrolled Eucalyptol 12.9 -240 0 45.0 -242 2 2.2 -26.0 0.2 8.7 -26.4 0.0
Dodecane 22.6 -112 I 84.2 -103 1 2.9 -34.2 0.1 12.2 -34.0 0.0

Naphthalene 0.6 -69 15 2.4 -64 3 0.3 -23.1 1.1 1.2 -23.6 0.4

Benzothiazole 4.7 -76 1 16.6 -61 0 1.5 -25.8 0.0 7.1 -27.2 0.1

Dibutyl phthalate 37.7 -65 1 151.8 -53 1 7.6 -28.0 0.1 30.3 -28.3 0.0

Rotovap uncontrolled Eucalyptol 10.7 -237 3 38.9 -232 2 2.3 -26.1 0.2 9.5 -26.4 0.2

Dodecane 13.1 -125 1 51.0 -99 1 2.0 -34.5 0.4 9.1 -33.9 0.0

Naphthalene n.d. 0.8 -43 9 n.d. 0.8 -23.7 0.1

Benzothiazole 4.8 -72 2 17.3 -57 1 1.8 -26.2 0.1 9.7 -27.0 0.1

Dibutyl phthalate 9.2 -80 4 41.4 -62 0 2.3 -27.5 0.0 10.2 -28.2 0.1

Rotovap uncontrolled Eucalyptol 11.9 -229 0 53.9 -217 1 2.2 -25.6 0.1 11.1 -26.4 0.1

Dodecane 24.2 -110 I 99.3 -72 1 3.4 -33.2 0.0 17.4 -33.7 0.0
Naphthalene 0.3 -21 42 2.8 -64 6 0.3 -22.1 0.3 1.6 -22.9 0.2

Benzothiazole 3.4 -63 3 15.7 -59 I 1.5 -25.5 0.4 7.6 -26.1 0.0

Dibutyl phthalate 20.4 -63 2 104.0 -37 I 4.5 -27.8 0.1 23.1 -28.3 0.0

Rotovap @ 25 degl350 Eucalyptol 49.4 -248 0 55.8 -232 1 14.4 -26.1 0.7 20.5 -25.8 0.0

mbar Dodecane 68.1 -115 1 77.2 -96 1 21.5 -33.3 0.2 25.9 -33.2 0.0

Naphthalene 21.5 -66 2 24.9 -66 2 17.5 -23.9 0.0 22.1 -24.0 0.0

Benzothiazole 21.0 -75 0 26.0 -72 2 15.4 -26.9 0.6 21.8 -27.9 0.2

Dibutyl phthalate 43.5 -72 0 43.7 -58 1 20.8 -28.2 0.0 23.6 -28.3 0.0

Rotovap @ 25 degl350 Eucalyptol 31.2 -249 1 15.7 -26.0 0.2

mbar Dodecane 45.8 -116 I 19.1 -33.2 0.1

Naphthalene 14.2 -66 2 16.4 -24.0 0.0

Benzothiazole 13.8 -74 I 13.7 -29.6 0.1

Table B-3 continues on next page



Table B-3 continues

Concentration
Neat Concentrated Neat Concentrated

Method
Compound Area sn (%0) vs

1"
Area sn (%0) vs

1"
Area OBC (%0) vs Area OBC (%0) vs

1"(Vs) VSMOW (Vs) VSMOW (Vs) VPDB 1" (Vs) VPDB

Dibutyl phthalate 24.4 -72 1 17.5 -28.3 0.0

Rotovap @ 25 deg/350 Eucalyptol 18.1 -259 0 8.3 -26.1 0.0
mbar Dodecane 44.0 -119 3 15.1 -33.6 0.1

Naphthalene 14.6 -70 1 14.0 -24.1 0.0

Benzothiazole 14.2 -78 2 13.0 -29.6 0.0

Dibutyl phthalate 295 -71 2 17.7 -28.2 0.1

Rotovap @ 25 deg/350 Eucalyptol 25.7 -251 2 13.6 -26.0 0.1
mbar Dodecane 38.2 -121 1 15.3 -33.3 0.0

Naphthalene 11.8 -65 0 13.8 -23.9 0.0

Benzothiazole 11.3 -76 2 12.5 -28.6 0.7
Dibutyl phthalate 20.8 -75 1 14.9 -28.2 0.1

Rotovap @ 25 deg/350 Eucalyptol 43.1 -243 I 23.1 -25.9 0.0

mbar Dodecane 60.3 -105 1 23.8 -33.4 0.0

Naphthalene 19.0 -65 1 22.3 -23.9 0.0

Benzothiazole 19.6 -78 1 22.7 -26.6 0.0

Dibutyl phthalate 32.9 -66 0 23.1 -28.2 0.0

Rotovap @ 25 deg/350 Eucalyptol 33.0 -250 0 17.7 -26.0 0.0

rnbar Dodecane 48.2 -115 1 18.7 -33.3 0.1
Naphthalene 15.3 -66 4 17.3 -23.9 0.0
Benzothiazole 15.4 -76 2 17.2 -26.7 0.1

Dibuty1 phthalate 25.8 -71 1 18.1 -28.2 0.0

Rotovap @ 25 deg/350 Eucalyptol 36.4 -247 0 20.6 -26.0 0.0

mbar Dodecane 5L1 -110 1 2L1 -33.3 0.0

Naphthalene 16.3 -66 1 19.6 -23.9 0.0

Benzothiazole 16.1 -77 1 19.4 -26.7 0.1

Dibutyl phthalate 27.4 -69 3 20.4 -28.2 0.0

Table B-3 continues on next page
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Table B-3 continues

Concentration
Neat Concentrated Neat Concentrated

Method
Compound Area sn(%,) vs

1"
Area so (%,) vs

1"
Area oUC (%0) vs

1"
Area oUC (%0) vs

1"(Vs) VSMOW (Vs) VSMOW (Vs) VPDB (Vs) VPDB
Rotovap @ 25 deg/350 Eucalyptol 35.2 -247 2 19.\ -26.1 0.0
mbar Dodecane 49.6 .n i 0 19.4 -33.3 0.1

Naphthalene 15.7 -66 1 18.\ -23.9 0.0
Benzothiazole 16.\ -77 3 17.3 -26.8 0.2
Dibutyl phthalate 27.8 -69 \ \9.5 -28.2 0.0

Rotovap @ 25 deg/350 Eucalyptol 50.6 -238 \ 23.5 -26.1 0.0
mbar Dodecane 69.3 -100 \ 23.3 -33.4 0.0

Naphthalene 22.3 -65 \ 22.\ -23.9 0.0
Benzothiazole 23.4 -75 2 21.6 -27.0 0.5
Dibutyl phthalate 38.5 -64 2 22.7 -28.2 0.1

Rotovap @ 25 deg/350 Eucalyptol 38.3 -245 1 \9.4 -26.\ 0.0
mbar Dodecane 54.2 -\09 1 \9.4 -33.3 0.0

Naphthalene \6.8 -66 2 18.3 -23.9 0.0
Benzothiazole \7.1 -78 \ 15.5 -27.5 0.0
Dibutyl phthalate 29.2 -68 2 19.0 -28.2 0.0

Rotovap @ 25 deg/350 Eucalyptol 40.9 -244 1 20.7 -26.0 0.0
mbar Dodecane 57.2 -108 0 20.4 -33.3 0.1

Naphthalene 18.0 -65 2 19.3 -23.8 0.1
Benzothiazole 18.1 -78 \ 16.3 -27.5 0.0
Dibutyl phthalate 30.8 -68 2 \9.9 -28.2 0.0

Rotovap @ 25 deg/350 Eucalyptol 31.5 -251 0 16.9 -26.\ 0.0
mbar Dodecane 46.0 -116 1 16.8 -33.3 0.0

Naphthalene 14.2 -67 1 15.8 -23.8 0.\
Benzothiazole 14.\ -76 0 \3.0 -27.7 0.1
Dibutyl phthalate 24.8 -73 2 \6.6 -28.2 0.1

Rotovap @ 40 deg/100 Eucalyptol 59.\ -242 0 34.9 -245 0 32.0 -26.2 0.2 4.7 -26.0 0.1
mbar Dodecane 32.6 -47 2 20.0 -84 1 16.9 -31.4 0.2 2.3 -33.2 0.1
Table B-3 continues on next page
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Table B-3 continues

Concentration
Neat Concentrated Neat Concentrated

Method
Componnd Area sn (%.) vs

1"
Area sn (%.) vs

1"
Area O"C (%.) vs

1"
Area O"C (%.) vs

1"(Vs) VSMOW (Vs) VSMOW (Vs) VPDB (Vs) VPDB

Naphthalene 1.0 -35 0 1.8 -78 2 5.4 -23.7 0.1 1.0 -23.3 0.2

Benzothiazole 2.6 -47 0 3.8 -72 4 3.7 -27.4 0.4 0.9 -25.0 0.5

Dibutyl phthalate 9.4 -52 2 15.0 -53 1 14.8 -28.1 0.1 3.5 -27.8 0.1

Rotovap @40 deg/100 Eucalyptol 38.6 -242 I 25.9 -247 2 21.0 -26.0 0.0 3.6 -26.0 0.0

mbar Dodecane 45.5 -45 1 37.7 -56 1 21.7 -32.7 0.1 4.2 -33.2 0.0

Naphthalene 1.1 -143 6 n.d. n.d. n.d.

Benzothiazole 1.3 -43 15 2.9 -78 2 6.0 -23.8 0.0 1.4 -23.4 0.2

Dibutyl phthalate 20.3 -51 1 33.0 -50 1 24.3 -28.0 0.1 6.8 -28.1 0.1

Rotovap @40 deg/100 Eucalyptol 19.5 -246 0 20.1 -245 0 18.9 -26.0 0.1 2.8 -26.0 0.1

mbar Dodecane 56.1 -47 2 67.6 -31 2 44.6 -33.2 0.0 7.7 -33.6 0.1

Naphthalene 1.7 -64 6 4.6 -74 2 9.8 -23.8 0.0 2.0 -23.4 0.2

Benzothiazole 3.4 -59 2 7.4 -69 I 7.8 -26.4 0.3 1.1 -25.5 0.2

Dibutyl phthalate 6.6 -48 7 15.4 -51 0 15.4 -28.2 0.0 3.7 -28.0 0.1

Rotovap @40 deg/100 Eucalyptol 37.5 -239 0 21.2 -242 3 19.9 -26.1 0.1 3.0 -25.9 0.2

mbar Dodecane 37.4 -47 I 25.3 -66 1 16.1 -33.0 0.1 2.8 -33.1 0.0

Naphthalene 7.2 -79 0 8.8 -74 3 14.8 -23.8 0.0 3.4 -23.5 0.1

Benzothiazole 13.6 -61 0 13.9 -67 2 14.6 -25.7 0.0 2.2 -26.8 0.1

Dibutyl phthalate 22.7 -42 4 31.8 -45 1 24.2 -28.2 0.0 6.4 -28.1 0.1
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B.4 Methylation offatly and resin acids

BA.l Boron trifluoride/methanol

Table B-4 GC-FID data for fatty and resin acids derivatised using BF3/methanol for 30
minutes at a series of temperatures, n.d. = not detected.

Temperature
CC)
60
80
lOO

120

140
160

Compound Area (flV*s)
16:0 19:0

36197 39366
37741 42013
33947 39551
36036 39753
23666 30191
16568 21876

22:0

48075
49689
48411

48929
39561
29057

Abietic Acid

n.d.
n.d.
1470

3541
9337
6010

Table B-S GC-FID data for fatty and resin acids derivatised using BF3/methanol at 70
GC for a series of reaction times.

Reaction Time Compound Area (flV*s)
(min) 16:0 19:0 22:0 Abietic Acid

10 21229 38122 51266 2684

20 26009 34402 44041 9825

30 23790 34403 44721 6728
60 18530 26159 35336 8922

BA.2 Thionyl chloride

Table B-6 GC-FID data for fatty and resin acids methylated using BF3/methanol and
thionyl chloride as reagents. The same amount of each fatty acid was added to each
reaction vessel, n.d = not detected.

Reagent

BF3/methanol

BF3/methanol

Thionyl chloride
Thionyl chloride

Compound Area (flV*S)
16:0 19:0

14687 48389
10174 42173

23801 44762
26560 48033

22:0
61274
58524

54284

60528

Abietic Acid

5515

11024

n.d.
n.d.
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B.4.3 Diazomethane

Table B-7 GC-FID data for fatty and resin acids derivatised using diazomethane, n.d. =
not detected.

Reaction Time Compound Area (I1V*s)
(min) 16:0 19:0 22:0 Abietic Acid

10 6372 6296 6691 35932
20 9786 10533 10654 46465
30 12298 12605 11361 42806
40 13122 14483 14504 38792

20 (BFJ/methanol) 5946 24136 28288 n.d.
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C.l ACM spiked into Milli-Q

Table C-l Standardised data for the oD and OBC composition of ACM compounds
extracted on a SPE cartridge after either direct spiking or dissolution in Milli-Q.

sn (%0) OBC (%0)
Sample Compound Ill" Ill"

vsVSMOW vsVPDB

AL-Z spiked Eucalyptol -246 2 -26.15 0.01

into MiIli-Q Dodecane -120 5 -33.40 0.01

Naphthalene -62 2 -23.93 0.01

Benzothiazole -72 I -28.36 0.06

Dibutyl phthalate -65 4 -28.01 0.10

AL-Z spiked Eucalyptol -248 5 -26.02 0.12

directly on to Dodecane -113 2 -33.25 0.22

SPE cartridge Naphthalene -67 2 -23.94 0.07

Benzothiazole -75 2 -28.60 0.84

Dibutyl phthalate -69 2 -28.21 0.03
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C.2 SPE extraction ofACS

Table C-2 GC-FID data for semi-volatile eompounds extracted from Milli-Q using SPE
and LLE.

Extraction method
Amount of compound extracted (ug)

Eucalyptol Dodecane Naphthalene Benzothiazole Dibutyl phthalate

High volume samples (50 mL)

C18E-I 258 58 257 365 140

C18E-2 269 59 272 378 146

C18E-3 270 62 275 382 148

Strata-X-I 254 51 257 363 138

Strata-X-2 320 63 310 418 138

Strata-X-3 311 62 301 407 137

ENV+-1 245 55 274 409 155

ENV+-2 274 57 288 417 155

El'N+ -3 296 62 285 399 132

LLE-1 174 43 173 236 92

LLE-2 215 53 213 292 109

LLE-3 187 46 185 254 96

Low volume samples (l mL)

CI8E-I 4.6 1.0 4.5 6.2 1.2

C18E-2 4.8 1.1 4.7 6.7 1.8

C18E-3 4.6 1.0 4.5 6.4 2.1

Strata-X-I 4.7 1.0 4.7 6.6 1.7

Strata-X-2 4.6 0.9 4.6 6.5 2.2

Strata-X-3 4.6 1.0 4.4 6.5 2.0

ENV+-1 3.8 0.8 4.0 6.1 2.8

ENV+-2 4.2 0.9 4.3 6.4 1.8

ENV+ -3 3.9 0.8 4.0 5.7 2.0
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C.3 oD and ,PC composition ofsemi-volatile compounds when elutedfrom SPEcartridges with a variety ofsolvents

Table C-3 Standardised oD data for ACM compounds eluted from SPE cartridges with a variety of solvents. la = 1 standard
deviation for samples analysed in triplicate, n.d. = not detected.

SPE Eluting Solvent Eucalyptol Dodecane Naphthalene Benzothiazole Dibutyl Phthalate

60 (%,) 60 (%,) 60 (%,) 60 (%,) 60 (%,)
Area Area Area Area Area

vs 16 vs 16 vs 16 vs 16 vs 16
(Vs) (Vs) (Vs) (Vs) (Vs)

VSMOW VSMOW VSMOW VSMOW VSMOW

C18E Dichloromethane 21.1 -246.8 0.6 32.9 -120.7 1.6 9.7 -72.1 1.9 8.9 -75.1 2.1 18.0 -73.4 0.6

C18E Dichloromethane 17.9 -243.3 0.1 28.1 -121.8 0.5 8.0 -68.1 2.7 7.8 -72.9 3.5 15.4 -71.6 2.9

CI8E Dichloromethane 21.2 -244.9 1.8 31.7 -121.5 1.2 9.1 -67.2 4.0 9.5 -80.0 0.1 17.5 -74.5 0.6

CI8E Dichloromethane 15.2 -244.0 0.4 23.8 -122.8 0.5 6.6 -62.1 2.9 6.8 -82.8 4.0 13.0 -73.4 3.9

ENV+ Dichloromethane 17.4 -245.5 1.3 27.0 -121.7 1.9 7.7 -66.7 4.7 7.6 -75.5 2.9 14.7 -74.2 1.4

ENV+ Dichloromethane 11.4 -240.2 1.6 18.5 -119.0 2.6 5.3 -69.1 2.9 5.2 -78.1 6.0 10.2 -72.2 2.9

ENV+ Dichloromethane 17.1 -243.5 1.1 26.1 -120.5 1.0 7.4 -66.6 1.5 7.5 -76.9 3.2 14.4 -74.3 2.9

ENV+ Dichloromethane 15.6 -242.2 0.6 24.7 -120.6 2.8 7.4 -73.8 3.9 6.7 -74.1 2.0 14.1 -72.0 3.3

Strata-X Dichloromethane 18.5 -246.4 1.1 28.9 -121.7 0.2 8.3 -68.7 1.6 8.0 -81.9 2.6 15.9 -74.8 2.0

Strata-X Dichloromethane 15.6 -242.6 1.5 24.5 -120.7 2.0 6.7 -66.1 0.9 6.9 -75.2 1.2 13.1 -74.4 0.9

Strata-X Dichloromethane 14.4 -242.8 1.0 22.9 -120.8 0.5 6.4 -68.0 5.2 6.4 -75.0 1.9 12.3 -74.5 1.6

Strata-X Dichloromethane 15.7 -241.1 0.4 24.2 -119.7 0.2 6.8 -63.7 0.9 6.9 -69.3 3.6 13.4 -71.8 1.9

C18E Ethyl Acetate 13.5 -251.6 1.0 104.4 -115.5 1.9 0.8 -77.5 2.6 5.2 -75.4 0.3 12.1 -74.0 1.4

C18E Ethyl Acetate 12.9 -239.6 0.4 22.6 -111.8 1.1 0.6 -69.4 15.1 4.7 -76.3 0.9 37.7 -65.3 0.9

Strata-X Ethyl Acetate 10.7 -237.4 2.9 13.1 -125.4 1.5 n.d. n.d. n.d. 4.8 -71.8 2.4 9.2 -80.2 3.9

Strata-X Ethyl Acetate 11.9 -228.5 0.1 24.2 -110.5 0.7 0.3 -20.5 41.7 3.4 -63.2 2.8 20.4 -63.1 2.3

Table C-3 continues on next page
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ElutingSolvent

Area
(Vs)

Eucalyptol

60 (%,)
vs

VSMOW
la

Area
(Vs)

Dodecane

60 (%,)
vs

VSMOW
la

Area
(Vs)

Naphthalene

60 (%,)
vs

VSMOW
la

Area
(Vs)

Benzothiazole

60 (%,)
vs

VSMOW
la
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Oibutyl Phthalate

60 (%,)
vs

VSMOW
la

ENV+

ENV+

ENV+

ENV+

Ethyl Acetate/Methanol (4: I)

Ethyl Acetate/Methanol (4: I)

Ethyl Acetate/Methanol (4:1)

Ethyl Acetate/Methanol (4:1)

59.1

38.6

19.5

37.5

-241.9

-242.1

-245.6

-239.3

0.1

0.7

03

0.4

32.6

45.5

56.1

37.4

-46.7

-44.9

-46.8

-47.0

1.5

0.6

1.8

1.2

1.0

1.1

1.7

7.2

-34.8

-142.7

-63.6

-78.9

0.2

6.5

6.1

03

2.6

1.3

3.4

13.6

-47.1

-43.0

-58.9

-60.7

03

14.7

1.8

0.1

9.4

20.3

6.6

22.7

-52.1

-51.0

-47.6

-42.4

1.6

0.8

6.6

4.2

CI8E

CI8E

CI8E

Strata-X

Strata-X

Strata-X

Strata-X

Strata-X

ENV+

CI8E

Strata-X

Strata-X

Strata-X

Strata-X

CI8E

CI8E

CI8E

CI8E

Ethyl Acetate/Methanol (4:1)

Ethyl Acetate/Methanol (4:1)

Ethyl Acetate/Methane! (4:1)

Ethyl Acetate/Methanol (4:1)

Ethyl Acetate/Methanol (4:1)

Ethyl Acetate/Methanol (4:1)

Ethyl Acetate/Methanol (4: I)

Ethyl Acetate/Methanol (5: I)

Ethyl Acetate/Methanol (5: I)

Ethyl Acetate/Methanol (5: I)

Methanol

Acetonitrile

Methanol!Acetonitrile (1:1)

Dichloromethane

Methanol

Acetonitrile

MctltanoVAcetonitrile (l I)

Dichlorornethane

38.4

28.8

19.4

24.6

17.5

37.8

44.4

11.3

7.1

9.5

4.4

23

22

2~8

~7

89

1.2

3~1

-237.2

-238.3

-240.1

-235.4

-2370

-237.5

-230.0

-222.5

-228.1

-221.7

8.6

4.1

1.8

0.0

6.2

1.9

7.5

1.0

0.6 48.1

0.6 32.6

3.8 23.9

0.5 36.2

1.4 30.8

1.3 28.5

1.2 63.9

I~ 1~8

OJ ~I

~7 125

53.9 6.8

-102.2 n.d.

