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Abstract 

The key role of a forensic scientist is to assist in determining whether a crime has been 

committed and, if so, assist in the identification of the offender. It is a commonly held 

belief that a particular item can be conclusively linked to a specific person, place or 

object. Unfortunately, this is often not an achievable outcome. 

An evaluation was undertaken to determine if isotope ratio mass spectrometry (IRMS) 

could assist in the investigation of complex forensic cases by providing a level of 

discrimination not achievable utilising traditional forensic techniques. The focus of the 

research was on ammonium nitrate (AN), a common oxidiser used in improvised 

explosive rnixtures. A secondary objective was to adapt the methods and protocols 

developed for AN for the analysis of other threat explosives, namely triacetone 

triperoxide (TATP) and pentaerythritol tetranitrate (PETN). 

The potential of IRMS was demonstrated through the successful development and 

validation of a method for the measurement of bulk nitrogen isotope ratios in AN 

samples and the subsequent development of an AN classification scherne based on 

nitrogen stable isotopes to assist in determining the potential manufacturer (in the case 

of an Australian source). Although the discrimination was limited, the classification 

scheme could be used as an investigative aid. 

A comparison of nitrogen isotope ratios from intact AN prill samples with those from 

post-blast AN prill residues highlighted that the nitrogen isotopic composition of the 

prills is not maintained; hence, this is a limitation of the technique for explosives 

analysis. 

Combining oxygen and hydrogen stable isotope ratios permitted the differentiation of 

AN prills from three different Australian manufacturers. Groups corresponding to 

source were also identified in the overseas AN prill samples. When these values were 

combined with the nitrogen isotope values, there was some level of discrimination 
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(within the scope of the samples analysed) between prills manufactured in Australia 

and those manufactured overseas. 

The IRMS procedures developed through this research were successfully applied to the 

analysis of both TATP and PETN. Preliminary results of a limited sample set 

demonstrated that T A TP sources may be discriminated utilising carbon and hydrogen 

isotopes alone, and in combination with oxygen isotopes. Preliminary results for PETN 

samples demonstrated that different sources can be discriminated based on carbon and 

nitrogen isotope ratios. 

A laboratory inter-comparison for carbon and nitrogen bulk stable isotope ratios across 

seven Australian and New Zealand IRMS laboratories was conducted and provides an 

initial snapshot of the potential for traceability. A Microsoft Access 2.0 database was 

developed for the IRMS data and its successful operation demonstrated. 

This research highlights the significant value of IRMS in complex forensic 

investigations, particularly with respect to explosives analysis. Further research is 

justified to continue the path towards broader forensic casework application of the 

technique. 
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Chapter One: Introduction 

Chapter 1. Introduction 

The key role of a forensic scientist is to assist in determining whether a crime has been 

committed, and if so, assist in the identification of the offender. Many people hold the 

belief that a particular item can be conclusively linked to a specific person, place or 

object. Unfortunately, this is often not achievable in forensic science. There are very 

few evidence types that can be individualised, i.e. conclusively identified as 

originating from the same source. One of these evidence types is fingerprints. 

In performing their role, forensic scientists develop and test hypotheses. For example, 

test the hypothesis that the traces of explosive recovered from a suspect's house 

originated from the explosives used in the explosion under investigation. The 

significance of those hypotheses that cannot be rejected upon completion of all 

available examinations/analyses is then evaluated. 

Current instrumental techniques routinely employed by forensic scientists for the 

analysis of explosive include: Fourier transform infrared spectrometry (FTIR), micro 

X -ray fluorescence spectrometry (XRF), scanning electron microscopy coupled with 

energy dispersive X-ray spectroscopy (SEMIEDX), X-ray diffraction (XRD), capillary 

electrophoresis (CE), ton chron1atography (IC), high perfonnance liquid 

chromatography (HPLC), liquid chromatographylrnass spectrometry (LC/MS) and gas 

chromatography (GC) coupled with one or more of the following detectors: mass 

spectrometer (MS), electron capture detector (ECD), flame ionisation detector (FID) or 

thermal energy analyser (TEA). 