-183.7 n.d.

-252.8 33.7

91.3 7.2

-244.8 4.2

-196.6 4.7

-249.1 36.2

-32.4

-58.0

-56.9

-51.9

-59.9

-33.9

-22.9

-83.8

-101.4

-87.0

5.1

n.d.

n.d.

0.6

2.8

34.4

9.0

1.8

1.0

1.5

1.4

1.5

1.7

0.7

0.7

3.7

1.6

1.8

-86.7

n.d.

n.d.

-115.4

-87.9

-91.4

-142.7

-106.6

2.7

1.8

0.6

2.4

1.9

11.3

5.0

4.0

2.5

3.3

1.5

n.d.

n.d.

10.1

1.5

1.5

n.d.

11.0

-55.9

-47.6

-39.0

-65.5

-73\

-86.0

-84.0

-56.4

-66.0

-66.3

22.4

n.d.

n.d.

2.9

26.3

13.0

n.d.

1.3

1.2

0.5

6.9

1.0

3.0

0.6

0.8

0.7

2.5

2.4

-88.4

n.d.

n.d.

-65.6

-53

-137.7

n.d.

-62.6

7.6

6.5

3.2

4.2

3.7

73

6.2

4.0

2.5

3.3

n.d.

n.d.

n.d.

9.9

n.d.

n.d.

n.d.

10.8

-66.2

-64.4

-65.1

-72.0

-69.4

-61.7

-67.1

-58.1

-61.9

-63.3

n.d.

n.d.

n.d.

0.2

n.d.

n.d.

n.d.

2.3

2.8 4.2

3.8 2.3

1.0 4.7

1.9 3.8

1.0 3.9

0.6 3.9

0.6 2.5

0.8 8.1

3.1 5.2

3.7 ~6

n.d. n.d.

n.d. n.d.

n.d. n.d.

-76.2 18.7

n.d. n.d.

n.d. 7.4

n.d. 0.7

-69.3 20.3

-39.0

-40.3

-40.3

-38.7

-40.9

-32.5

-40.0

-53.8

-57.2

-53.1

n.d.

n.d.

n.d.

1.0

n.d.

3.2

6.6

1.3

0.2

3.9

0.6

0.8

1.8

3.2

4.5

0.5

5.2

2.9

n.d.

n.d.

n.d.

-71.7

n.d.

-76.6

-63.2

-66.4
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Table C-4 Standardised Bl3C data for ACM compounds eluted from SPE cartridges with a variety of solvents. 10" = 1 standard
deviation for samples analysed in duplicate, n.d, = not detected.

SPE

CI8E

CI8E

C18E

C18E

Eluting Solvent

Dichloromethane

Dichloromethane

Dichloromethane

Dichloromethane

Area
(Vs)

20.0

17.1

15.9

13.4

Eucalyptol

oue (%,)
vs VPDB

-26.0

-26.1

-26.0

-26.1

I.

0.0

0.0

0.1

0.0

Area
(Vs)

19.2

16.5

15.3

12.9

Dodecanc

oUe (%,)
vs VPDB

-33.2

-33.2

-33.3

-33.3

I.

0.0

0.1

0.0

0.0

Area
(Vs)

18.2

15.4

14.4

12.1

Naphthalene

oUe (%,)
vs VPDB

-23.9

-23.9

-23.9

-23.9

I.

0.0

0.1

0.1

0.0

Area
(Vs)

16.3

12.0

10.9

8.7

Benzothiazole

oue (%,)
vs VPOB

-26.5

-27.1

-27.0

-27.2

I.

0.3

0.1

0.2

0.0

Dibutyl Phthalate

Area B13C (%0)
(Vs) vs VPDB

19.7 -28.2

17.0 -28.2

15.9 -28.2

13.2 -28.2

I.

0.1

0.0

0.0

0.0

ENV+

ENV+

ENV+

ENV+

Strata-X

Strata-X

Strata-X

Strata-X

C18E

C18E

Strata-X

Strata-X

ENV+

ENV+

ENV+

ENV+

Dichloromethane

Dichloromethane

Dichloromethane

Dichloromethane

Dichloromethane

Dichloromethane

Dichloromethane

Dichloromethane

Ethyl Acetate

Ethyl Acetate

Ethyl Acetate

Ethyl Acetate

Ethyl Acetate/Methanol (4:1)

Ethyl Acetate/Methanol (4:1)

EUlylAcetate/Methanol (4: I)

Ethyl Acetate/Methanol (4:1)

17.2

14.5

18.6

19.5

17.7

18.7

14.6

16.6

2.2

2.2

2.3

2.2

32.0

21.0

18.9

19.9

-26.0

-26.0

-26.0

-26.0

-25.9

-26.0

-25.9

-26.3

-26.2

-26.0

-26.1

-25.6

-26.2

-26.0

-26.0

-26.1

0.1

0.1

0.0

0.0

0.1

0.0

0.0

0.5

0.5

0.2

0.2

0.1

0.2

0.0

0.1

0.1

17.5

14.7

18.1

19.0

19.8

20.1

15.4

17.1

13.9

2.9

2.0

3.4

16.9

21.7

44.6

16.1

-33.2

-33.1

-33.3

-33.2

-33.1

-33.4

-33.3

-33.5

-33.9

-34.2

-34.5

-33.2

-31.4

-32.7

-33.2

-33.0

0.1

0.0

0.0

0.1

0.0

0.0

0.1

0.4

0.0

0.1

0.4

0.0

0.2

0.1

0.0

0.1

16.0

13.5

17.1

17.9

17.3

17.8

13.9

15.7

0.3

0.3

n.d.

0.3

5.4

6.0

9.8

14.8

-23.9

-23.8

-23.9

-23.9

-23.8

-23.9

-23.8

-24.0

-23.5

-23.1

n.d.

-22.1

-23.7

-23.8

-23.8

-23.8

0.1

0.0

0.0

0.1

0.0

0.0

0.1

0.3

0.5

1.1

n.d.

0.3

0.1

0.0

0.0

0.0

14.6

12.2

15.4

15.8

16.7

15.4

11.6

13.1

1.6

1.5

1.8

1.5

3.7

n.d.

7.8

14.6

-26.4

-26.3

-26.2

-26.2

-26.2

-26.9

-27.0

-27.0

-25.8

-25.8

-26.2

-25.5

-27.4

n.d.

-26.4

-25.7

0.1

0.0

0.1

0.1

0.0

0.0

0.0

0.4

0.0

0.0

0.1

0.4

0.4

n.d.

0.3

0.0

17.5

14.9

18.5

19.9

19.3

19.6

15.3

16.9

2.4

7.6

2.3

4.5

14.8

24.3

15.4

24.2

-28.1

-28.1

-28.2

-28.2

-28.1

-28.2

-28.1

-28.2

-27.6

-28.0

-27.5

-27.8

-28.1

-28.0

-28.2

-28.2

0.1

0.0

0.0

0.1

0.0

0.0

0.0

0.1

0.0

0.1

0.0

0.1

0.1

0.1

0.0

0.0

Table C-4 continues on next page
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Table C-4 continues

SPE Eluting Solvent Eucalyptol Dodecane Naphthalene Benzothiazole Dibutyl Phthalate

Area ~I3C (%,) Area ~I3C (%,) Area ~I3C (%,) Area ~I3C (%,) Area ~I3C (%,)
la la la la la

(Vs) vs VPDB (Vs) vs VPDB (Vs) vs VPDB (Vs) vs VPDB (Vs) vs VPDB

CI8E EthylAcetate/Methanol (4:I) 16.8 -26.1 0.0 17.1 -33.1 0.1 7.2 -23.6 0.1 6.6 -26.3 0.2 5.2 -27.9 0.0

CI8E EthylAcetate/Methanol (4:1) 13.7 -26.0 0.0 11.8 -33.0 0.1 6.4 -23.6 0.1 6.1 -26.1 0.4 3.6 -28.0 0.2

CI8E EtllylAcetate/Methanol (4:1) 12.4 -26.1 0.0 11.3 -33.1 0.1 4.5 -23.4 0.0 4.2 -26.2 0.0 5.7 -27.8 0.1

ENV+ EthylAcetate/Methanol (4:1) 12.5 -26.0 0.0 13.9 -33.2 0.0 7.9 -23.5 0.1 4.8 -25.9 0.5 5.1 -27.9 0.1

ENV+ EthylAcerarc/Methancl (4:1) 9.1 -26.0 0.0 11.5 -33.3 0.0 6.9 -23.5 0.1 3.3 -26.1 0.3 4.9 -28.1 0.1

ENV+ Ethyl AcctateIMethanol (4: I) 16.0 -26.0 0.1 8.9 -33.3 0.1 14.7 -23.7 0.0 5.4 -26.5 0.5 3.7 -28.0 0.1

ENV+ EthylAcetate/Methanol (4:1) 17.8 -26.0 0.0 20.5 -33.3 0.0 9.6 -23.6 00 4.0 -26.2 0.4 3.3 -27.8 0.1
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C.4 oD and IFC composition ofsemi-volatile compounds extracted using a variety ofSPE cartridges with dichloromethane

Table C-S Standardised 00 data for ACM compounds extracted using different SPE cartridges and eluted with
dichloromethane. 1o 1 standard deviation for each sample analysed in triplicate.

SPE Eucalyptol Dodecane Naphthalene Benzothiazole Dihutyl Phthalate

Area SO (%,) vs Area SO (%,) vs Area SO (%,) vs Area SO (%,) vs Area SO (%,) vs
la la la la la

(Vs) VSMOW (Vs) VSMOW (Vs) VSMOW (Vs) VSMOW (Vs) VSMOW

Strata-X 55.8 -232.3 1.0 77.2 -96.3 1.3 24.9 -65.6 2.2 26.0 -71.6 2.1 43.7 -58.5 1.2

Strata-X 31.2 -248.9 0.6 45.8 -116.2 0.6 14.2 -66.2 1.9 13.8 -73.8 1.3 24.4 -71.7 1.0

Strata-X 18.1 -258.6 0.4 44.0 -118.7 2.6 14.6 -69.7 1.3 14.2 -78.1 1.5 29.5 -71.4 1.8

Strata-X 25.7 -250.6 1.5 38.2 -120.7 0.9 11.8 -65.5 0.1 11.3 -76.3 2.1 20.8 -75.0 0.9

ENV+ 43.1 -242.6 lA 60.3 -104.9 1.0 19.0 -64.6 0.7 19.6 -77.7 lA 32.9 -66.5 0.3

ENV+ 33.0 -249.5 004 48.2 -114.9 1.0 15.3 -66.3 3.6 1504 -76.2 1.9 25.8 -70.6 1.2

ENV+ 36.4 -246.9 0.2 51.1 -110.1 1.3 16.3 -66.0 1.3 16.1 -76.6 0.6 2704 -69.2 2.6

ENV+ 35.2 -246.6 1.5 49.6 -IliA 0.3 15.7 -65.7 0.8 16.1 -77.1 3.1 27.8 -6904 1.4

CI8E 50.6 -237.6 0.6 69.3 -100.0 0.6 22.3 -65.5 1.0 2304 -74.5 2.2 38.5 -63.6 1.5

CI8E 38.3 -245.2 lA 54.2 -108.6 0.6 16.8 -65.7 2.5 17.1 -77.7 0.5 29.2 -68.0 2.0

CI8E 40.9 -243.9 0.9 57.2 -108.3 0.5 18.0 -64.8 1.9 18.1 -77.7 1.2 30.8 -68.2 1.8

CI8E 31.5 -250.7 0.3 46.0 -116.2 0.7 14.2 -67.5 1.4 14.1 -75.6 0.1 24.8 -72.6 2.0
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Table C-6 Standardised ol3C data for ACM compounds extracted using different SPE cartridges and eluted with
dichloromethane. 16 = 1 standard deviation for each sample analysed in dnplicate.

SPE Eucalyptol Dodecane Naphthalene Benzothiazole Dibutyl Phthalate

Area Bl3C (%.) Area B13C (%.) Area Bl3C (%.) Area Bl3C (%.) Area Bl3C (%.)
1" 1" 1" 1" 1"

(Vs) vs VPDB (Vs) vs VPDB (Vs) vs VPDB (Vs) vs VPDB (Vs) vs VPDB

Strata-X 20.55 -25.81 0.04 25.91 -33.19 0.05 22.10 -23.97 0.01 21.77 -27.88 0.19 23.63 -28.29 0.00

Strata-X 15.74 -26.00 0.16 19.12 -33.16 0.07 16.38 -24.00 0.03 13.71 -29.58 0.12 17.49 -28.28 0.00

Strata-X 8.25 -26.10 0.04 15.08 -33.64 0.09 14.02 -24.11 0.03 12.98 -29.63 0.04 17.69 -28.24 0.10

Strata-X 13.62 -26.02 0.07 15.25 -33.25 0.00 13.76 -23.94 0.03 12.53 -28.60 0.73 14.89 -28.21 0.06

ENV+ 23.07 -25.92 0.03 23.82 -33.45 0.01 22.26 -23.87 0.02 22.66 -26.61 0.02 23.08 -28.22 0.01

ENV+ 17.74 -26.01 0.04 18.69 -33.27 0.14 17.29 -23.89 0.04 17.20 -26.72 0.05 18.14 -28.20 0.01

ENV+ 20.61 -26.02 0.04 21.07 -33.25 0.02 1963 -23.91 0.00 19.41 -26.72 0.09 20.41 -28.21 0.04

ENV+ 19.13 -26.10 0.03 19.37 -33.35 0.09 18.08 -23.90 0.02 17.30 -26.77 0.22 19.50 -28.20 0.03

CI8E 23.55 -26.07 0.00 23.28 -33.43 0.01 22.07 -23.92 0.01 21.59 -27.04 0.47 22.74 -28.18 0.07

CI8E 19.41 -26.13 0.01 19.41 -33.33 0.02 18.25 -23.88 0.05 15.55 -27.52 0.00 19.00 -28.16 0.04

CI8E 20.72 -26.00 0.03 20.43 -33.35 0.07 19.32 -23.79 0.13 16.27 -27.53 0.01 19.89 -28.17 0.01

CI8E 16.90 -26.05 0.02 16.79 -33.30 0.03 15.81 -23.84 0.05 12.96 -27.67 0.05 16.64 -28.17 0.06
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Table C-7 oD composition of semi-volatile compounds eluted from ENV+ cartridges with sequential aliquots of
dichloromethane. The area of each compound has been reported as a 'relative area' to take in to consideration the different
volume of sample injected in to the GC-IRMS, and the different split ratios of the system to ensure all compounds were within
a detectable range. All reported data had sample areas between 1 Vs and 20 Vs for oD analysis, n.d, = not detected.

Eucalyptol Dodecane Naphthaleue Benzothiazole Dibutyl Phthalate

Elution
~D (%,) ~D (%,) ~D (%,) ~D (%,)Sample Relative RelativeNumber Relative Relative ~D (%,) vs Relative

vs 16 vs 16 vs 16 16 vs 16
area area area area VSMOW area

VSMOW VSMOW VSMOW VSMOW

ENV+ 1 98.6 -247.0 1.6 98.8 -113.8 2.2 99.0 -66.9 1.2 96.9 -73.9 1.7 98.8 -75.3 1.1

2 1.0 -234.0 3.5 0.8 -149.2 5.1 0.7 -66.4 14.4 2.6 -74.2 0.6 0.6 -82.4 10.7

3 0.4 -214.3 3.7 0.3 -130.1 1.3 0.3 -66.5 13.3 0.5 -79.6 6.8 0.6 -79.5 7.9

4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

ENV+ 1 98.8 -250.9 0.5 99.3 -111.8 0.3 98.5 -69.5 1.9 94.6 -76.8 2.7 99.5 -73.9 4.0

2 2 1.0 -229.3 5.9 0.6 -145.8 8.5 0.9 -69.1 22.8 4.7 -70.9 1.1 0.5 -81.7 8.1

3 0.2 -195.4 5.3 0.1 -112.5 10.8 n.d. n.d. n.d. 0.6 -81.1 5.2 0.4 -73.2 12.0

4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
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Table C-8 Ol3C composition of semi-volatile compounds eluted from ENV+ cartridges with sequential aliquots of
dichloromethane. The area of each compound has been reported as a 'relative area' to take in to consideration the different
volume of sample injected in to tbe GC-IRMS, and the different split ratios of tbe system to ensure all compounds were within
a detectable range. All reported data had sample areas between 0.5 Vs and 32 Vs for Ol3C analysis, n.d, = not detected.

Eucalyptol Dodecane Naphthalene Benzothiazole Dibutyl Phthalate

Elution o"e o"e o"e o"e o"e
Sample Relative Relative Relative Relative Relative

Number vs 1" vs 1" vs 1" vs 1" vs 1"
area area area area area

VPDB VPDB VPDB VPDB VPDB

ENV+ 1 98.7 -25.7 0.0 98.7 -33.4 0.1 99.0 -24.0 0.0 98.5 -27.6 0.1 99.3 -28.4 0.2

2 1.0 -24.1 0.2 0.8 -32.8 0.5 0.8 -23.0 0.0 1.5 -24.1 1.5 0.6 -28.1 0.5

3 0.3 -24.1 0.1 0.2 -32.1 0.3 0.2 -22.3 0.2 o.d. n.d. n.d. 0.2 -28.4 0.6

4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

ENV+ 1 98.3 -26.0 0.0 99.1 -33.3 0.0 98.9 -23.9 0.0 92.9 -27.3 0.1 99.1 -28.2 0.1

2 2 1.6 -25.6 0.1 0.8 -32.2 0.1 1.1 -22.5 0.1 7.1 -27.3 0.1 0.6 -28.1 0.1

3 0.2 -24.9 0.9 0.1 -31.2 0.6 0.1 -19.8 0.6 n.d. n.d. n.d. 0.3 -25.3 0.1

4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
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C.6 ACM compounds in NWS without poisoning

The figures below show the fractionation of ACM compounds when spike into NWS without

the sample being poisoned (Figure C-l) and with sodium azide poisoning (Figure C-2).

The greatest degree of fractionation was observed for dodecane and dibutyl phthalate. This

fractionation was minimised by poisoning natural water samples with sodium azide prior to

the addition of the ACM. A 13C depletion of benzothiazole (1.1%0) in the poisoned samples is

believed to be an artefact ofbenzothiazole extraction using Strata-X cartridges (Figure C-2).
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Figure C-1 D and l3C fractionation of eucalyptol ( • ), dodecane ( ... ), naphthalene

( • ), benzothiazole ( • ), and dibutyl phthalate ( ... ) when added to natural water
samples without NaN3 poisoning. Compounds were extracted using Strata-X cartridges
and eluted with dichloromethane. Black symbols = potable water; red symbols = river
water; blue symbols = sea water; and green symbols = dilute sea water. Error bars = 10'
for samples prepared in triplicate.
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Figure C-2 D and BC fractionation of eucalyptol ( • ), dode cane ( T ), naphthalene

( • ), benzothiazole ( • ), and dibutyl phthalate ( • ) when added to NaN3 poisoned
NWS. Compounds were extracted using a Strata-X cartridge and eluted with
dichloromethane. The shaded are represents the analytical precision of the GC-IRMS
system. Error bars = 1(j for samples prepared in triplicate.
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C.7 Extraction efficiency ofACMfrom NWS

Table C-9 GC-FID extraction efficiency data for ACM compounds extracted from
spiked NWS.

Sample Compound Area (pA*s)

Eucalyptol Dodecane Naphthalene Benzothiazole
Dibutyl

Phthalate

Potable -1 1045 208 1151 1280 1267

Potable -2 1097 205 1084 1365 1166

Potable -3 1070 138 1080 1314 1161

River -1 1045 166 1110 1288 1295

River -2 1004 176 1053 1241 1163

River -3 1036 176 1058 1304 1275

Sea -1 1136 304 1115 1440 1282

Sea -2 1141 278 1086 1424 1247

Sea -3 808 155 533 1077 702

Leachate -1 1057 397 1095 1435 1485

Leachate -2 952 326 951 1294 1138

Leachate -3 865 351 870 1198 1217

Standard(primary) 1034 1056 1212 1227 1365

Standard (secondary) 267 273 326 321 359
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C.8 liDand ,y3C composition ofACM compounds extractedfrom NWS

Table C-IO Standardised IlD data for ACM compounds spiked into NWS and extracted using ENV+ SPE cartridges. Each sample
was analysed in triplicate, n.d. = not detected.

Sample Eucalyptol Dodecane Naphthaleue Benzothiazole Dihutyl Phthalate

Area so (%.)
Area

oD (%.)
Area

sn (%.)
Area

sn (%.)
Area

oD (%.)

(Vs) vs 1" (Vs) vs 1" (Vs) vs 1" (Vs) vs 1" (Vs) vs 1"
VSMOW VSMOW VSMOW VSMOW VSMOW

Potahle -1 10.7 -247.8 2.2 2.5 -131.6 3.0 4.6 -62.3 2.5 4.1 -75.9 2.1 9.3 -71.9 2.5
Potable -2 12.2 -250.7 0.7 2.7 -131.3 6.2 4.8 -65.6 1.4 4.7 -75.7 1.4 7.1 -80.5 2.9
Potable -3 20.7 -260.0 1.5 n.d. n.d. n.d. 8.! -70.1 2.2 7.6 -83.4 1.4 12.5 -83.7 4.2

River -I 10.6 -243.9 1.0 2.0 -127.5 4.3 4.5 -64.8 1.8 4.0 -76.0 0.5 8.1 -76.4 1.9
River -2 10.2 -247.2 3.1 2.1 -123.8 5.7 4.2 -63.9 2.9 3.9 -80.5 0.8 7.4 -79.3 2.9
River -3 11.0 -247.7 1.0 2.2 -119.4 1.6 4.5 -63.8 0.3 4.3 -79.8 1.9 8.1 -87.2 8.2

Sea -I 10.6 -248.1 0.4 3.4 -116.7 0.8 4.0 -60.6 2.4 4.2 -78.1 1.8 7.7 -72.7 4.1
Sea -2 10.3 -248.4 1.6 3.0 -118.3 3.4 3.8 -59.7 0.9 4.1 -77.8 0.8 7.5 -71.8 1.9
Sea -3 7.1 -236.7 3.6 1.6 -119.2 11.7 1.8 -54.2 4.2 3.1 -71.5 1.5 4.1 -60.3 3.7

Leachate -1 6.6 -233.9 4.2 3.0 -109.0 1.1 2.8 -67.7 2.9 3.0 -81.1 2.8 6.9 -73.6 6.2
Leachate -2 7.8 -239.3 2.2 3.3 -111.0 0.7 3.2 -72.2 1.7 3.5 -81.9 0.9 6.7 -74.7 4.0
Leachate -3 4.5 -223.8 2.5 2.3 -105.2 3.5 1.9 -70.1 1.5 2.2 -82.8 1.7 4.7 -72.6 6.7
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Table C-ll Standardised o13C data for ACM compounds spiked into NWS and extracted using ENV+ SPE cartridges. Each sample
was analysed in duplicate, n.d, = not detected.

Sample Eucalyptol Dodecane Naphthalene Benzothiazole Dibutyl Phthalate

Area ol3e (%0)
1"

Area ol3e (%0)
1"

Area ol3e (%0)
1"

Area ol3e (%0)
1"

Area ol3e (%0)
1"(Vs) vs VPDB (Vs) vs VPDB (Vs) vs VPDB (Vs) vs VPDB (Vs) vs VPDB

Potable -1 13.0 -25.93 0.09 2.2 -32.48 0.03 10.6 -23.84 0.06 8.0 -27.04 0.01 11.7 -28.31 0.21
Potable -2 13.4 -25.95 0.03 2.3 -32.66 0.01 10.0 -23.86 0.02 9.0 -27.39 0.01 10.9 -28.31 0.03
Potable -3 13.4 -25.86 0.11 1.6 -32.06 0.20 10.4 -23.80 0.08 9.4 -27.31 0.10 11.4 -28.30 0.00

River -1 12.4 -25.87 0.02 1.8 -32.20 0.19 10.4 -23.89 0.01 9.2 -27.17 0.09 12.1 -28.33 0.08
River-2 11.9 -25.94 0.17 1.9 -32.38 0.47 9.7 -23.84 0.06 9.1 -27.02 0.03 10.9 -28.32 0.02
River-3 12.3 -26.02 0.02 2.0 -32.52 0.10 10.0 -23.78 0.04 10.0 -26.97 0.03 12.3 -28.33 0.01

Sea -I 11.7 -26.37 0.14 3.2 -32.67 0.05 9.9 -23.97 0.07 11.0 -26.81 0.08 10.6 -27.68 0.15
Sea -2 12.3 -26.05 0.14 3.0 -32.64 0.12 9.7 -23.94 0.02 9.8 -27.11 0.25 10.6 -27.82 0.10
Sea -3 9.2 -25.78 0.03 1.7 -32.58 0.23 4.8 -23.77 0.03 7.2 -27.02 0.08 5.9 -27.62 0.06

Leaehate -I 8.5 -25.80 0.03 3.0 -33.05 0.08 7.0 -23.79 0.06 6.8 -27.21 0.24 9.6 -27.96 0.03
Leachate -2 9.9 -25.86 0.12 3.3 -32.94 0.22 7.9 -23.82 0.06 7.7 -27.25 0.20 9.6 -28.15 0.11
Leachate -3 5.7 -25.75 0.03 2.2 -32.83 0.01 4.6 -23.72 0.14 4.4 -26.76 0.01 6.3 -28.12 0.10
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C.9 I5D and (PC composition 0/compounds extracted/ram leachate using SPE and LLE

Table C-12 liD and li13C values for compounds extracted from PS4 leachate using SPE and LLE. Each sample was analysed in
triplicate and duplicate for liD and li13C analysis respectively. Compounds were identified using a GC-MS.

SPE LLE

Compound (or IRMS retention time
Area

OD (%,)
Area B"C (%,) Area

OD (%,)
Area B"C (%,)

(s)) vs [6 [6 vs [6 [6
(Vs)

VSMOW
(Vs) vs VPDB (Vs)

VSMOW
(Vs) vs VPDB

L-Fenchone n.d. n.d. n.d. 22.6 -22.8 0.7

Camphor n.d. n.d. n.d. 8.2 -26.0 0.1
([ R)-(+)-Norinone n.d. n.d. n.d. 8.2 -30.0 lA
Naphthalene n.d. 404 -30.7 0.3 n.d. 16.3 -28.3 004
Triethyl phosphate n.d. 2.2 -1304 004 n.d. 8.1 -\9.8 1.0

1\25.\ n.d. 5.0 -26.\ 0.5 n.d. n.d.

Pentaerythritol bisformal n.d. n.d. n.d. 14.6 -38.\ L7

\263.9 n.d. 2.8 -24.\ 0.8 \04 -107.9 3.9 6.9 -30.3 1.3
1395.8 n.d. n.d. n.d. 24.9 -26.6 004
Tributyl phosphate 3.3 -\62.7 \0.0 12.0 -26.7 0.1 n.d. 10.7 -26.3 0.2

Biphenyl, tetramethyl- n.d. 5.5 -32.1 0.8 n.d. n.d.

\5\3.9 \1.2 -155.6 6.3 6.1 -27.3 0.2 n.d. n.d.

Phthalate, diethyl- n.d. L2 -\9.\ 0.9 n.d. 4.9 -2304 004
Diethyl tcluamide n.d. n.d. n.d. 7.9 -30.9 0.0

Phthalate, L2 -\57.7 10.0 9.\ -28.8 004 3.1 -171.0 7.9 5.\ -2704 0.5

Phthalate, dibutyl- 14.2 -\70.3 10.0 8.\ -28.9 0.7 18.3 -\70.0 3.8 14.0 -28.2 0.5

1838.9 n.d. 3.6 -30.0 4.3 n.d. n.d.

Benzenesulfonarnide, N-ethyl-2-methyl \9.3 -172.2 304 5.3 -27.6 1.0 28.0 -169.8 4.\ 16.6 -2704 0.5

\871.1 n.d. 2.3 -28.0 0.7 n.d. n.d.

Juvabione 46.\ -191.0 3.1 20.5 -28.6 0.\ 36.2 -\79.2 3.7 37.\ -27.2 0.0

Benzenesulfonamide, N-ethyl-4-methyl 2.7 -\91.0 10.0 2.6 -28.0 004 3.5 -\9004 6.2 6.8 -2704 0.7

2-hydroxy benzothiazole 11.1 -\56.8 3.3 1704 -2804 004 19.5 -\58.3 4.3 40.0 -30.2 0.9

Benzenesulfonamide, N-butyl n.d. n.d. n.d. SA -27.\ 0.5

2200.6 n.d. n.d. n.d. 404 -24.0 5.0
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C.IO OD and ;j3 C composition ofsequentially eluted IO-carbon compounds

Table C-13 OD and OBC values for Ifl-carbon compounds eluted from an ENV+
cartridge with successive aliquots of dichloromethane. Area values have an analytical
precision of 8 %.

Elution Compound
Area sn (%.) vs

1"
Area (iBC (%.)

1"(Vs) VSMOW (Vs) vs VPDB

Decane 33.8 -187.6 1.2 246.7 -34.9 0.1

Decalin 11.7 -190.9 3.3 131.5 -24.2 0.1

cis-Decalin 8.2 -166.3 2.0 99.1 -24.2 0.2

Naphthalene 8.5 -76.5 3.1 222.9 -23.8 0.1

tert-butylcyclohexane 23.8 -203.3 4.8 188.9 -24.9 0.0

2 Decane 159.1 -158.4 1.8 18.3 -34.7 0.1

Decalin 79.7 -165.0 3.1 12.8 -24.5 0.0

cis-Decalin 61.8 -136.3 1.8 9.8 -24.5 0.1

Naphthalene 36.7 -78.5 1.6 16.3 -23.6 0.0

tert-butylcyclohexane 48.6 -156.8 2.2 5.9 -28.0 0.5

3 Decane 43.9 -178.4 2.0 6.2 -34.9 0.0

Decalin 22.5 -156.9 4.6 4.5 -25.6 0.4

cis-Decalin 16.6 -131.4 0.8 3.5 -26.3 0.3

Naphthalene 4.3 -62.4 0.6 4.5 -23.9 0.5

tert-butylcyclohexane 5.9 -121.5 1.5 1.8 -29.2 0.2

4 Decane 9.1 -200.4 0.9 2.3 -35.3 0.1

Decalin 5.9 -159.1 4.7 1.8 -27.6 0.3

cis-Decalin 4.2 -129.4 17.5 1.4 -30.0 0.2

Naphthalene n.d. n.d. n.d. 1.7 -25.8 0.4

tert-butylcyclohexane n.d. n.d. n.d. 0.5 -34.0 0.8

5 Decane 6.8 -200.3 5.0 1.9 -34.3 1.3

Decalin 7.0 -180.1 5.4 1.9 -27.3 0.5

cis-Decalin 5.3 -145.0 2.1 1.5 -27.5 0.8

Naphthalene n.d. n.d. n.d. 0.7 -30.8 3.1

tert-butylcyclohexane n.d. n.d. n.d. 0.3 -32.2 6.9

6 Decane 14.3 -209.2 6.6 2.7 -34.6 0.9

Decalin 7.7 -178.7 2.4 2.0 -27.6 0.3

cis-Decalin 5.7 -142.7 7.8 1.5 -28.3 0.2

Naphthalene n.d. n.d. n.d. 1.2 -24.6 0.8

tert-butylcyclohexane n.d. n.d. n.d. n.d. n.d. n.d.

Standard Decane 23.8 -136.2 1.7 195.4 -35.0 0.1

Decalin 8.2 -112.2 2.1 108.8 -24.3 0.0

cis-Decalin 5.6 -112.2 10.1 81.3 -24.3 0.1

Naphthalene 5.2 -65.8 1.9 161.8 -23.9 0.2

tert-butylcyclohexane 15.4 -170.0 3.4 114.4 -26.9 0.8
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Supplementary data-Chapter 4

D.l Isolation offatty acids from Milli-Q

Table D-1 GC-FID data for offatty acids extracted from Milli-Q using SPE.

Sample Fatty Acid Area (/lA*s)
Isolation method 16:0 19:0 22:0
ENV+ A 2534 653 326
ENV+ B 2391 658 418
ENV+ C 2213 663 384
Strata-X D 2351 790 566
Strata-X E 2424 713 552
Strata-X F 2484 721 622
CI8E G 2177 611 680
CI8E H 1115 294 385
CI8E I 2180 793 746
Liquid-liquid J 1857 624 646
Liquid-liquid K 1625 487 507
Liquid-liquid L 1669 504 491
Standard High Cone 14158 5773 5300
Standard Low Cone 1124 534 180
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Table D-2 oD and OBC composition offatty acids extracted from Milli-Q using SPE
cartridges. Samples were analysed in triplicate and duplicate for oD and OBC analysis
respectively. Standard deviations (Ill") are for multiple analyses.

Area so (%0) vs Area OBC (%0)
Sample Compound (Vs) VSMOW Ill" (Vs) vs VPDB Ill"

A- ENV+ 16:0 25.8 -227 2 57.1 -29.4 0.1

19:0 6.0 -225 4 14.0 -29.4 0.0

22:0 3.1 -235
,

7.7 -24.3 0.3~

B-ENV+ 16:0 27.0 -226 1 58.4 -29.3 0.2

19:0 7.3 -227 4 16.0 -29.3 0.0
22:0 4.6 -243 7 10.5 -24.4 0.2

C- ENV+ 16:0 23.9 -225 0 46.6 -29.5 0.0
19:0 7.0 -226 2 13.8 -29.6 0.0

22:0 4.1 -251 10 8.6 -24.5 0.2

D - Strata-X 16:0 24.2 -227 0 49.8 -29.2 0.1
19:0 8.0 -230 4 16.6 -29.5 0.0
22:0 5.9 -252 12 12.5 -24.6 0.1

E - Strata-X 16:0 27.3 -225 3 52.4 -29.4 0.0
19:0 8.0 -226 5 15.4 -29.5 0.0
22:0 6.3 -252 2 12.3 -24.7 0.1

F - Strata-X 16:0 28.3 -226 3 52.6 -29.4 0.0

19:0 8.0 -230 1 15.3 -29.6 0.0
22:0 7.2 -254 3 13.8 -24.6 0.1

G - C18E 16:0 26.9 -228 3 51.2 -29.3 0.0
19:0 7.3 -229 0 14.4 -29.4 0.0

22:0 8.3 -260 1 16.5 -24.8 0.1

H - C18E 16:0 12.1 -224 1 21.9 -29.2 0.0

19:0 3.4 -227 0 6.1 -29.2 0.2

22:0 4.5 -259 3 7.9 -24.3 0.1

1- C18E 16:0 27.9 -228 1 46.0 -29.5 0.0

19:0 10.1 -230 0 16.6 -29.6 0.0
22:0 9.8 -262 2 16.2 -24.8 0.1

J - Liquid 16:0 21.4 -228 1 40.7 -29.2 0.0

19:0 7.3 -228 4 13.9 -29.3 0.1

22:0 7.8 -259 5 14.4 -24.5 0.0

K - Liquid 16:0 19.2 -225 1 34.5 -29.4 0.0
19:0 5.8 -228 2 10.5 -29.6 0.1

22:0 6.4 -249 2 11.3 -24.9 0.1
L - Liquid 16:0 19.3 -226 0 35.5 -29.6 0.0

19:0 5.6 -225 3 10.4 -29.7 0.0

22:0 6.0 -244 3 11.0 -24.6 0.1
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D.2 Sequential elution offatty acids from Strata-X cartridges

Table D-3 oD and Ol3C composition offatty acids eluted from Strata-X cartridges with
successive aliquots of methanol. SPE-effluent samples are the post-SPE isolated aqueous
residue that underwent LLE. Samples were analysed in triplicate and duplicate for oD
and Ol3C analysis respectively. The standard deviations (10') are for multiple analyses,
n.d, = not detected.

Sample/elution Area sn (%0) vs Area Ol3C (%0)
number Compound (Vs) VSMOW 10' (Vs) vs VPDB 10'
Al 16:0 47.3 -215 2 74.1 -28.0 0.1

19:0 n.d. 5.4 -30.4 0.2
22:0 n.d. n.d.

A2 16:0 107.3 -224 3 150.3 -28.4 0.2
19:0 47.6 -226 2 76.7 -30.1 0.1
22:0 4.6 -239 4 10.0 -25.9 0.1

A3 16:0 7.6 -184 7 10.2 -26.1 0.7
19:0 11.6 -228 5 19.6 -30.0 0.1
22:0 n.d. 3.5 -26.8 0.7

A4 16:0 5.3 -187 9 14.0 -27.8 0.5
19:0 17.8 -232 3 55.7 -30.1 0.0
22:0 3.4 -208 5 15.4 -25.3 0.8

A5 16:0 n.d. 6.0 -28.7 1.6
19:0 9.2 -225 6 27.3 -30.1 0.0
22:0 4.8 -230 2 19.4 -24.7 0.3

A6 16:0 n.d. n.d.
19:0 6.5 -203 4 19.4 -31.2 0.0
22:0 7.3 -222 4 24.9 -24.4 0.2
16:0 n.d. n.d.

A-SPE effluent 19:0 n.d. n.d.
22:0 n.d. n.d.

B1 16:0 n.d. n.d.
19:0 n.d. n.d.
22:0 n.d. n.d.