Although one can identify the substances present using these techniques, it is generally 

not possible to distinguish one source of the sarne substance from another. Hence, if 

the explosives from the suspect and from the scene were both identified as TNT, 

although the hypothesis of common source cannot be rejected, it cannot be 

conclusively proven, i.e. the samples could still have originated from different sources. 

In addition to this linlitation potentially resulting in a failure to positively link or 

exclude a suspect with a scene sample, the limitation could also potentially result in the 
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failure to link or exclude related incidents of national and international interest, such as 

terrorist activities and illicit drug trafficking. 

Not being able to distinguish between different sources of the same substances 

currently extends to the analysis of other forensic samples including, but not limited to, 

ignitable liquids, paints, adhesives, glass, fibres, plastics, and illicit drugs. 

Stable isotope ratio mass spectrometry (IRMS) is an additional technique that can be 

utilised to test a given hypothesis. This technique shows the potential to be able to 

individualise a range of materials of forensic interest when used in conjunction with 

other techniques. 

1.1. Isotope Ratios 

Isotopes are defined as atoms of the one element that differ in the nun1ber of neutrons 

present in their nuclei, i.e. have different mass numbers. All but 12 elements exist as 

nuxtures of isotopes. 

The focus of this research is on stable isotopes i.e. non-radioactive isotopes. When 

referring to stable isotopes, elements generally have a dominant light isotope (e.g. 12C 

(carbon), 14N (nitrogen), 160 (oxygen), 32S (sulfur), and 1H (hydrogen)), and one or 

two heavy isotopes (e.g. 13C, 15N, 170, 180, 33S, 34S, and 2H) with a natural abundance 

of a few percent or less [ 1]. Table 1-1 displays relative abundances of naturally 

occurring stable isotopes of elements commonly analysed by IRMS [2]. 
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Table 1-1 Relative abundance data for the isotopes of elements commonly analysed by IRMS [2]. 

Element Isotope Relative Abundance (%) 

Hydrogen (H) IH 99.984 
2H 0.0156 

Carbon (C) 12c 98.892 
13c 1.108 

Nitrogen (N) I4N 99.635 
1sN 0.365 

Oxygen (0 ) 160 99.759 
170 0.037 
180 0.204 

Sulfur (S) 32s 95 .02 
33s 0.76 
34s 4.22 
36s 0.014 

1.2. Delta Notation 

Natural abundance isotope ratio data are generally quoted as delta values, 8. 

Delta values can be calculated using the following formula: 

1000 (Rsample • Rstandard) 

0=---------------------
Rstandard 

Rsample is the ratio of the heavy to the light isotope measured for the sample, and 

Rstandard is the equivalent ratio for the standard [1]. 

In natural abundance isotope analyses, the emphasis is on the relative difference 

between samples analysed under the same conditions, as opposed to the exact values 

obtained. One of the main advantages of the relative measurement approach is 

precision. The errors associated with relative measurements are generally significantly 
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smaller as certain errors are cancelled out (e.g. errors related to bias), so the total error 

can be significantly smaller compared to the total error for absolute measurements [3]. 

Delta values represent the normalised difference of the isotope concentration ratios (R) 

of the sample and the reference. Delta values are unitless numbers, however because 

the differences between a sample and reference are normally very small, the delta 

values are reported in units of per mil difference (parts per thousand= per mill= 10-3
), 

written %o [4]. 

1.3. Certified Reference Materials/Laboratory 

Standards 

Generally, 8-values are quoted relative to an internationally recognised standard that is 

arbitrarily set to O%o. The primary reference material serves as the end of the 

traceability chain and is based on a conventional scale (i.e. is not traceable to the S.I. 

system) [4]. The International Atomic Energy Agency (IAEA, Vienna, Austria) and 

the National Institute of Standards and Technology (NIST, Washington DC, USA) 

both supply a range of natural abundance standards. Some international standards and 

their absolute isotope ratios are listed in Table 1-2 [1 , 5]. A negative 8-value indicates 

that the sample is light or depleted in the heavy isotope relative to the standard. A 

positive value indicates that the sample is isotopically heavy or enriched in the heavy 

isotope relative to the standard [6]. 