B2 16:0 155.6 -223 0 230.1 -27.6 0.0
19:0 59.4 -219 4 95.6 -31.1 0.2
22:0 9.7 -235 4 19.0 -24.3 0.2

B3 16:0 8.0 -194 1 11.5 -25.9 0.0
19:0 17.2 -219 5 23.7 -29.7 0.2
22:0 8.4 -225 1 15.2 -24.6 0.3

B4 16:0 12.9 -209 2 11.4 -25.7 0.4
19:0 14.5 -227

,
34.5 -29.6 0.1~

22:0 n.d. 50.8 -23.9 0.1
B5 16:0 n.d. n.d.

19:0 7.8 -187 4 17.0 -28.5 0.5
22:0 13.0 -225 6 40.0 -24.0 0.1

Continues on next page
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Table D-3 continues
Sample/elution Area sn (%0) vs Area ol3C (%0)
number Compound (Vs) VSMOW lcs (Vs) vs VPDB lcs
B6 16:0 n.d. n.d.

19:0 5.8 -158 10 8.6 -28.6 0.2
22:0 9.1 -217 1 29.3 -23.8 0.1
16:0 n.d. n.d.

B-SPE effluent 19:0 n.d. n.d.
22:0 n.d. n.d.

LLE 16:0 35.9 -227 3 53.0 -26.8 0.1
19:0 21.5 -220 3 28.3 -31.0 0.0
22:0 22.3 -238 2 30.6 -23.8 0.0
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D.3 Incomplete elution of22:0

Table D-4 Data showing the cumulative elution fraction and BC fractionation of 22:0
when eluted from Strata-X cartridges with sequential aliquots of methanol.

Cumulative Fraction Eluted (f) Cumulative BC Fractionation (%0)

0.337

0.56 1

0.779

1.000

-1.3 22

-1.029

-0.833

-0.677

2. 00

y =0.9662x - 1.6116
R2= 0.9797
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Figure D-l Regression plot of the data shown in Table D-4. Extrapolation to the x-axis
estimates the amount of solvent required to completely elute this compound from the
SPE cartridge (x = 1.648) .
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D.4 Extraction offatty acids from NWS

Table D-5 GC-FID data indicating the relative amount of each fatty acid extracted from
a variety of NWS using Strata-X cartridges.

Sample
Fatty Acid Area (pA*s)

16:0 19:0 22:0

Potable 1 692 285 270

Potable 2 589 277 247

Potable 3 669 287 250

River 1 453 313 290

River 2 310 208 194

River 3 393 293 276

Sea 1 373 250 63

Sea 2 360 233 76

Sea 3 366 201 57

Leachate 1 285 232 195

Leachate 2 238 235 153

Leachate 3 669 483 439

Standard (liquid-liquid) 528 166 136
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D.5 Conductivity ofNWS

Table D-6 Conductivity of the NWS

Water Sample

Potable Water

River Water

Landfill Leachate

Coastal Sea Water

Conductivity (~S/cm)

128

143

7860

46000

Table D-7 Statistical analysis of the relationship between conductivity and D and BC
fractionation of standard fatty acids; indicating no relationship exists.

Fractionation

Combined 13C

Combined D

0.105

0.077

F-test

1.169

0.839

Significance
F-test

0.305

0.381

P-value
Intercept

0.083

0.083

P-value
Variable

0.305

0.305
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D.6 OD and ;PC offatty acids extractedfrom NWS

Table D-8 GC-IRMS data for artificial fatty acids isolated from NWS using Strata-X
cartridges., n.d, = not determined.

I)D (%0) vs Area
I)13C

Sample Compound Area (Vs) 1cs (%0) vs 1cs
VSMOW (Vs)

VPDB
Potable I 16:0 9.8 -227 2 8.4 -28.5 0.5

19:0 3.6 -222 1 2.8 -28.9

22:0 4.2 -241 1 2.2 -23.9 0.3
Potable 2 16:0 8.2 -227 1 7.3 -28.6 0.1

19:0 3.4 -230 2 2.8 -30.1

22:0 3.6 -242 1 2.1 -24.3 0.1
Potable 3 16:0 8.5 -228 2 8.2 -28.8 0.1

19:0 3.2 -228 3 2.9 -30.1

22:0 3.3 -241 3 2.2 -22.9 0.3
River 1 16:0 6.3 -221 8 10.0 -29.0 0.0

19:0 3.6 -232 1 9.2 -30.3 0.3

22:0 3.9 -242 4 2.5 -23.8 0.2

River 2 16:0 5.2 -215 0 5.1 -28.7 0.0

19:0 2.7 -226 3 2.0 -30.0 0.0

22:0 3.3 -236 11 1.6 -22.9 0.5

River 3 16:0 5.8 -223 2 9.7 -28.9 0.0

19:0 3.6 -227 3 3.0 -30.6 0.7

22:0 4.1 -242 3 2.5 -22.8 0.8

Sea I 16:0 5.2 -227 4 4.4 -28.1 0.0

19:0 2.9 -228 3 14.6 -30.7 0.2

22:0 0.7 -223 5 n.d.
Sea 2 16:0 6.7 -213 0 4.6 -28.2 0.4

19:0 2.9 -225 3 3.4 -30.5 0.0

22:0 2.3 -205 3 n.d.

Sea 3 16:0 5.8 -217 5 8.7 -28.6 0.1

19:0 2.6 -225 5 6.4 -30.9 0.5

22:0 0.8 -232 9 n.d.

Leachate 1 16:0 5.1 -223 5 7.9 -28.8 0.0

19:0 3.3 -227 7 9.6 -30.4 0.2

22:0 3.1 -239 7 1.9 -23.8 0.1

Leachate 2 16:0 4.5 -218 11 7.2 -28.7 0.0

19:0 3.1 -224 4 7.5 -30.3 0.0

22:0 2.6 -235 8 1.5 -24.0 0.0
Leachate 3 16:0 6.8 -223 7 6.2 -28.2 0.3

19:0 5.0 -220 10 4.0 -30.4 0.4

22:0 6.1 -247 7 4.4 -23.1 0.3
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D.7 Comparative extraction offatty acids from leachate

Table D-9 Identification and concentration of compounds isolated from MW-SA. Fatty acids have been italicized. Concentrations were
calculated using a six point calibration of three FAMEs (all compounds were quantified against FAMEs). The uncertainty in the fatty acid
concentrations is 20 %, n.d, = not detected.

Concentration (ug/L) Leachate
Leachate Blank SPE LLE

Compound
Area Ol3C (%0) Ol3C (%0)

SPE LLE SPE LLE 1(; 1(;
(Vs) vs VPDB vs VPDB

Benzoic acid, hydrazide- 0.29 n.d. n.d. n.d. n.d. n.d. n.d.

2,6-Bis(I,I-dimethylethyl)-4-methyl-4-
n.d. 0.26 n.d. n.d. n.d. n.d. n.d.

methoxycyclohexa-2,5-dien-l-one

Benzoic acid, 3,4-dimethyl-, methyl ester 0.41 n.d. n.d. n.d. n.d. n.d. n.d.

Benzoic acid, 4-ethyl-, methyl ester 0.39 n.d. n.d. n.d. n.d. n.d. n.d.

Dodecanoic acid, methyl ester 0.30 0.19 n.d. n.d. n.d. n.d. n.d.

Diphenylmethane 0.21 0.18 n.d. n.d. n.d. n.d. n.d.

Tetradecanoic acid, methyl ester 0.33 0.34 n.d. n.d. n.d. n.d. n.d.

Trihutyl phosphate 2.43 3.07 n.d. n.d. 3.3 -28.62 0.09 -27.99 0.86

Phenol, 4,6-di(l, I-dimethylethyl)-2-methyl- n.d. 0.76 n.d. n.d. n.d. n.d. -28.43 0.10

Hexadecanoic acid, methyl ester 1.97 1.55 n.d. n.d. 2.6 -30.40 0.11 -29.48 0.24

Phthalate, diethyl- 1.93 1.35 n.d. n.d. 2.9 -28.31 0.13 -28.66 0.11

Diethyltoluamide 0.72 0.19 n.d. n.d. n.d. n.d. n.d.

Diphenylamine 1.98 2.05 n.d. n.d. 1.7 -26.89 0.41 -27.04 0.20

Phthalate, methyl 2-propyl- 1.05 n.d. n.d. n.d. 1.1 -33.77 1.12 -29.50 0.43

Table D-9 continues on next page
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Table D-9 continues

Compound Concentration (ug/L) Leachate

Leachate Blank SPE LLE

SPE LLE SPE LLE
Area OI3C (%0)

10"
OI3C (%0)

10"
(Vs) vs VPDB vs VPDB

Benzoic acid, 3,5-bis(l, 1-dimethylethyl)-4-hydroxy-
3.09 0.83 n.d. n.d. 5.1 -25.57 0.60 -23.02 0.64

, methyl ester

Octadecanoic acid, methyl ester 2.70 0.81 n.d. n.d. 4.3 -24.54 0.43 -25.42 0.28

9-0ctadecenoic acid, methyl ester 0.85 1.34 n.d. n.d. 0.7 -26.23 0.86 -30.15 0.97

1,3,5-Triazine-2,4-diamine, N-(l, l-dimcrhylethyl)-
3.25 0.60 n.d. n.d. n.d. n.d. n.d.

N'-ethyl-6-methoxy-

Phthalate, dibutyl- 1.57 2.94 n.d. n.d. 17.0 -26.25 0.77 -26.70 0.04

Benzenepropanoic acid, 3,5-bis(l, l-dimethylethyl]-
1.00 0.63 n.d. n.d. n.d. n.d. n.d.

4-hydroxy-, methyl ester

Terbuthylazine 2.82 1.84 n.d. n.d. 3.1 -26.80 0.03 -26.67 0.15

Phthalate, diisobutyl- 6.40 6.73 n.d. n.d. 20.7 -30.55 0.40 -29.47 0.27

Benzenesulfonamide, N-ethyl-2-methyl- 0.74 0.43 n.d. n.d. 1.7 -31.02 0.05 -27.78 0.43

Terbutryn 0.66 n.d. n.d. n.d. n.d. n.d.

Juvabione 3.49 2.97 n.d. n.d. 6.9 -27.30 0.78 -26.84 0.24

2(3H)-Benzothiazolone 2.14 1.57 n.d. n.d. n.d. n.d. n.d.

1-Phenanthrenecarboxylic acid, 1,2,3,4,4a,9, 10, 1Oa-
n.d. 0.43 n.d. n.d. n.d. n.d. n.d.

octahydro-1,4a-dimethyl-7-(l-methylethyl

1H-Purine-2,6-dione, 8-chloro-3,7-dihydro-I ,3-
0.48 n.d. n.d. n.d. n.d. n.d. n.d.

dimethyl-
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£.1 (Pc composition ofsemi-volatile compounds extractedfrom leachate

Table E-I Ol3e composition of semi-volatile compounds extracted from PSI leachate. 10"
= the standard deviation of samples analysed in duplicate, n.d. not determined.

Retention Compound (I.D. by GC-MS) Area (Vs)
ol3C(%.) vs

1"Time (s) VPDB

1095.3 n.d. 1.7 -24.6 0.3

1103.8 Norinone 1.6 -24.6 0.1

1118.4 Terpinen-t-ol 0.9 -23.8 0.4

1144.9 2-Norpinanone,3,6,6-trimethyl- 2.0 -27.4 0.5

1158.4 n.d. 2.4 -28.9 0.8

1223 Phosphate, triethyl- 1.2 -29.2 0.5

1304.1 p-menth-1-en-8-o1 1.0 -27.4 0.9

1353.3 n.d. 1.2 -21.2 1.1

1358.7 Naphthalene 2.0 -23.8 0.4

1478.1 Pentaerythritol bisforrnal 1.5 -38.0 0.2

1537.6 Morpholine, 4-methylethyl- 2.2 -27.8 0.4

1571.8 Phosphate, tributyl- 1.2 -27.6 1.2

1578.4 n.d. 1.5 -23.0 1.1

1593.9 n.d. 2.0 -23.4 0.4

1604.8 n.d. 1.3 -25.8 1.0

1615.6 n.d. 3.9 -27.9 0.8

1670.6 p-(Methylthio)benzyl alcohol 2.0 -26.5 0.3

1687.9 1,8-Terpin 1.0 -30.0 0.3

1720.2 Thymol 1.4 -26.5 0.3

1738.5 n.d. 0.7 -25.5 1.1

1798.2 Diethyltoluamide 2.2 -26.0 0.8

1932.7 1,4-Benzenedimethanol, tetramerhyl- 1.0 -29.6 1.0

2181.9 Terbuthylazine 3.3 -26.8 0.2
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Table E-2 oBe composition of semi-volatile compounds extracted from PS6 leachate. 10"
= the standard deviation of samples analysed in duplicate.

Retention
Compound Area (Vs)

o13C(%.) vs
ler

Time (s) VPDB

1119.5 Terpinen-q-ol 1.4 -20.3 0.3

1223 Phosphate, triethy1- 2.1 -29.0 0.3

1359.9 Naphthalene 5.9 -24.1 0.0

1479.2 Pentaerythritol bisforma1 5.2 -32.6 0.7

1503.8 Pentanoie acid, 2,2,4,4-tetramethyi- 3.2 -22.9 0.7

1527.6 Heptanoie acid, 3,3-dimethyl- 25.0 -22.7 0.8

1572.3 Phosphate, tributyl- 4.9 -25.8 0.2

1641 Phenol, p-tert-buty1- 1.8 -26.6 0.6

1829.1
4(lH)-Pyrimidinone,6-methyl-2-(1-

0.7 -24.3 0.0
methy1ethyl)-

2066.7 Phosphate (3:1), 2-propano1, l-chloro- 1.4 -23.3 1.0
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Table E-3 oBe composition of semi-volatile compounds extracted from PS8 leachate. IG
= the standard deviation of samples analysed in duplicate, n.d. = not determined.

Retention
Compound (I.D. by GC-MS) Area (Vs)

013C(%o) vs
1"Time (s) VPDB

889.7 Benzene, 1,2,3,5-tetramethy1- 4.4 -26.6 0.3

910.7 n.d. 4.8 -29.6 0.1

1024.1 n.d. 1.4 -26.2 0.1

1063.8 n.d. 6.3 -26.0 0.8

1081.3 n.d. 3.6 -26.5 0.5

1118.7 Terpinen-4-o1 4.5 -20.0 0.7

1153.5 n.d. 2.0 -22.9 0.6

1221.5 Phosphate, triethyl- 4.0 -29.1 0.1

1232.1 Benzaldehyde,4-methyl- 2.2 -26.7 0.1

1272.6 n.d. 4.6 -26.4 0.3

1358.6 Naphthalene 8.7 -24.9 0.3

1397.9 n.d. 2.5 -27.2 0.5

1478.2 Pentaerythritol bisforma1 12.6 -33.8 0.9

1500.9 Pentanoic acid, 2,2,4,4-tetramethy1- 6.7 -23.9 0.0

1523.9 Heptanoic acid, 3,3-dimethy1- 29.0 -20.7 1.8

1535.8 Morpholine,4-methy1ethyl- 3.6 -27.6 1.5

1571.9 Phosphate, tributyl- 19.4 -25.6 0.8

1591.3 n.d. 2.0 -25.7 0.6

1616.4 n.d. 1.3 -28.5 0.0

1639.6 Phenol, p-tert-butyl- 3.8 -24.5 0.8

1672.5 p-(Methylthio)benzyl alcohol 5.5 -26.1 0.2

1695 n.d. 3.1 -31.0 0.1

1726.4 Phenol, m-tert-butyl- 7.5 -26.5 0.2

1861.5 n.d. 2.5 -24.7 0.1

2005.8 n.d. 1.1 -25.6 0.7

2015.1 n.d. 3.2 -26.5 0.2

2067.6 Phosphate (3: 1), 2-propanol, l-chloro- 4.6 -24.7 0.8

2142.6 n.d. 2.5 -26.4 0.8

2155.7 n.d. 5.5 -25.4 0.5

2183.8 Terbuthylazine 1.8 -28.2 0.7

Table E-4 oBe composition of semi-volatile compounds extracted from NS2 leachate. IG
= the standard deviation of samples analysed in duplicate.

Retention
Compound (I.D. by GC-MS) Area (Vs)

013C(%o) vs
1"Time (s) VPDB

465.6 Naphthalene 2.6 -30.0 0.2

1756.1 Phthalate, isobutylpentyl- 12.0 -28.5 0.1

1844.3 Phthalate, hexylisobutyl- 2.1 -27.5 0.1
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Table E-S .sBC composition of semi-volatile compounds extracted from LFA leachate.
1(; = the standard deviation of samples analysed in duplicate, n.d. = not determined.

Retention /i13C(%.) vs
Time (s) Compound (I.D. by GC-MS) Area (Vs) VPDB la

0.2

0.2

0.2

0.2

0.0

0.2

0.1

0.2

0.4

0.1

0.1

0.9

0.7

0.2

0.2

0.7

0.0

0.1

0.4

0.7

0.2

0.4

0.1

0.1

0.1

1.0

0.3

0.5

0.2

0.3

0.1

0.2

15.8 -28.4 0.2

6.6 -20.9 0.9

5.3 -27.5 0.2

6.9 -32.4 0.3

12.0 -27.4 0.5

3.1 -27.8 0.3

3.9 -25.0 0.9

13.0 -27.0 0.4

5.1 -32.4 1.4

Phenol, 4-( I-methylethyl)

n.d.

Phenol, p-rezr-butyl

Diethyltoluamide

Benzophenone

Benzoic acid, 4-(1-methylethyl)

Benzoic acid, p-rerz-butyl

Benzenebutanoic acid, 2,5-dimethyl-

858.4

881

890

921.4

942.5

1030.6

1068.5

1114.9

1144.3

357 Ethylbenzene 4.6 -26.2

368.2 p-Xylene 1.7 -26.5

378.8 Eucalyptol 18.3 -29.6

398.5 Acetophenone 2.2 -31.5

416.2 Benzene,1-methyl-3-(l-methylethyl)- 1.5 -30.7

424.1 Pyridine,2-ethyl- 5.3 -28.7

444.9 1,2-Propanediamine, 2-methyl- 1.3 -32.1

467.6 Benzene, 1,3,5-trimethyl- 5.8 -31.4

490 Cyclohexanone,3,3,5-trimethyl- 2.2 -26.1

503.3 Fenchone 44.3 -28.5

543.7 Furan,2,3,5-trimethyl- 3.4 -27.3

551.6 Cyclohexanone, 5-methyl-2-(l-methylethyl)-, 5.2 -27.4

560.6 Cyclohexanone,5-methyl-2-(l-methylethyl)-, 3.7 -30.7

577.9 Camphor 81.4 -29.2

587.6 Cyclohexanone,4-methylidene- 3.7 -29.1

596.8 Cyclohexanemethanol,4-trimethyl- 18.5 -29.7

614.3 Norinone 47.3 -28.1

619.1 Terpinen-4-ol 26.1 -30.1

632 n.d. 18.8 -26.9

639.5 Propanenitri1e,2,2'-azobis[2-methyl- 9.9 -30.5

646.1 2-Norpinanone,3,6,6-trimethy1- 23.3 -30.6

651.9 n.d. 3.2 -22.8

657.4 n.d. 9.6 -25.7

669.7 p-menth-l-en-Scol 68.4 -28.6

698.4 Benzene, (l,2-dimethoxyethyl)- 43.9 -25.5

725 exo-z-Hydroxycineole 14.3 -26.7

743.2 n.d. 18.9 -26.8

776.8 Cyclohexanone, 2-ethyl-2-propyl- 2.9 -30.6

802.1 3,3-Dimethy1heptanoic acid 24.8 -25.5

814.9 Phenol 21.8 -27.3

836.9 Octanoic Acid 18.2 -31.8

849.2 Phenol,2-methyl- 61.0 -30.3

Pentanoic acid, 2-methylethyl-4-methy1-, methyl
ester
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E.2 GC-MS identification ofsemi-volatile compounds

Table E-6 GC-MS identification of semi-volatile non-polar compounds extracted from
PS 1 leachate., n.d. = not determined

Retention time
Compound Abundance

(miu)

8.636 Camphor, 1225088

9.267 Norinone 581250

9.376 Terpinen-4-oI 1401730

9.838 2-Norpinanone,3,6,6-trimethyl- 500104

9.897 Phosphate. triethyl- 477412

10.272 p-menth-I-en-8-o1 760885

10.744 Naphthalene 1688593

12.038 Pentaerythritol bisformal 909440

12.649 Morpholine, 4-methylethyl- 1256888

13.494 n.d. 1377853

13.541 n.d. 891421

13.81 1.8-Terpin 3596159

14.402 n.d. 1092043

14.483 Thymol 1965029

15.067 n.d. 915788

15.194 Diethyltoluamide 2111327

16.379 1,4-Benzenedimethanol, tetramethyl- 1617206

16.509 4(lH)-Peridinone,2-amino- 1073914

16.658 4( IHj-Pyrimidinone, 6-methyl-2-( I-methylethyl)- 1036684

16.954 n.d. 2634604

18.023 Phosphate (3:1), 2-propanol, I-chloro- 690402

18.946 Terbuthylazine 12226547

19.854 n.d. 991500

20.101 Benzenesulfonamide, N-ethyl-2-methyl- 3023621

22.202 Benzenesulfonamide, N-butyl- 2697353
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Table E-7 GC-MS identification of semi-volatile non-polar compounds extracted from
PS6 leachate, n.d, = not determined.

Retention time
Compound Abundance

(min)

10.743 Naphthalene 4309731

12.045 Pentaerythritol bisfonnal 2918095

12.363 n.d. 1354256

12.627 3,3-Dimethylheptanoic acid 11661260

13.674 Phenol, 4-( l-methylethyl)- 1818356

13.947 Phosphate, tributyl- 2263283

15.062 Phenol, p-tert-butyl- 5488946

15.198 Diethyltoluamide 2038467

15.665 n.d. 1621545

16.359 Dihydroxy-m-diisopropylbenzene 2476941

16.671 4( 1H)-Pyrimidinone, 6-methyl- 2-( l-methylethyl)- 2288008

17.364 Diphenylamine 2049888

17.849 n.d. 2211677

18.032 Phosphate (3:1), 2-propanol, l-chloro- 3907676

18.449 n.d. 2641889

18.528 n.d. 1375420

19.092 4-Methyl-2-benzylphenol 4881863

19.779 n.d. 2927685

20.105 Benzenesulfonamide, N-ethyl-2-methyl- 3697464

23.236 n.d. 4868278
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Table E-8 GC-MS identification of semi-volatile non-polar compounds extracted from
PS8 leachate, n.d. = not determined.

Retention time
Compound Abundance(min)

7.316 Benzene, 4-ethenyl-1 ,2-dimethyl- 269791

7.708 Benzene, 1,2,3,5-tetrarnethyl- 589038

7.877 n.d. 464345

9.627 n.d. 329115

9.83 Benzaldehyde, 4-methyl- 338283

9.904 Phosphate, triethyl- 366569

10.744 Naphthalene 1810514

11.266 n.d. 318358

12.048 Pentaerythritol bisformal 1834648

12.362 Pentanoic acid, 2,2,4,4-tetramethyl- 935890

12.623 Heptanoic acid, 3,3-dimethy1- 5110362

12.846 n.d. 310521

13.488 n.d. 816805

13.711 n.d. 1695572

13.809 1,4-Benzenedicarboxaldehyde 1047951

13.944 Phosphate, tributyl- 599718

14.033 n.d. 334181

14.19 p-(Methylthio)benzyl alcohol 413605

15.062 Phenol, m-tert-butyl- 1617189

16.351 Dihydroxy-m-diisopropylbenzene 2032247

16.661 n.d. 1085346

17.363 [1,1'-Bipheny1]-3-amine 566049

18.034 Phosphate (3: 1), 2-propano1, l-chloro- 2174943

18.543 n.d. 1751972

18.649 n.d. 2525081

18.786 n.d. 8260896

18.822 n.d. 9233685

18.938 n.d. 4509845

19.253 n.d. 1760996

19.314 Terbuthylazine 1593712

20.101 Benzenesulfonamide, N-ethyl-2-methyl- 1439725

22.042 Benzenesulfonamide, N-ethyl-4-methyl- 422050

23.312 n.d. 1412258
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Table E-9 GC-MS identification of semi-volatile non-polar compounds extracted from
NS2 leachate, n.d. = not determined.

Retention Time
Compound Abundance

(min)

5.816 Benzaldehyde, 4-methyl- 362962

6.329 Naphthalene 1244890

7.45 Naphthalene, 2-methyl- 229248

8.486 Benzene-1,4-dicarboxaldehyde 588716

8.899 n.d. 306525

9.091 Acenaphthene 724027

9.116 2,5-Pyrrolidinedione 455870

9.482 Naphtho[2, l-b]furan 146413

10.064 Phenalene 369924

10.482 Diethyl Phthalate 162308

11.819 Phthalate, isobutyl 2-pentyl- 2498848

12.033 Anthracene 381028

12.737 Phthalate, dibuty1 1085669

Table E-IO GC-MS identification of semi-volatile non-polar compounds extracted from
LFA leachate, n.d, = not determined.

Retention Time (min) Compound Abundance

4.55

4.994

5.342

5.63

5.906

6.035

6.317

6.637

7.126

7.361

7.854

8.058

8.351

8.648

8.81

8.973

9.277

9.369

9.693

9.847

10.273

10.753

11.301

Continues on next page

Ethy1benzene

p-Xy1ene

Eucalyptol

Acetophenone

Benzene, 1-methyl-3-(1-methy1ethyl)

Pyridine, 2-ethy1-

1,2-Propanediamine, 2-methyl-

Benzene, 1,3,5-trimethyl

Cyc1ohexanone,3,3,5-trimethy1-

Fenchone

Furan,2,3,5-trimethyl

Cyc1ohexanone,5-methyl-2-(I-methylethyl)

Cyclohexanone, 5-methyl-2-( 1-methylethyl)

Camphor

Cyclohexanone, 4-methylidene

Cyclohexanemethanol, il,il,4-trimethyl

Norinone

Terpinen-4-o1

Propanenitrile,2,2'-azobis[2-methyl

2-Norpinanone,3,6,6-trimethy1

p-menth-1-en-8-o1

Benzene, (1,2-dimethoxyethyl)

exo-2-Hydroxycineole

459869

350737

2500216

139669

420437

1340530

199672

381869

388884

5820853

286191

379948

309439

1.7E+07

460543

2824774

l.2E+07

5827359

732143

7623133

J.8E+07

7990024

991839
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Table £-10 continues

Retention Time (min) Compound Abundance

12.177 Cyc1ohexanone,2-ethyl-2-propyl- 824276

12.626 3,3-Dimethylheptanoic acid 4034027

12.843 Phenol 3008825

13.2 Neodecanoic acid 2300563

13.261 Octanoic acid 2848870

13.473 Phenol, 2-methyl- I.4E+07

13.621 Pentanoic acid, 2-acetyl-4-methyl-, methyl ester 2904119

13.694 n.d. 2590031

13.694 Phenol, 4-( I-methylethyl)- 3306134

13.803 n.d. 2091497

13.847 n.d. 2076093

14.501 Phenol,2-methyl-5-(]-methylethyl)- 8563036

15.08 Phenol, p-tert-butyl- 1964948

15.193 Diethyltoluamide 4975213

15.653 n.d. 494178

16.615 Benzophenone 1877608

16.664 4( IH)-Pyrimidinone, 2-isopropyl-6-methyl- 1169254

17.621 Beuzoic acid, 4-(]-methylethyl)- 3889019

18.442 Beuzoic acid, p-tert-butyl- 5796941

18.551 n.d. 2664793

18.945 Beuzenebutanoic acid, 2,5-dimethyl- 2511202

19.034 10,18-Bisnorabieta-5,7,9(] 0),11,13-pentane 1589129

20.095 Beuzenesulfonamide, N-ethyl-2-methyl- 4213055

22.2 Benzenesulfonamide, N-butyl- 5248840
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Table E-ll oBe composition of polar compounds extracted from MWIA leachate.
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Retention
Compound Area (Vs)

OBC (%.) vs
lu

Time (s) VPDB

959.7 Phthalate. diethyl- 3.0 -28.09 0.03

1302.4 Octadecanoic acid, methyl ester- 8.6 -33.38 0.01

1324 Phthalate, diisobutyl 3.0 -34.24 0.44

1459.8 Phthalate, dibutyl- 26.3 -28.42 0.31

1569.9 Juvabione 26.3 -28.42 0.31

Table E-12 oBe composition of polar compounds extracted from MW2A leachate,n.d. =

not determined.

Retention
Compouud Area (Vs)

OBC (%.) vs
lu

Time (s) VPDB

280.5 n.d. 1.4 -31.6 0.9

297.1 n.d. 2.3 -29.1 0.4

311.5 n.d. 1.1 -31.1 0.4

625.5 n.d. 2.3 -33.7 0.7

678.2 n.d. 1.0 -17.5 0.6

694.7 n.d. 1.1 -17.5 0.4

702.4 n.d. 1.4 -49.9 0.4

772.7 n.d. 2.4 -39.4 0.3

802.1 n.d. 1.7 -27.8 0.1

812.7 n.d. 1.5 -29.1 0.6

838.2 n.d. 1.5 -44.2 0.5

874.6 Phosphate, tributyl- 13.0 -27.1 0.1

906.6 Hexadecanoic acid, methyl ester- 3.7 -24.7 0.3

917 n.d. 2.7 -34.0 0.5

956.4 Phthalate, diethyl- 3.7 -40.9 0.2

972.1 n.d. 2.9 -24.7 0.7

989.4 Octadecanoic acid, methyl ester- 5.1 -24.7 0.2

997.6 9-0ctadecenoic acid, methyl ester- 6.7 -19.7 0.5

1023.7 Benzoic acid, phenyl ester 4.0 -50.0 0.7

1036.4 Phthalate, diisobutyl 6.2 -28.5 0.9

1098.5 Phthalate, dibutyl- 17.2 -22.4 0.0

1127.2 Juvabione 25.5 -28.8 0.0

1136.2 n.d. 2.4 -35.3 0.5

1189.9 n.d. 4.6 -32.0 0.9

1254.6 Terbuthylazine 4.3 -29.6 0.4



301

TableE-13 OBC composition of polar compounds extracted from PS4 leachate, n.d, = not
determined.

Retention
Compound Area (Vs)

.sBC (%0) vs
1"Time (s) VPDB

440.1 n.d. 4.0 -21.8 0.6

576.9 n.d. 10.6 -27.4 0.4

688.6 n.d. 25.5 -26.0 0.9

752.1 Heptanoic acid, methyl ester- 73.4 -25.2 1.3

851.1 n.d. 15.7 -29.9 0.2

874.5 n.d. 12.8 -27.2 0.8

953.1 Benzoic acid, methyl ester- 38.1 -29.1 0.8

987.5 n.d. 5.8 -26.8 0.6

1020.7 n.d. 7.4 -32.1 0.3

1196.9 Benzoic acid, 3,5-dimethy1 methyl ester- 55.6 -35.2 3.2

1258.0 Benzoic acid, 3,4-dimethy1 methyl ester- 36.7 -30.3 0.3

1312.2 Methyl-4-tert-buty1benzoate 32.4 -34.5 0.9

1443.4 Adamantane-l-carboxylic acid, 3-bromo methyl ester 247.7 -36.1 1.1

1502.8 n.d. 3.9 -46.3 1.9

1522.8 n.d. 2.2 -35.4 1.0

1544.1 Benzene, methylethyl- 19.0 -27.2 8.0

1568.9 n.d. 51.4 -40.2 1.2

1599.9 n.d. 53.3 -38.8 1.7

1713.8 Naphthalene acetic acid, methyl ester- 433.1 -27.2 0.1

1776.0 n.d. 74.1 -33.5 1.7

1817.5 n.d. 28.7 -43.9 3.2

1924.5 n.d. 72.1 -32.0 1.3

2170.5 n.d. 24.8 -38.7 0.3

2344.7 n.d. 11.2 -38.6 0.7

Table E-14 OBC composition of polar compounds extracted from NS2leachate.

Retention
Compound Area (Vs)

BBC (%.) vs
1"Time (s) VPDB

1083.8 Hexadeacanoic acid, methyl ester 7.2 -29.8 0.4

1366.8 Octadecanoic acid, methyl ester 12.4 -26.5 0.4
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Table E-15 Bl3C composition of polar compounds extracted from LFA leachate, n.d. =

not determined.

Retention
Compound Area (Vs) 013C (%0) vs

1"Time (s) VPDB
340.9 n.d. 2.9 -25.4 0.5

356.7 -l-Carcne 12.9 -29.7 0.1

379.4 n.d. 0.7 -27.3 0.6

387.8 n.d. 0.9 -24.8 0.6

404.7 Bicyclo[2.2.l [heptane, 2-methoxy-l,7,7-trimethyl- 14.5 -29.7 0.1

416.9 Benzene, l-methyl-4-(l-methylethyl)- 9.8 -32.5 0.0

433.2 3-Cyclohexene-I-methanol, 4-trimethyl-, propanoate 30.2 -26.6 0.0

456.1 Benzene, (l-methylethenyl)- 2Ll -26.1 0.7

475.3 n.d. 2.9 -24.7 0.6

483.2 n.d. 1.3 -22.6 0.2

492.8 Octanoic acid, methyl ester 26.3 -38.3 0.4

503.6 n.d. 7.9 -24.4 0.3

520.8 Benzene, (I-methoxy-l-methylethyl)- 16.7 -26.1 0.8

526.2 Octanoic acid, 4-methyl-, methyl ester 10.6 -27.0 0.5

540 n.d. 7.7 -24.3 0.4

553.7 Nonanoic acid, methyl ester 8.8 -29.6 0.0

578 Camphor 21.2 -31.6 0.5

586.8 Cyclohexanone,4-methylidene- 3.1 -30.4 0.3

598.7 Cyclohexanemethanol, 4-trimethyl- 3.7 -30.1 0.5

608.1 u.d. 5.7 -34.8 0.3

633.2 n.d. 14.0 -26.5 0.1

639.7 Propanenitrile, 2,2'-azobis[2-methyl- 7.2 -29.9 0.1

647.3 n.d. 2.2 -27.7 0.7

652.7 n.d. 2.4 -50.8 0.9

657.7 Phosphate, triethyl- 4.5 -26.8 0.5

674.2 n.d. 10.8 -27.3 0.1

684.5 n.d. 5.4 -28.1 0.8

727.3 Hexanedioic acid, dimethyl ester 6.1 -24.0 0.5

745.8 Benzoic acid, p-isopropyl-, methyl ester 12.5 -24.7 0.3

766.3 I ,2-Pentadiene, 4-methoxy-4-methyl- 5.4 -30.0 0.6

781 n.d. 8.1 -29.5 0.8

796.4 Benzoic acid, p-tert-butyl-, methyl ester 32.4 -26.6 0.3

814.6 Phenol 10.7 -26.8 0.1

828 Motrin methyl ester 11.2 -19.6 0.9

833.1 Benzenepropanoic acid, 3,4-trimethyl-, methyl ester 5.2 -32.5 0.2

848.8 Phenol, 2-methyl- 27.5 -37.5 0.1

855.7 Phenol, 2-ethyl-6-methyl- 2.7 -24.7 0.5

880.2 Phosphate, tributyl- 4.1 -25.7 0.6

904.4 Phenol, 2-methyl-5-(l-methylethyl)- 6.6 -28.1 0.6

916 n.d. 2.5 -24.1 0.8

934.5 n.d. 8.5 -28.5 1.6

942.9 Diethyltoluarnide 7.7 -27.1 1.6

1030.6 Phosphorin, 2,4,6-tris(l, l-dimethylethyl)- 5.6 -25.6 0.6

1048.7
Benzenepropanoic acid, 3,5-bis( 1,l-dimethylethyl)-4-

32.8 -30.4 0.4
hydroxy-, methyl ester

1193.6 n.d. 13.7 -28.1 0.7

1255.3 n.d. 3.0 -32.3 0.6
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£.4 GC-MS ofpolar compounds extractedfrom leachate

Table E-16 GC-MS identification of polar compounds extracted from MWIA leachate,
n.d. = not determined.

Retention
Compound AreaTime (miu)

11.169 Phosphate, tributyl- 6908580

11.994 Hexadecanoic acid, methyl ester 801354

12.612 I ,2,4-Benzenetricarboxylic acid, 5-methyl-, trimethyl ester 431624

13.731 Phthalate, diethyl 783629

14.199 Octadecanoic acid, methyl ester 1367604

14.253 n.d. 400404

15.183 Phthalate, methyl-2-peutyl 265025

15.461 Phthalate, diisobutyl 7641429

15.653 Tridccanedioic acid, dimethyl ester 572039

15.692 Benzaldehyde, 3-hydroxy-4-methoxy- 278186

16.219 u.d. 387548

16.975 Phthalate, dibutyl 21905528

17.304 u.d. 928729

17.53 Juvabione 28047691

17.735 n.d. 1763262

18.013 6-Chloro-2-ter!.-butylamino-4-dimethylamino-[ I ,3,5]-triazine 501277

18.284 Benzodiazepine, 4-(4-Fluorophenyl)-2,3-dihydro-2-methyl-IH-l ,5- 251232

19.472 Juvabione,dehydro- 1317222

20.992 1,3-Dioxolane, 2-(l-phenylethyl)- 389897

21.441 Benzenesulfonamide, N-(2-Cyano-ethyl)- 409492

Table E-17 GC-MS identification of polar compounds extracted from MW2A leachate,
n.d, = not determined.

Retention
Time (min)

11.194

12.019

13.752

14.219

14.274

14.455

15.05

15.478

16.986

17.539

17.748

18.019

Compound

Phosphate, tributyl

Hexadecanoic acid, methyl ester

Phthalate, diethyl-

Octadecanoic acid, methyl ester

n.d.

9-0ctadecenoic acid, methyl ester

Benzoic acid, phenyl ester

Phthalate, diisobutyl-

Phthalate, dibutyl-

Juvabione

Benzoic acid, 4-methyl-, 2-oxo-2-phenylethyl ester

Terbuthylazine

Abundance

5785645

888932

1040602

682575

4435138

568982

1229200

2382752

6173677

6894238

704484

727096
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Table E-18 GC-MS identification of polar compounds extracted from PS4 leachate, n.d
= not determined.

Retention
Time (s)

5.442

6.971

7.084

7.297

7.806

7.909

8.000

8.044

8.203

8.236

8.298

8.42

8.583

8.709

8.757

8.986

9.085

9.255

9.341

9.416

9.505

9.61

9.686

10.022

10.081

10.272

10.517

10.593

10.764

10.852

11.249

11.461

11.9

13.87

14.837

17.498

Compound

Benzoic acid, methyl ester

Benzoic acid, 2,3-dimethy1-, methyl ester

Benzoic acid, 2,4-dimethyl-, methyl ester

Benzoic acid, 3,5-dimethyl-, methyl ester

Benzoic acid, 3,4-dimethy1-, methyl ester

n.d.