Table 1-2 International standards for some common element~ analysed by IRMS [1, 5]. 

International Standard 

PeeDee Belemnite (PDB) 

Atmospheric nitrogen (AIR) 

Vienna Standard Mean Ocean Water 
(VSMOW) 

Canyon Diablo meteorite Troilite (CDT) 

Standard Mean Ocean Chloride (SMOC) 

4 

Isotope Ratio of Reference Material 
13C/12C = o.0112372 
180 / 160 = 0.0020671 
15Ni 4N = 0.0036765 

DIH eHI1H) = 0.00015571 
180/160 = 0.0020052 
34SP 2s = o.o450045 
37 ClP 5Cl = 0.324 
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The standards are limited by the availability of the material in the environment; and 

can only be acquired by users once every three years. A number of standards are no 

longer available, e.g. PeeDee Belemnite (PDB). As a result, laboratories must evaluate 

and calibrate laboratory (or working) standards traceable to the certified reference 

materials for day to day measurements. 

Guidelines for selecting laboratory standards and a revtew of a strategy to have 

common referencing procedures between laboratories for isotopic measurements have 

been reported [3]. Stable isotope reference materials (whether they be certified/primary 

standards or laboratory standards) should comply with a number of criteria. These 

criteria include: 

1. similarity in chemical composition to target material; 

2. whether the isotope ratios of the potential materials bracket the 

expected isotope ratios of the target materials; 

3. homogeneity; 

4. stability; 

5. availability; 

6. siinilarity of decomposition products in pyrolysis cycles; and 

7. ease of use. 

ISO Guide 34:2000 (E) [7] details that reference materials should also be characterised 

to the level of accuracy required for its intended purpose (i.e. appropriate measurement 

uncertainty) and limitations due to the material matrix should be known. 

1.4. Fractionation Effects 

Isotopic fractionation refers to any process that changes the relative abundances of 

stable isotopes of an element. Stable isotopes of various elen1ents occur naturally in the 

atmosphere, earth, and all living things [8]. The whole earth ratios of non-radiogenic 

isotopes were determined at the time of the earth's formation and are fixed overall; 

however, the isotope ratios of different compartments/regions/bodies in nature (e.g. 

water) are constantly changing due to isotopic fractionation [9, 10]. An account of the 
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formation of isotopes and their change over time has been provided by Hoogewerff 

[ 11]. Galimov [ 12] provides a useful description of isotopes and isotopic fractionation. 

Natural variations occur in the isotopic composition of lighter elements. These 

variations are due to fractionation effects, resulting in the creation of specific isotope 

ratio values that are characteristic of the origin, purity, and manufacturing processes of 

the products and their constituents. Although generally only the lighter elements are 

affected by isotopic fractionation, the increased precision of modern IRMS 

instrumentation has enabled the natural variation as a result of isotopic fractionation to 

be observed in a number of heavier elements (e.g. iron) [13]. 

Isotopic fractionation can occur during chemical, physical and biological processes. 

The two main mechanisms that cause isotopic fractionation are the kinetic isotope 

effect, which is produced by differences in reaction rates, and the thermodynamic 

isotope effect, which relates to the energy state of a system [9, 12]. 

Kinetic isotope effects are a result of differences in bond strength (i.e. vibration energy 

levels of bonds) between heavier isotopes and lighter isotopes. When different isotopes 

of the same element are involved in a reaction/process, this difference in bond strength 

can result in different reaction rates for the bond. Kinetic isotope effects represent 

changes in bonding between the ground state and the transition state of a reaction [9]. 

Statistical models predict that the lighter (lower atomic mass) of two isotopes of an 

element will form the weaker bond during kinetic isotope processes. The lighter 

isotope is more reactive, hence is concentrated in reaction products and reactants are 

enriched with the heavier isotope [14]. The most significant kinetic isotope effect is the 

primary isotope effect, where a bond containing the atom or isotope of interest is 

broken or formed in the rate-determining step of the reaction. Secondary isotope 

effects refer to reactions where the isotopic atom is located next to the reactive bond 

[9]. Many biological reactions and the rapid freezing of water are common examples 

of reactions that produce kinetic isotope fractionation [ 14]. 