2-Propenoic acid, 3-(4-hydroxyphenyl)-, methyl ester

Benzeneacetic acid, a-ethyl-, methyl ester

Benzoic acid, p-tert-butyl-, methyl ester

Benzoic acid, 2,4,5-trimethyl-, methyl ester

n.d.

Benzoic acid, 2,4,6-trimethyl-, methyl ester

Adamantane-I-carboxylic acid, 3-bromo-, methyl ester

Motrin methyl ester

n.d.

2-Propenoic acid, 3-(3-hydroxyphenyl)-, methyl ester

n.d.

n.d.

Nonanedioic acid, dimethyl ester

n.d.

n.d.

Mecoprop methyl ester

n.d.

n.d.

Benzene, 1,4-bis( l-methylethenyl)

n.d.

n.d.

Diethyltoluamide

2-Naphthhydrazide

n.d.

n.d.

Octadecanoic acid, methyl ester

Benzenepropanoic acid, 3,5-bis(l, l-dimethylethyl)-4-hydroxy-, methyl ester
1,4a-Dimethyl-9, 1O-dioxo-I ,2,3,4,4a,9, 10, 10a-octahydrophenanthrene-l
carboxylic acid, methyl ester
n.d.

n.d.

Abundance

19825553

10896896

24435937

61734095

48498466

10729814

10431417

14254210

38774467

8654955

15137258

9675687

23011529

24239841

10751335

15953543

28050878

2.48E+08

14008314

41138883

22019889

13538230

14000064

35327710

58308283

1.33E+08

86626844

40994052

27933285

27370185

71087787

47995712

2.77E+08

33529450

18494502

52118956

Table E-19 GC-MS identification of polar compounds extracted from NS2leachate.

Retention
Compound Abundance

Time (min)

5.421 Benzoic acid, methyl ester 1176454

7.101 Benzoic acid, 3,5-dimethyl-, methyl ester 276214

7.297 Benzoic acid, 2,4-dimethyl-, methyl ester 283668

10.275 Hexadecanoic acid, methyl ester 862925

11.413 Octadecanoic acid, methyl ester 9922039
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Table E-20 GC-MS identification of polar compounds extracted from LFA leachate, n.d
= not determined.

Retention
Time (min) Compound Abundance

4.984 4-Carene

5.747 Bicyclo[2.2.1 ]heptane, 2-methoxy-l ,7,7-trimethyl-

5.914 Benzene, 1-methyl-4-(1-methylethyl)-

6.153 3-Cyclohexene-1-methanol, 4-trimethyl-, propanoate

6.522 Benzene, (l-methylethenyl)-

7.128 Octanoic acid, methyl ester

7.62 Benzene, (l-methoxy-1-methylethyl)-

7.712 Octanoic acid, 4-methyl-, methyl ester

8.641 Camphor

9.639 n.d.

9.897 Phosphate, triethyl-

10.322 n.d.

11.269 Hexanedioic acid, dimethyl ester

11.629 Benzoic acid, p-isopropyl-, methyl ester

12.016 1,2-Pentadiene, 4-methoxy-4-methyl-

12.259 n.d.

12.363 n.d.

12.559 Benzoic acid, p-tert-butyl-, methyl ester

12.842 Phenol

13.073 Motrin methyl ester

13.127 Benzenepropanoic acid, 3,4-trimethyl-, methyl ester

13.195 n.d.

13.464 Phenol,2-methyl-

13.525 n.d.

13.583 n.d.

13.674 Phenol,2-ethyl-6-methyl-

13.791 n.d.

13.942 Phosphate, tributyl-

14.112 n.d.

14.489

14.584

15.06

15.196

16.774

17.146

18.316

18.467

18.891

19.878

20.099

21.067

22.209

22.463

Pheno1,2-methyl-5-(l-methylethyl)

n.d.

n.d.

Diethyltoluamide

Phosphorin, 2,4,6-tris( 1,l-dimethylethyl)-

Benzenepropanoic acid, 3,5-bis(l ,1-dimethylethyl)-4-hydroxy-, methyl ester

Benzoic acid, 3-phenoxy-, methyl ester

n.d.

2,5-di-tert-Butyl-l,4-dimethoxybenzene

n.d.

Benzenesulfonamide, N-ethyl-2-methyl

n.d.

4( 1H)-Pyrimidinone, 2-isopropyl-6-methy1

Dehydroabietic acid methyl ester

1484171

1157493

2689418

3636094

3070339

3509237

4469320

2077141

5117696

1399140

1018526

6705413

801431

1171246

526427

2631804

1464513

1.5E+07

2949701

1955307

2315807

1148206

1.2E+07

1432499

2735990

1901066

1775167

1383992

2517808

4536338

1719115

5819714

4538396

1876780

3.8E+07

1511923

8357262

1.5E+07

5385490

2273962

5350486

4213795

6794014



306

E.5 Landjill boundary transect

Table E-21 oD and Ol3C composition of non-polar compounds extracted from leachate, ground water and surface water at MW4, GILI<'. The
instrumental precision is 4%0 and 0.3%0 for oD and Ol3C analysis respectively, n.d. = not detected. (Combined GC-IRMS and GC-MS data)

Retention BBC (%.) BD (%.) vs
Sample Time (s) Compound Area (Vs) vs VPDB 1" Area (Vs) VSMOW 1"

SS4 Nothing detected

MW4D Nothing detected

MW4C Nothing detected

MW4B 658 Benzene, 2-ethyl-1 ,4-dimethyl- 8.0 -25.4 0.1 n.d.
836 Benzene, 4-ethyl-1 ,2-dimethyl- 4.2 -29.4 0.6 n.d.
973 Camphene hydrate 7.7 -32.2 0.2 n.d.
1031 Nopinone 10.2 -24.8 0.0 n.d.
1058 Naphthalene 56.8 -23.1 0.1 n.d.
1199 n.d. 5.7 -36.8 0.5 n.d.
1291 Morpholine,4-methylethyl- 9.8 -20.2 0.3 n.d.
1334 Phenol, p-tert-butyl- 2.9 -27.8 0.0 n.d.
1534 Phosphate, tributyl- 8.5 -23.9 0.5 n.d.
1838 n.d. 10.3 -20.7 0.7 n.d.
1878 Bis( I-chloro-2-propyl)(3-chloro-I-propyl)phosphatc 4.5 -26.5 0.1 n.d.
1977 Benzenesulfonamide, N-ethyl-2-methyl- 14.9 -27.2 0.0 n.d.
2330 Benzothiazolone 9.2 -30.6 0.7 n.d.

MW4A 423 n.d. 2.4 -61.5 0.8 n.d.

463 n.d. 7.0 -21.4 0.1 n.d.
659 Benzene,2-ethyl-I,4-dimethyl- 11.7 -25.0 0.1 n.d.
837 Benzene,4-ethyl-1,2-dimethyl- 5.0 -27.2 0.5 n.d.
974 Camphene hydrate 2.1 -34.8 0.8 n.d.
1030 Nopinone 5.1 -21.1 0.1 n.d.
1057 Naphthalene 7.9 -22.6 0.1 n.d.

Table E-21 continues on next page
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Table E-21 continues

Sample
Retention

Compound Area (Vs)
OBC (%.)

la Area (Vs)
sn (%.) vs

laTime (s) vs VPDB VSMOW
MW4Acont. 1290 Morpholine, 4-methylethyl- 5.0 -20.3 0.0 n.d.

1421 Caprolactam 2.3 -19.3 0.1 n.d.
1536 Phosphate. tributyl- 98.5 -22.6 0.0 63.9 -134 5
1837 n.d. 3.1 -23.2 5.6 n.d.
1881 Bis( I-chloro-2-propyl)(3-chloro-I-propyl)phosphate 3.1 -29.5 0.5 n.d.
1973 Benzenesulfonamide, N-ethyl-2-methyl- 10.7 -26.9 0.8 n.d.

PS4 654 Benzene,2-ethyl-I,4-dimethyl- 4.0 -21.1 0.3 n.d.
837 Benzene,4-ethyl-I,2-dimethyl- 5.8 -28.4 0.8 n.d.
872 n.d. 3.0 -21.2 0.8 n.d.
976 Camphene hydrate 9.3 -30.8 0.5 n.d.
1033 Nopinone 13.2 -24.6 0.3 n.d.
1059 Naphthalene 11.6 -25.2 0.4 0.5 -156
1082 n.d. 4.9 -31.7 0.5 n.d.
1121 Naphthalene, 1,2,3,4-tetrahydro-6-methyl- 8.6 -18.9 0.9 2.4 -166 4
1158 n.d. 5.2 -17.1 1.2 0.4 -123 3
1201 Phenol,4-methyl- 7.6 -44.1 0.7 n.d.
1236 Pentaerythitol bisfonnal 6.1 -29.5 0.5 1.6 -175 3
1295 Morpholine, 4-methylethyl- 10.3 -23.8 0.5 5.2 -222 6
1339 Phenol, p-tert-butyl- 5.3 -28.2 0.4 n.d.
1429 Caprolactam 18.9 -24.7 0.6 n.d.
1491 n.d. 3.8 -32.1 1.0 0.6 -156 5
1547 Phosphate, tributyl- 4.9 -26.6 0.2 n.d.
1593 Phenol, 4-( I, I ,3,3-tetramethylbutyl)- 20.3 -26.2 0.2 0.8 -181 4
1652 Diphenylamine 3.0 -31.3 0.7 n.d.
1682 n.d. 5.8 -29.2 0.3 n.d.
1881 Bis( l-chloro-2-propyl)(3-chloro-I-propyl)phosphate 5.5 -28.4 0.1 1.1 -221 0
1906 n.d. 2.7 -33.0 1.0 1.4 -212 2
1988 Benzenesulfonamide, N-ethyl-2-methyl- 29.7 -22.2 0.1 9.6 -209 2
2337 Benzothiazolone 9.3 -30.2 0.1 n.d.
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Table E-22 liD and 1i13C eomposition of polar compounds extracted from leach ate, ground water and surface water at MW4, GILF, n.d, = not
detected.

Location
Retention

Compound
Area Ol3C (%.) Area

Time (s) (Vs) vs VPDB 1" (Vs)

SS4 939.2 Benzoic acid, methyl ester 8.9 -27.6 0.0 n.d.
1570.8 Hexadecanoic acid, methyl ester 6.8 -32.0 0.1 n.d.
1714.3 Octadecanoic acid, methyl ester 6.9 -27.4 0.5 n.d.

MW4D 940.3 Benzoic acid, methyl ester 20.5 -28.2 0.5 n.d.
1157.7 Benzoic acid, 4-ethyl-, methyl ester 3.5 -33.3 0.4 n.d.
1179.7 Benzoic acid, 3,4-dimethyl methyl ester- 4.6 -32.7 0.4 n.d.
1577.9 Hexadecanoic acid, methyl ester 15.7 -72.1 0.7 n.d.
1712.9 Octadecanoic acid, methyl ester 10.8 -27.0 0.2 n.d.
1877.1 Phthalate, dibutyl 2.3 -25.3 0.1 n.d.
2301.3 n.d. 2.4 -28.3 0.5 n.d.

MW4C 941.9 Benzoic acid, methyl ester 2.9 -25.1 0.2 n.d.
1578.1 Hexadecanoic acid, methyl ester 29.7 -72.8 0.5 n.d.
1714.6 Octadecanoic acid, methyl ester 16.5 -32.7 0.2 n.d.

MW4B 741.6 n.d. 1.9 -26.0 0.0 n.d.
942.5 Benzoic acid, methyl ester- 2.1 -28.6 0.1 n.d.
1157.2 Benzoic acid, 2,4-dimethyl-, methyl ester 4.5 -34.4 0.6 4
1242.9 Benzoic acid, 3,5-dimethyl-, methyl ester 6.0 -31.9 0.2 I
1269.4 n.d. 2.5 -30.0 0.2 n.d.
1424.2 Adamantane-l-carboxylic acid, 3-bromo methyl ester 26.3 -35.0 0.5 n.d.
1444.3 n.d. 2.4 -27.3 0.9 n.d.
1529.1 Phosphate, tributyl 7.0 -27.4 0.0 n.d.
1553.1 n.d. 6.5 -40.1 0.8 n.d.
1580.9 Hexadecanoic acid, methyl ester 15.5 -40.1 0.6 n.d.
1689.3 n.d. 43.7 -32.6 0.5 n.d.
1718.5 Octadecanoic acid, methyl ester 7.8 -27.7 0.8 n.d.
1755.8 Benzenepropanoic acid, 3,5-bis(l ,1-dimethylethyl)-4-hydroxy-, methyl ester 3.8 -27.7 0.4 n.d.
1833.5 2-Thiophenecarboxylic acid, 5-tert-butyl- 7.1 -24.0 0.3 n.d.

Table £-22 continues on next page

sn (%.) vs
VSMOW

-155
-198

1"

5
5
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Table E-22 continues

Location Retention
Compound Area Ol3C (%.)

1"
Area oD (%.) vs

1"Time (s) (Vs) vs VPDB (Vs) VSMOW

1902.7 Phosphoric acid, tris(2-chloro-l-methylethyl) ester 8.1 -33.2 0.4 n.d.
2287.4 Benzothiazolone 1.5 -39.6 1.3 n.d.

MW4A 682.7 n.d. 4.9 -25.9 0.4 1 -127 9
744.7 n.d. 25.6 -24.7 0.3 30 -111 3
944.8 Benzoic acid, methyl ester- 12.0 -24.9 0.2 1 -119 6
1045.4 n.d. 3.7 -28.5 0.6 n.d.
1159.7 Benzoic acid, 2,4-dimethyl-, methyl ester 10.4 -31.5 0.4 6 -160 0
1184.7 Benzoic acid, 3,4-dimethyl methyl ester- 3.9 -25.2 0.1 n.d.
1246.4 Benzoic acid, 3,5-dimethyl-, methyl ester 7.6 -35.6 0.8 1 -190 4
1428.9 Adamantane-l-carboxylic acid, 3-bromo methyl ester 48.0 -36.1 0.8 1 -103 6
1535.6 Phosphate, tributyl 130.5 -25.0 0.3 n.d.
1556.2 n.d. 14.5 -29.0 4.7 n.d.
1586.0 Hexadecanoic acid, methyl ester 17.5 -39.7 1.0 n.d.
1695.6 n.d. 62.9 -31.0 0.1 n.d.
1721.7 Octadecanoic acid, methyl ester 6.2 -25.2 1.5 n.d.
1761.3 Benzenepropanoic acid, 3,5-bis(l, l-dimethylethyl)-4-hydroxy-, methyl ester 7.3 -32.5 1.7 n.d.
1909.1 Phosphoric acid, tris(2-chloro-1-methylethyl) ester 9.4 -28.5 0.6 3 -149 6
2303.8 Benzothiazolone 17.6 -37.0 0.2 n.d.

PS4 440.1 n.d. 4.0 -21.8 0.6 n.d.
576.9 n.d. 10.6 -27.4 0.4 n.d.
688.6 n.d. 25.5 -26.0 0.9 n.d.
752.1 Heptanoic acid, methyl ester- 73.4 -25.2 1.3 n.d.
851.1 n.d. 15.7 -29.9 0.2 n.d.
874.5 n.d. 12.8 -27.2 0.8 n.d.
953.1 Benzoic acid, methyl ester- 38.1 -29.1 0.8 n.d.
987.5 n.d. 5.8 -26.8 0.6 n.d.
1020.7 n.d. 7.4 -32.1 0.3 n.d.
1196.9 Benzoic acid, 3,5-dimethyl methyl ester- 55.6 -35.2 3.2 5 -159 5
1258.0 Benzoic acid, 3,4-dimethyl methyl ester- 36.7 -30.3 0.3 n.d.

Table E-22 continues on next page



Table E-22 continues

Retention
Location Time (s)

1312.2
1443.4

1502.8

1522.8
1544.1

1568.9
1599.9

1713.8
1776.0
1817.5
1924.5

2170.5

2344.7

Compound

Methyl-4-tert-butylbenzoate
Adamantane-I-carboxylic acid, 3-bromo methyl ester

n.d.

n.d.

Benzene, methylethyl
n.d.

n.d.

Naphthalene acetic acid, methyl ester

n.d.
n.d.
n.d.

n.d.

n.d.

Area
(Vs)

32.4
247.7

3.9

2.2

19.0
51.4

53.3

433.1

74.1
28.7
72.1

24.8

11.2

li l3C (%0)
vs VPDB

-34.5
-36.1

-46.3

-35.4

-27.2
-40.2
-38.8

-27.2

-33.5
-43.9
-32.0

-38.7

-38.6

1"

0.9
l.l

1.9

1.0

8.0
1.2

1.7

0.1

1.7
3.2
1.3
0.3

0.7

Area
(Vs)

n.d.
n.d.

n.d.

n.d.

n.d.

n.d.
n.d.

n.d.

n.d.
n.d.
n.d.

n.d.

n.d.

sn (%0) vs
VSMOW 1"

310
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Table E-23 GC-MS identification of non-polar compounds extracted from MW4
transect samples, n.d = not determined.

Location

Blank

SS4

Retention
Time Compound
(min)

n.d.

n.d.

Abundance

MW4D

MW4C

5.813
6.329
8.483
10.568
11.608

Benzaldehyde, 2-methyl
Naphthalene
Benzene-l,4-dicarboxaldehyde
Diethyltoluamide
Phthalate, mono(2-ethylhexyl)-

n.d.

1833140
1289598
2059837
1570748
3837364

6.523

4.153
4.583
5.591
5.813
5.89
6.177
6.33
6.414

MW4B Benzene, 2-ethyl-l ,4-dimethyl
Benzene, 4-ethyl-l ,2-dimethyl
Camphene hydrate
Benzaldehyde,4-metbyl
Benzenemethanol, dimethyl
Nopinone
Naphthalene
Phosphate, triethyl
Bicyclo[2.2.l ]heptane-2,5-diol, 1,7,7-trimethyl-, (2-endo,5
exo)-

6.699 n.d.
7.198 Phenol,2,3,6-trimethyl-
7.451 n.d.
7.527 n.d.
8.052 Butylated Hydroxytoluene
8.203 Morpholine,4-methylethyl-
8.484 Benzene-l,4-dicarboxaldehyde
8.569 Phenol, p-tert-butyl-
8.901 n.d.
9.096 n.d.
9.156 n.d.
9.228 Caprolactam
9.31 n.d.
9.487 n.d.
9.897 n.d.
9.993 Phosphate, tributyl
10.58 Phenol, 4-(1, 1,3,3-tetramethylbutyl)-
10.977 Diphenylamine
11.059 n.d.
11.226 n.d.
11.754 n.d.
12.033 n.d.
12.239 Terbuthylazine

1870931
1154906
7352255
2672593
2550358
7208534

25942221
2159844

4332060

2553582
1773880
3567306
1282585
2293086
4421075
3072979
6452186
1343590
2403401
1720949
3417192
3012636
4418490
1026283

10200234
7305049
2832928
2840823
2802008
816452
1620980
5882017

Table E-23 continues on next page
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Table E-23 continues

Retention
Location Time Compound Abundance

(min)
12.738 Phosphoric acid, tris(2-ch1oro-1-methy1ethy1) ester 19984489
12.95 Bis( J-chloro-2-propyl)(3 -chlorc-l-propyljphosphate 4226479
13.141 n.d. 2790868
13.319 Benzenesu1fonamide, N-ethyl-2-methy1- 7413114
13.872 n.d. 2724097
14.476 Benzenesu1fonamide, N-ethyl-4-methy1- 3025220
14.768 Benzothiazolone 27234182
14.966 Benzenesu1fonamide, N-buty1- 5359053

MW4A 4.152 Benzene, 2-ethyl-1 ,4-dimethyl- 1770969
4.584 Benzene, 4-ethyl-1 ,2-dimethy1- 2521412
5.312 n.d. 1696083
5.591 Camphene hydrate 2036050
5.814 Benzaldehyde, 4-methyl- 2747049
5.89 Benzenemethanol, a.a-dimethyl- 3352541
6.177 Nopinone 3747336
6.33 Naphthalene 10332569
6.546 Naphthalene, 1,2,3,4-tetrahydro-6-methy1- 3075149
7.023 Pheno1,4-methy1- 2392207
7.451 n.d. 2410736
8.205 Morpholine,4-methy1ethy1- 2955590
8.484 Benzene-1,4-dicarboxaldehyde 1842193
8.569 Phenol, p-tert-buty1- 2967874
9.228 Caprolactam 1963792
9.308 n.d. 1449978
9.597 n.d. 1900333
10.006 Phosphate, tributy1 136326816
10.149 n.d. 2295444
10.58 Phenol, 4-(1,1 ,3,3-tetramethy1butyl)- 5871926
10.978 Diphenylamine 2083976
11.226 n.d. 2504819

11.568
4b,8-Dimethyl-2-isopropy1phenanthrene, 4b,5,6,7 ,8,8a,9, 10-

3340773
octahydro-

12.239 Terbuthy1azine 3824970
12.735 Phosphoric acid, tris(2-ch1oro-1-methy1ethy1) ester 7636010
12.951 Bis( l-chloro-2-propyl)(3-ch1oro-1-propy1)phosphate 2271205
13.138 n.d. 2980922
13.316 Benzenesu1fonamide, N-ethyl-2-methy1- 3056644
14.753 Benzothiazolone 12821186
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Table E-24 GC-MS identification of polar compounds extracted from MW4 transect
samples, n.d = not determined.

Location

SS4

MW4D

Retention
Time (s)

5.321
5.432
7.079
8.284
9.027
9.481
9.662
10.274
10.333
10.372
10.544
10.907
11.412
11.48
11.518
11.669
11.819
11.941
11.992
12.261
12.737

5.431
7.103
7.297
7.655
8.182
8.284
8.629
9.027
9.174
9.323
9.426
9.763
9.981
10.038
10.275
10.373
10.4
10.48
10.569
10.984
11.414
11.479
11.52
11.655

11.849

Compound

Nonanoic acid, methyl ester
Benzoic acid, methyl ester
Hexanedioic acid, dimethyl ester
Dipheny1methane
Tetradecanoic acid. methyl ester
Tetradecanoic acid, 12-methy1-, methyl ester, (S)
Tetradecanoic acid, l Ocmethyl-. methyl ester
Hexadecanoic acid, methyl ester
7-Hexadecenoic acid, methyl ester, (Z)
9-Hexadecenoic acid, methyl ester, (Z)
4,7,10-Hexadecatrienoic acid, methyl ester
Phthalate, methyl 2-pentyl-
Octadecanoic acid, methyl ester
9-0ctadecenoic acid (Z)-, methyl ester
I l-Octadecenoic acid, methyl ester, (Z)
Terbumeton
Phthalate, butyl 4-octyl-
9,12, I5-0ctadecatrienoic acid, (Z,Z,Z)
Methyl biphenyl-4-carboxy1ate
4-Phenylbenzhydrazide
Phthalate, dibutyl-

Benzoic acid, methyl ester
Benzoic acid, 4-ethy1-, methyl ester
Benzoic acid, 3,4-dimethy1-, methyl ester
Dodecanoic acid, 2-methy1-
Methyl 4-tert-buty1benzoate
Dipheny1methane
Octanedioic acid, dimethyl ester
Tetradecanoic acid, methyl ester
Phenol, 2,4-bis( 1,l-dirnethylethyl)
Nonanedioic acid, dimethyl ester
m-Ethylacetophenone
Phthalate, methyl ester-
Decanedioic acid, dimethyl ester
Benzene, (2,2-dimethoxy-1-methy1ethyl)
Hexadecanoic acid, methyl ester
9-Hexadecenoic acid, methyl ester, (Z)
Il-Hexadecenoic acid, methyl ester

Phthalate, diethyl-
Diethylto1uamide
Ethanone, 1-(3-methy1-lH-ind01-2-yl)
Octadecanoic acid, methyl ester
9-0ctadecenoic acid (Z)-, methyl ester
l l-Octadeccnoic acid, methyl ester, (Z)
Terbumeton
Benzenepropanoic acid, 3,5-bis( I, l-dimethylethylj-s-hydroxy-, methyl
ester

Abundance

980074
25200429
249795
796634
1230043
384984
502750

4673190
584918

2000227
77435 I
1514846
6424661
966581
651831
1036370
7466250
662916
548822
855304
1289660

5059524
1871946
1448464
689179
1107242
768976
594051
1539629
535558
738744
547621
451833
604096
1121541
8348917
10242268
1177300
1209909
1263566
2279852
12578734
1876280
2611973
2138402

1390974

Table E-24 continues on next page
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Table E-24 continues

Location
Retention

Compound Abundance
Time (s)
11.992 Methyl biphenyl-4-carboxylate 933448
12.26 4-Phenylbenzhydrazide 1399004
12.735 Phthalate, dibutyl- 1786360
13.314 Phthalate, methyl octyl- 1789797

MW4C 5.431 Benzoic acid, methyl ester 973601
7.655 Dodecanoic acid, 2-methyl- 282850
8.285 Diphenylmethane 377456
9.027 Tetradecanoic acid, methyl ester 1087049
9.176 Phenol, 2,4-bis(l, I-dimethylethyl)- 325071
9.664 Tetradecanoic acid, 19-methyl-, methyl ester 684828
10.277 Hexadecanoic acid, methyl ester 9819500
10.376 9-Hexadecenoic acid, methyl ester, (Z)- 15967059
10.435 l l-Hexadecenoic acid, methyl ester 1181485
11.415 Octadecanoic acid, methyl ester 14147267
11.48 9-0ctadecenoic acid (Z)-, methyl ester 1666779
11.52 I I-Octadecenoic acid, methyl ester, (Z)- 3099909
11.994 Methyl biphenyl-4-carboxylate 1002912
12.262 4-Phenylbenzhydrazide 1325736
12.739 Phthalate, dibutyl- 1463328

MW4B 5.432 Benzoic acid, methyl ester 2310608
7.072 Benzoic acid, 2,4-dimethyl-, methyl ester 10490031
7.792 Benzoic acid, 3,5-dimethyl-, methyl ester 12384820
7.987 n.d. 5166235
8.573 n.d. 9884317
8.695 Benzoic acid, 2,4,5-trimethyl-, methyl ester 5411611
9.07 n.d. 7304297
9.228 Adamantane-I-carboxylic acid, 3-bromo-, methyl ester 107335584
9.326 n.d. 4566346
9.399 n.d. 12699250
9.489 Tetradecanoic acid, 12-methyl-, methyl ester 7375575
10.002 Phosphate, tributyl- 10306839
10.066 n.d. 9485436
10.255 n.d. 47861802
10.285 Hexadecanoic acid, methyl ester 12742887
10.382 9-Hexadecenoic acid, methyl ester, (Z)- 7599564
10.499 n.d. 36691972
10.594 Phenol, 4-( I, I ,3,3-tetramethylbutyl)- 16128264
11.231 n.d. 14343445
11.325 n.d. 158936003
11.43 Octadecanoic acid, methyl ester 44330029

11.861
Benzenepropanoic acid, 3,5-bis(J, l-dimethylethyl)-4-hydroxy-, methyl

11236131
ester

12.368 2-Thiophenecarboxylic acid, 5-tert-butyl- 8053318
12.758 Phosphoric acid, tris(2-chloro-I-methylethyl) ester 28108567

13.826
1,4a-Dimethyl-9, IO-dioxo-I ,2,3,4,4a,9, I0, IOa-octahydrophenanthrene-I-

11532440
carboxylic acid, methyl ester

14.781 Benzothiazolone 11471991

MW4A 6.335 n.d. 10156854
7.797 Benzoic acid, 3,5-dimethyl-, methyl ester 4117336

Table E-24 continues on next page



Table E-24 continues

RetentionLocation
Time (s)
8.572
8.743

8.923
9.072
9.i03
9.227
9.399
9.675
10.038

10.254
10.284
10.382
10.498
10.857
10.942
1i.239

11.358
11.426
11.496

11.881

12.767

13.831

14.799

Compound

n.d.
n.d.
n.d.
n.d.
n.d.
Adamantane-1-carboxy1ic acid, 3-bromo-, methyl ester

n.d.
n.d.
Phosphate, tributy1

n.d.
Hexadecanoic acid, methyl ester
9-Hexadecenoic acid, methyl ester, (Z)

n.d.
n.d.
n.d.
n.d.

n.d.
Octadecanoic acid, methyl ester
n.d.
Benzenepropanoic acid, 3,5-bis( 1,1-dimethy1ethy1)-4-hydroxy-, methyl
ester
Phosphoric acid, tris(2-ch1oro-1-methy1ethy1) ester
1,4a-Dimethyl-9, 10-dioxo-1 ,2,3,4,4a,9, 10, 1Oa-octahydrophenanthrene-1
carboxylic acid, methyl ester
Benzothiazolone

315

Abundance

10302854
9557778
7793576

20805291

6960842
116316663
3177893
3766988

188136754
12145663

13238116
14533836
10906818
16788615
31958427
40767992

57558542
31892708
37210897

31486126

16140959

8250651

8072834

PS4 5.442

6.971
7.084
7.297
7.806
7.909

8
8.044

8.203
8.236
8.298
8.42

8.583
8.709

8.757
8.986
9.085

9.255
9.341
9.416

9.505
9.61
9.686
10.022

10.081
10.517
10.272

Benzoic acid, methyl ester
Benzoic acid, 2,3-dimethy1-, methyl ester
Benzoic acid, 2,4-dimethy1-, methyl ester
Benzoic acid, 3,4-dimethyl-, methyl ester
Benzoic acid, 3,5-dimethyl-, methyl ester

n.d.
2-Propenoic acid, 3-(4-hydroxypheny1)-, methyl ester
Benzeneacetic acid, a-ethyl-, methyl ester
Benzoic acid, p-tert-buty1-, methyl ester
Benzoic acid, 2,4,5-trimethy1-, methyl ester

n.d.
Benzoic acid, 2,4,6-trimethy1-, methyl ester
Adamantane-1-carboxyhc acid, 3-bromo-, methyl ester

Motrin methyl ester

n.d.
2-Propenoic acid, 3-(3-hydroxyphenyl)-, methyl ester

n.d.
n.d.
Nonanedioic acid, dimethyl ester

n.d.

n.d.
Mecoprop methyl ester

n.d.
n.d.
Benzene, 1,4-bis(l-methyletheny1)

n.d.
n.d.

Table E-24 continues on next page



Table E-24 continues
Retention

Location Time (s)
10.593
10.764
10.852
11.249
11.461

11.9

13.87

14.837
17.498

Compound

Diethylto1uamide
2-Naphthhydrazide
n.d.
n.d.
Octadecanoic acid, methyl ester
Benzenepropanoic acid, 3,5-bis(1, 1-dimethy1ethy1)-4-hydroxy-, methyl
ester
1,4a-Dimethyl-9, 10-dioxo-1 ,2,3,4,4a,9, 10, 10a-octahydrophenanthrene-1
carboxylic acid, methyl ester
n.d.
n.d.
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Abundance

40994052
27933285
27370185
71087787
47995712

277442147

33529450

18494502
52118956
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Supplementary data-Chapter 6

PI 83C composition offatty acids extractedfrom periphyton (February-March 2007)
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Table F-l 013e of fatty acids extracted from periphyton grown adjacent to GILF,
February-March 2007, n.d. = not determined.

Retention Area
O"C (%.)

Sample Time (s)
Compound

(Vs)
vs 1"

VPDB
GB 1147.4 12:0 0.9 -30.7 0.1

1320.7 14:0 2.7 -30.1 0.7
1365.3 15:0 0.7 -32.6 2.7
1480.6 16:0 10.4 -30.4 0.7
1489.5 16:lw7c 7.7 -33.7 1.0
1494.3 16:Iw9c 4.4 -35.6 0.6
1519.2 n.d. 5.1 -31.0 0.6
1527.1 16:3wlc 2.6 -31.5 0.4
1537.1 16:3w3c 8.3 -32.8 0.4
1612.2 6:0, CI7 ester- 0.9 -34.3 3.0
1621.5 18:0 2.2 -38.2 1.7
1626.8 18:Iw7c 3.1 -33.4 1.5
1631.6 18:Iw9c 3.4 -32.3 0.9
1647.3 18:2w6c 4.0 -32.8 0.5
1677.6 18:3w3c 9.1 -33.2 1.8
1685.3 n.d. 6.8 -38.0 0.3
1789.4 20:4w6c 1.1 -32.9 1.2
1818.3 20:5w3c 6.2 -33.2 1.1

GIDn 1291.4 n.d. 0.8 -27.6 1.0

1322.6 14:0 5.0 -23.7 0.4

1332.7 n.d. 1.2 -32.0 1.1

1381.9 15:0 0.5 -30.8 2.2
1409.6 n.d. 1.5 -29.8 0.4
1486.3 16:0 37.2 -26.2 0.5
1493.8 16:lw7c 30.5 -24.8 0.0

1497.1 16:Iw9c 18.0 -20.3 0.1

1523.5 n.d. 8.3 -25.4 0.3

1541.6 n.d. 38.7 -30.0 0.5

1548.7 n.d. 11.0 -22.5 1.7

1614.3 6:0, C17 ester- 1.7 -30.6 2.2
1633.2 18:I 7.1 -29.7 1.8
1649.8 18:2w6c 11.2 -30.4 4.0
1682.9 18:3w3c 55.6 -32.8 0.7
1689.3 n.d. 39.0 -21.3 0.4
1789.8 20:4w6c 1.4 -24.8 4.0
1819.5 20:5w3c 10.3 -28.6 0.4

Continued on the next page
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Table F-I continued

Retention Area
BBC (%.)

Sample
Time (s)

Compound
(Vs)

vs 1"
VPDB

1873.3 22:0 0.9 -29.9 0.6
1963.4 22:6w3c 3.3 -27.9 0.7

2030.2 n.d. 1.1 -23.8 1.5

SS4 1148.1 12:0 1.7 -27.8 0.6

1323.3 14:0 10.6 -24.0 0.3

1400.8 n.d. 1.4 -28.2 1.4
1490.4 16:lw7c 109.5 -25.7 0.2
1496.5 16: Iw9c 74.3 -20.5 0.4
1519 n.d. 11.1 -17.5 1.1
1528.9 16:3wlc 5.7 -17.3 1.2
1632.3 18: I 136.3 -28.1 0.1
1651.4 18:2w6c 17.1 -23.5 0.2
1679 18:3w3c 9.0 -35.0 1.3
1686.4 n.d. 4.6 -31.8 1.6
1714.1 n.d. 1.3 -19.5 0.9
1774.8 n.d. 0.8 -28.5 0.7
1790.6 20:4w6c 1.2 -28.7 3.6
1820.2 20:5w3c 9.3 -25.7 2.0
1892.4 n.d. 0.5 -22.9 0.0
1963.9 22:6w3c 2.2 -31.8 0.3
2052.1 n.d. 1.4 -39.4 1.3
2162.9 n.d. 1.8 -33.7 2.0
2301.5 n.d. 1.6 -32.5 0.1

PSI 1055.3 n.d. 1.5 -26.7 0.7
1148.5 12:0 0.9 -25.6 0.5
1322.1 14:0 4.6 -18.2 0.1
1366.8 Me14:0 1.8 -23.7 1.6
1377.5 12Me14:0 1.6 -27.9 4.6
1401.3 15:0 2.0 -16.0 0.3
1484.2 16:0 33.3 -29.5 2.3
1490.9 16:Iw7c 15.6 -27.5 1.5
1495.3 16:Iw9c 11.6 -20.9 1.5
1519.9 n.d. 7.2 -18.8 1.2
1551.2 17:0 1.1 -27.5 1.0
1629.6 18: I 60.9 -28.1 0.8
1649.7 18:2w6c 7.8 -18.9 0.7
1677 18:3w3c 2.1 -22.6 2.8
1965 22:6w3c 1.4 -35.5 5.5
2033 n.d. 2.2 -35.0 3.3
2165 n.d. 2.8 -34.9 0.0
2216.8 n.d. 2.1 -31.1 5.2
2304.1 n.d. 2.6 -27.7 2.6
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F.2 liD and ;PC composition offatty acids extractedfrom periphyton (April 2007)

Table F-2 oD and oBe of fatty acids extracted from periphyton grown adjacent to
NSLF, April 2007, n.d. = not determined.

Sample
Retention

Compound Area (Vs)
OBC (%.)

1"
Area sn (%.) vs

1"Time (s) vs VPDB (Vs) VSMOW

NSl 773.7 14:0 1.7 -30.6 0.3 n.d.

1068 16:0 13.3 -28.9 0.3 1.9 -188 0

1088.8 16:1w7c 1.3 -29.4 1.0 n.d.

1115.9 n.d. 0.4 -26.5 1.3 n.d.

1161.4 16:3w3 0.4 -30.4 1.7 n.d.

1346.1 18:0 1.7 -36.0 1.7 n.d.

1354.6 18: I 1.1 -25.7 1.3 n.d.

1376.1 18:2w8c 2.5 -31.2 1.2 n.d.

1423.4 18:3w3 1.0 -28.8 1.4 n.d.

1648.6 n.d. 0.4 -22.1 1.3 n.d.

1695.1 20:5w3c 1.0 -27.4 0.3 n.d.

2222.6
Phthalate,

25.4 -32.4 0.8 n.d.
diisooctyl-

NS3 771.3 14:0 9.1 -31.8 0.0 1.9 -156 5

1071 16:0 70.6 -35.2 0.1 59.1 -147 2

1086.7 16: Iw7c 4.5 -31.1 1.1 n.d.

1114.2 n.d. 2.4 -31.3 1.7 1.1 -218 12

1158.9 16:3w3 4.1 -30.6 0.2 3.6 -80 8

1204.3 17:0 3.7 -31.2 0.1 1.1 -181 17

1348.9 18:1 36.4 -30.8 0.1 0.4 5 II

1377 18:2w8c 11.5 -30.6 0.5 25.9 -135 0

1424.3 18:3w3 12.2 -28.2 0.5 8.8 -116 2

1610.3 n.d. 3.4 -37.1 0.1 10.7 -131 2

1645.3 n.d. 3.9 -31.8 0.3 0.4 -118 3

1694.3 20:5w3c 15.5 -29.0 0.5 1.6 -132 6

1860.9 n.d. 2.6 -33.8 1.0 9.7 -188 0

2133.9 n.d. 3.0 -31.3 0.5 0.7 -66 6

2256
Phthalate,

282.9 -30.l 0.3 0.6 -98 6
diisooctyl-
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F.3 OD and ;j3 C composition offatty acids extractedfrom periphyton (May-June 2007)

Table F-3 oD and oBe of fatty acids extracted from periphyton grown adjacent to
GILF, May-June 2007, n.d. = not determined.

Retention O"C
Area

sn (%.)
Location

Time (s)
Compound Area (Vs) (%.) vs 1" (Vs) vs 1"

VPDB VSMOW

GB 1100 16:0 11.2 -29.7 0.4 1.3 -214 3
1383 18:0 7.7 -28.9 0.4 1.8 -158 2
2256 n.d. 1.7 -25.3 0.9 n.d.

SS3 810 14:0 3.4 -31.5 1.4 n.d.
1104 16:0 15.7 -33.9 0.1 10.8 -222
1177 n.d. 1.9 -41.9 1.7 n.d.
1201 n.d. 1.0 -44.5 0.9 n.d.
1387 18:0 8.6 -32.8 0.6 8.1 -198 0
1467 18:3w3c 5.2 -42.2 0.0 2.9 -160 7
2074 Phthalate, dibuty1 22.9 -19.1 1.3 7.3 -241 0
2264 n.d. 5.0 -33.3 0.1 4.2 -136 7

SS4 812 14:0 9.8 -30.8 0.1 1.5 -294 4
887 n.d. 4.7 -31.2 0.6 n.d.

1004
Cyclopropane, (1-

4.3 -32.2 0.4 n.d.
methoxy-5-penty1)

1112 16:0 51.6 -32.4 0.1 15.8 -178 5

1158
Tetrahyrofuran, 2-

1.2 -31.7 0.9 n.d.
methyl-5-penty1-

1181 n.d. 13.7 -37.4 0.8 4.2 -156 3
1205 n.d. 7.7 -32.6 0.7 n.d.
1397 18:1w7c 11.7 -33.5 0.4 5.4 -115 5
1418 18:2w6c 8.3 -34.6 1.2 n.d.
1473 18:3w3c 41.8 -35.0 1.2 11.2 -162 4
1688 n.d. 1.5 -37.1 1.3 n.d.
1735 Phthalate 6.8 -34.7 1.1 2.6 -171 3
1909 n.d. 2.0 -31.1 0.8 n.d.
1991 n.d. 1.4 -34.0 1.2 n.d.
2050 Phthalate, dibuty1 2.1 -19.2 1.2 n.d.
2263 n.d. 1.4 -32.5 0.2 n.d.

GIDn 1110 16:0 13.1 -31.7 0.0 16.8 -199 5
1180 n.d. 1.5 -35.1 2.7 n.d.
1210 n.d. 0.6 -35.3 2.5 n.d.
1395 18:1w7c 7.1 -27.4 0.7 17.5 -189 0
1473 18:3w3c 3.8 -39.5 0.2 n.d.
1543 n.d. 1.3 -28.5 0.7 n.d.
2269 n.d. 1.4 -24.6 1.6 1.8 -170

Estuary 1110 16:0 4.4 -28.3 1.6 1.4 -135
1396 18:0 4.1 -27.4 0.3 1.7 -188
2270 n.d. 0.9 -25.4 2.8 n.d.

Continued on next page
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Table F-3 continued

Retention Area
OBC

Area sn (%.)
Sample

Time (s)
Compound

(Vs)
(%.) vs }" (Vs) vs }"
VPDB VSMOW

Leachate 817 14:0 10.4 -21.9 0.9 12.1 -163 4
917 n.d. 14.8 -27.9 0.4 20.4 -83 5
963 n.d. 4.3 -23.3 1.6 5.5 -119 4
1012 n.d. 1.4 -18.9 1.5 n.d.
1046 n.d. 2.7 -27.5 1.4 5.0 -126 1
1116 16:0 42.4 -27.6 0.5 68.0 -139 2
1213 n.d. 6.7 -23.9 0.3 7.7 -80 2
1256 n.d. 6.2 -29.1 1.2 7.8 -106 6
1405 18:1w7c 28.8 -27.7 0.6 44.5 -152 1
1467 18:3w3c 1.5 -20.9 0.4 n.d.
1542 n.d. 1.8 -36.0 0.1 4.4 -94 4
2269 n.d. 1.2 -23.5 2.1 3.5 -116 1
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F.4 OD and ,sPC composition offatty acids extracted from periphyton (August-September

2007)

Table F-4 sn and oBe of compounds extracted from periphyton grown adjacent to
GILF, August-September 2007, n.d. = not determined.

Retention Area
O"C

Area
sn (%,)

Sample
Time (s)

Compound
(Vs)

(%,) vs I" (Vs) vs I"
VPDB VSMOW

GIl 569.5 16:0 8.2 -22.6 0.3 14.7 -272 2
586.3 16:1w7 5.7 -20.2 0.5 6.0 -275 4
600.9 n.d. 0.4 -21.5 0.6 n.d.
609.7 n.d. 0.8 -20.6 0.9 n.d.
622.7 l6:2w4 3.8 -15.9 0.2 n.d.
643.5 11,12-cyclopropane-l 6:0 1.8 -16.6 0.4 n.d.
650.5 n.d. 1.6 -24.3 0.2 n.d.
668.3 Phthalate, diethyl- 6.6 -25.6 0.3 n.d.
678.1 n.d. 4.3 -20.4 0.5 n.d.
691.7 18:0 4.8 -20.5 0.9 13.9 -264 2
703.8 18:lw9 2.1 -27.0 0.6 n.d.
731.6 l8:2w6 4.1 -22.4 0.2 n.d.
769.7 l8:3w3 5.0 -18.7 0.6 0.9 -170 0
788.2 n.d. 5.3 -23.6 0.3 1.4 -198 5
844.3 Phthalate, dibutyl- 3.6 -26.8 0.0 1.6 -153 3
912.9 20:5w3 9.1 -19.6 0.1 3.0 -298 0

SS3 442.3 14:0 2.4 -19.6 0.1 n.d.

475.6
5-0xotetrahydrofuran-2-

2.1 -17.0 0.8 n.d.
carboxylic acid, ethyl ester

548.4 n.d. 2.3 -22.6 0.5 n.d.
569.5 16:0 13.4 -23.7 0.5 28.8 -273 0
586.2 l6:1w7 9.5 -20.8 0.4 13.9 -268 3
600.6 n.d. 0.7 -22.5 0.7 n.d.
608.6 n.d. 1.1 -23.1 0.4 n.d.
622.3 l6:2w4 6.8 -18.7 0.2 2.4 -238 7
643.2 11,12-cyclopropane-16:0 4.7 -19.2 0.4 n.d.
650 n.d. 2.4 -24.7 0.3 n.d.
667.7 Phthalate, diethyl- 11.1 -26.4 0.5 3.7 -199 4
677.8 n.d. 7.5 -22.4 0.7 2.1 -259 4
691.3 18:0 5.3 -23.7 0.2 17.6 -256 1
703.9 18:lw9 4.5 -27.7 0.6 4.3 -212 8
731.2 18:2w6 3.8 -23.0 1.0 n.d.
759.3 Phthalate, diisobutyl- 0.8 -29.4 0.6 n.d.
769.4 l8:3w3 7.2 -21.3 0.7 2.4 -160 0
787.9 n.d. 6.2 -24.0 0.6 2.6 -211 2
844.3 Phthalate, dibutyl- 7.6 -27.1 1.0 6.1 -161 2
913.1 20:5w3 17.6 -22.3 0.3 11.1 -288 3
1082.8 n.d. 1.5 -20.6 0.3 n.d.

Continued on next page
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Table F-4 continued

Retention Area o13C Area OD (%.)
Sample

Time (s)
Compound

(Vs) (%0) vs 1" (Vs)
vs I,;

VPDB VSMOW

SS4 442.9 14:0 5.3 -25.2 0.3 n.d.

475.2
5-0xotetrahydrofuran-2-

3.8 -27.7 0.2 n.d.
carboxylic acid, ethyl ester

548.1 n.d. 4.3 -24.8 0.1 n.d.
571 16:0 24.2 -29.1 0.3 17.7 -277 2
587.7 16:Iw7 23.7 -26.1 0.1 17.4 -279 0
600.8 n.d. 1.8 -31.5 1.4 n.d.
608.3 n.d. 2.2 -26.9 0.0 n.d.
622.7 16:2w4 14.6 -23.3 0.3 1.8 -244 15
643.7 11,12-cyclopropane-16:0 11.1 -24.9 0.2 n.d.
648.8 n.d. 3.0 -30.2 2.0 n.d.
664.2 Phthalate, diethyl- 20.2 -31.0 0.2 2.9 -204 2
678.3 n.d. 14.5 -26.0 0.1 1.7 -263 0
691.7 18:0 4.9 -16.7 0.1 6.3 -256 2
704.8 18:lw9 12.2 -28.1 0.3 5.0 -216 2
731.6 18:2w6 8.4 -27.0 0.2 1.1 -122 7
749.8 n.d. 0.9 -28.7 0.3 n.d.
759.8 Phthalate, diisobutyl- 2.0 -29.1 0.3 n.d.
769.9 18:3w3 13.3 -29.1 0.0 2.1 -171 0
780.4 n.d. 1.9 -25.4 0.4 n.d.
788.4 n.d. 10.6 -33.1 0.5 1.7 -236 I
804.7 Phthalate, butyl-4-octyl- 4.6 -25.9 0.2 n.d. n.d.

817.2
5-lmino-I,4,4-triphenyl-2-

1.3 -33.2 0.8 n.d.
imidazolidinone

845.4 Phthalate, dibutyl- 20.2 -27.0 0.1 7.7 -163
874.3 n.d. 2.4 -28.4 0.7 n.d.
914.8 20:5w3 90.4 -23.1 0.4 27.6 -277 I
1014.4 n.d. 3.9 -25.8 0.8 1.7 -238 0
1047.6 n.d. 1.5 -21.9 0.6 n.d.
1056.3 n.d. 3.4 -28.4 0.2 n.d.
1083.7 n.d. 4.6 -25.7 0.3 n.d.
1213.1 n.d. 8.7 -26.3 0.6 1.4 -256
1250 n.d. 8.6 -24.5 0.3 n.d.

GIDn 441.5 14:0 10.7 -31.1 0.7 11.7 -290 4

475.1
5-0xotetrahydrofuran-2-

4.4 -28.3 0.1 n.d.
carboxylic acid, ethyl ester

572.5 16:0 33.8 -32.6 0.8 49.4 -277 2
589.8 16:1w7 58.7 -32.0 0.6 69.3 -294 0
601.2 n.d. 2.1 -36.2 0.2 n.d.
608.2 n.d. 2.9 -32.1 0.8 n.d.
623.1 16:2w4 22.7 -28.2 0.7 8.8 -254 I
643.7 11,12-cyclopropane-16:0 13.4 -28.8 0.5 3.8 -253 3
650.9 n.d. 2.7 -37.7 0.3 n.d.
664.2 Phthalate, diethyl- 17.6 -29.8 0.7 7.6 -198 2
678.4 n.d. 21.8 -27.0 0.5 6.0 -273 I
691.6 18:0 6.6 -18.5 0.4 14.2 -251 I
704.5 18:1w9 15.1 -29.1 0.3 12.1 -205 I

Continued on next page
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Table F-4 continued

Retention Area
OBC

Area sn (%0)
Sample

Time (s)
Compound

(Vs) (%0) vs 1" (Vs)
vs 1"

VPDB VSMOW

731.6 l8:2w6 10.7 -29.6 0.2 4.9 -201 2
749.8 n.d. 1.3 -32.3 0.8 n.d.
759.8 Phthalate, diisobutyl- 3.0 -27.9 0.5 1.l -174 2
769.6 l8:3w3 11.7 -33.2 0.1 2.9 -129 3
780.2 n.d. 0.8 -23.9 0.8 n.d.
788.3 n.d. 11.6 -36.0 004 3.2 -238
804.8 Phthalate, butyl-4-octyl- 4.4 -26.0 0.7 n.d.

817.2
5-lmino-I,4,4-triphenyl-2-

2.1 -35.4 0.6 n.d.
imidazolidinone

846 Phthalate, dibutyl- 28.2 -25.4 0.9 23.2 -153 2
874.1 n.d. 1.8 -27.6 0.6 n.d.
879.3 n.d. 1.0 -25.7 0.5 n.d.
915.1 20:5w3 63.5 -29.8 0.4 26.5 -289 4
95504 n.d. 1.l -21.3 0.2 n.d.
980.9 n.d. 2.1 -29.0 0.5 n.d.
1014.4 n.d. 3.7 -27.4 0.8 lA -215 5
1056.2 n.d. 4.2 -30.0 0.6 n.d.
1083.8 n.d. 5.1 -27.2 0.5 n.d.
1211.3 n.d. 7.7 -28.2 004 n.d.
1261.9 n.d. 1.9 -26.8 0.5 n.d.

Esturay 441.8 14:0 13.9 -2504 0.2 n.d.

475.9
5-Oxotetrahydrofuran-2-

2.8 -26.0 0.2 n.d.
carboxylic acid, ethyl ester

569 16:0 24.0 -27.1 004 12.9 -286 3
586.3 l6:lw7 21.9 -2704 004 9.2 -310 4
60004 n.d. 0.6 -32.5 0.1 n.d.
608.7 n.d. 1.l -27.1 0.2 n.d.
622.2 l6:2w4 5.7 -23.7 0.6 n.d.
643.4 11,12-cyclopropane-16:0 2.5 -24.9 0.0 n.d.
649.9 n.d. 1.9 -32.7 0.8 n.d.
667.5 Phthalate, diethyl- 804 -30.3 0.2 n.d.
677.8 n.d. 4.1 -26.7 1.0 n.d.
691.2 18:0 9.9 -20.0 0.2 8.2 -267 3
703.6 18:1w9 7.5 -30.2 004 1.2 -209 4
731.2 l8:2w6 7.3 -30.2 0.3 n.d.
749.6 n.d. 0.9 -29.3 0.5 n.d.
759.7 Phthalate, diisobutyl- 1.l -28.1 0.5 n.d.
769.5 l8:3w3 7.9 -31.5 0.1 n.d.
779.8 n.d. 004 -28.9 0.8 n.d.
788 n.d. 10.3 -32.8 0.1 1.0 -211 3
803.5 Phthalate, butyl-4-octyl- 1.3 -24.6 0.1 n.d.

817
5-Imino-l,4,4-triphenyl-2-

2.9 -35.0 0.9 n.d.
imidazolidinone

844.6 Phthalate, dibutyl- 8.8 -28.3 004 2.7 -160 6
874 n.d. 0.9 -28.3 0.7 n.d.
912.8 20:5w3 13.6 -26.8 0.3 204 -301 4
928.3 n.d. 1.5 -26.6 0.7 n.d.

Continued on next page
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Table F-4 continued

Retention Area
Ol3C Area

so (%.)
Sample

Time (s)
Compound

(Vs)
(%.)vs 1" (Vs) vs 1"
VPDB VSMOW

1014 n.d. 1.4 -26.9 0.7 n.d.
1054.7 n.d. 1.J -25.4 0.4 n.d.

1082.9 n.d. 2.3 -31.2 0.4 n.d.

1212 n.d. 1.6 -24.5 0.3 n.d.

Leachate 482.8 9-methyl-14:0 10.9 -26.3 0.4 33.9 -146 2
503.8 15:0 3.5 -24.7 0.5 n.d.

548.6 n.d. 5.5 -23.4 0.4 n.d.
572.9 16:0 25.2 -23.7 0.2 165.3 -138 2
590.5 16: Iw7 25.5 -27.9 0.7 n.d.
609.8 16:2w6 10.4 -24.9 0.2 27.8 -lOO 2

622.6 16:2w4 2.4 -25.3 0.2 n.d.

630.2 17:0 2.1 -30.3 0.4 3.5 -117 12

647 11,12-cyclopropane-16:0 10.6 -25.9 0.1 17.5 -125 3
669.3 Phthalate, diethyl- 23.1 -24.1 0.5 22.7 -157 2

692.9 18:0 4.6 -23.8 1.0 19.0 -223 3
711.7 18: Iw7 19.7 -29.9 0.2 64.0 -130 3
724.5 18:2w6 0.6 -35.4 1.3 n.d.
732.6 18:2w4 7.0 -23.9 0.3 8.5 -125 5
759.8 Phthalate, diisobutyl- 0.9 -38.9 0.4 35.1 -133 I
772.1 18:3w3 23.0 -16.4 0.3 n.d.
788.6 n.d. 4.2 -21.1 0.2 6.7 -154 4

796.4 Phthalate, butyl-4-octyl- 1.J -24.7 1.7 n.d.

825.5 IOMeI9:0 1.4 -23.7 1.2 n.d.
845.5 Phthalate, dibutyl- 26.3 -26.5 0.7 25.1 -146 5

866.8 n.d. 1.J -21.7 0.7 3.2 -108 3

875.1 n.d. 6.1 -21.2 1.0 8.5 -119 2

881 n.d. 2.5 -19.3 0.4 n.d.

891.8 n.d. 2.1 -26.2 0.3 2.9 -lOO 3
914.1 n.d. 16.1 -21.3 0.9 20.0 -181 2

955.1 n.d. 1.3 -17.8 0.4 4.6 -147 4

980.8 20:5w3 5.0 -23.0 0.4 6.5 -126 3
1014.9 n.d. 1.5 -26.9 0.7 1.9 -191 6

1025.5 n.d. 2.2 -20.7 0.1 n.d.

1057.3 n.d. 2.9 -22.6 0.5 n.d.

1085.2 n.d. 10.5 -21.9 0.4 5.6 -185 0

1156.3 n.d. 3.4 -23.0 0.1 2.9 -152 6

1213.6 n.d. 3.5 -26.4 0.3 n.d.
1264.1 n.d. 1.3 -25.8 0.3 n.d.

Blank 568.6 16:0 2.4 -18.0 0.6 n.d.

691.8 18:0 8.3 -22.4 0.2 n.d.
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F.5 Rainfall data for Dunedin, 2006-2007

Table F-S Rainfall data for Musselburgh Meteorological Station, Dunedin, between
September 2006 and September 2007 (ORC 2007).

Month Year Rainfall (mm)
September 2006 11.8
October 2006 40.4
November 2006 73.8
December 2006 98.4
January 2007 44.2
February 2007 22.8
March 2007 28.4
April 2007 36
May 2007 8.4
June 2007 73.8
July 2007 121.6
August 2007 24.9
September 2007 46.6
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Appendix G

Supplementary data-Chemical structures

Included below are the chemical structures of compounds extracted from leachate and

discussed in the text of Chapters 3-6. This appendix does not include eucalyptol, dodecane,

naphthalene, benzothiazole, dibutyl phthalate (Figure 3-1); decane, decalin, 4-tert-bultyl

cyclohexanone (Figure 3-7); 16:0, 19:0 and 22:0 (Figure 4-1); phthalates (Figure 5-1); and

compounds only mentioned in tables. Compounds are presented in alphabetical order:

Adamantane-l-carboxylic acid, 3-bromo

methyl ester

Benzoic acid

Camphene hydrate

Me

r\{--Me

~O.
Me

Camphor

Me

Caprolactam

3,4-Dimethylbenzoic

.c::/'1
::,-..

Me

Me

3,3-Dimethylheptanoic acid

Me

I
n-Bu -C-CH 2-CO 2H

I
Me

2-Ethyl-l,4-dimethylbenzene

Me

6
~Et

Me



4-Ethyl-l,2-dimethylbenzene

(YEt
Me!

Me

N-Ethyl-2-methylbenzenesulfonamide

o
11

((r
mmt

Me

Juvabione

P
u .I H BU-:;L

MeO

o

p-Menth-l-en-8-o1

oa
I

r'yTMe
/V Me

Me

Methylethylbenzene

ca,
Iaea-ca,

4-Methylethyl-morpholine

i-Pr

I

C)
o

2-Methylphenol

((Me
oa

p-(Methylthio)benzyl alcohol

~CH2-oa

MeS

Nopinone/norinone

Pentaerythritol bisformal

Terbuthylazine

Terpinen-4-o1

~pr-i
Me

p-tert-Butylphenol

N Bu

-

t

ao
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2,2,4,4-Tetramethylpentanoic acid

Me

I
H02C-C-CH2-CMe 3

I
Me

Tributyl phosphate

o
11

n-auc -P-OBu-n

I
OBu-n

Triethyl phosphate

o
11

Eta -P-OEt

1
OEt

Abbreviations:

Me

Et

H2 C- CH3

Pr-I

H3 C-CH-CH 3

Bu-t

CH 3

I
H3 C-C-CH 3

Bu-I

CH 3

I
H3C-CH-CH 2
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