Kinetic isotope effects can be reported as a ratio of rate constants of compounds 

containing light versus heavy isotopes at the reactive site, depicted by the formula: 

Iightk/heavyk. If the ratio is more than one (i.e. light isotopes react faster and heavy 

isotopes become enriched in the substrate), the isotope effect is referred to as normal. 
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If the ratio is less than one (i.e. light isotopes become enriched in the substrate), the 

effect is referred to as inverse [9, 15]. 

Due to the difference in mass between isotopes of the same element, the reactions and 

processes occur at different rates. Fractionations as a result of chemical reactions and 

physical processes (such as evaporation and condensation) produce products that are 

isotopically depleted (containing less of the heavy isotope) than their starting 

materials. These isotopic fractionations are more evident in lighter elements (e.g. 

hydrogen and deuterium) because their isotopes show proportionally larger differences 

in percentage mass than heavier elements (e.g. 12C and 13C) [1, 6]. 

Another example of an important kinetic isotope effect is that which results in selective 

incorporation of 12C into organic matter during photosynthesis. Living plants 

assimilate atmospheric carbon dioxide (C02) during photosynthesis. The degree of 

fractionation depends on various factors, including the specific photosynthetic pathway 

used for carbon fixation, the rate of diffusion of carbon dioxide into the plant, and the 

amount of metabolic carbon available [6]. 

The isotopic composition of a plant is dependant on the photosynthetic pathway and 

the 1netabolic pathway for the assimilation of carbon, nitrogen, oxygen and hydrogen. 

Environmental conditions around the plant also influence the isotopic composition of 

the plant. These conditions include humidity, ten1perature, and the isotopic 

composition of the environmental soil (or other growing medium) and carbon dioxide 

[16]. The composition of ambient C02 varies depending on the photosynthetic 

processes taking place, whether it is over land or ocean, and also on the temperature. 

Plants can assimilate C02 via a C3 (or Calvin), C4 (or Hatch-Slack) or CAM 

(Crassulacean Acid Metabolism) photosynthetic cycle. Approximately 85% of plant 

species follow the c3 pathway. c3 plants (e.g. major crops, including wheat, rye, and 

cotton) generally have isotopic values in the range -22 to -30%o. c4 plants (e.g. 

common crops including sugar cane, maize, tropical grasses, desert plants, and marine 

plants) generally have isotopic values in the range -10 to -18%o. C4 and CAM plants 

are enriched in 13C compared to C3 plants [6, 9, 17]. 

The thermodynamic isotope effect is the second common isotope effect, and relates to 

the free energy change brought about when one atom in a compound is replaced by its 
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isotope. A compound that has a heavier isotope in its composition has a smaller reserve 

of free energy, compared to the same compound containing the lighter isotope [12] . 

The thermodynamic isotope effect is associated with differences in the physico-

chemical properties of the samples being analysed. This includes properties such as 

infrared absorption, molar volume, vapour pressure, boiling point, and melting point, 

which are all related to vibration energy levels. These effects are evident in processes 

where chemical bonds are not formed or broken, e.g. infrared spectroscopy, 

distillation, and any two-phase partitioning process [9] . For example, thermodynamic 

isotope effects can occur during phase changes of water (i .e. solid-liquid-vapour). 

This isotopic fractionation occurs as a result of differences in the vapour pressures of 

water molecules containing light versus heavy isotopes of hydrogen and oxygen i.e. 

the vapour pressures of 1H1H180 and 2H1H160 are lower than for 1H1H160 [6, 18] . 

Galimov [ 12] provides a detailed review of thermodynamic isotopic fractionation in 

enzymatic reactions and the resulting distribution of isotopes in biological systems. 

In addition to isotopic fractionation, the isotopic composition of water samples can be 

affected by a number of environmental parameters, including: seasonality, amount of 

precipitation, altitude, continentality and temperature. All of these parameters can 

characterise the source region of a water sample and also the sampling site [18] . 

Reference [ 18] contains a detailed description of the global water cycle and the 

information that can be obtained from the isotopic composition of water samples. 

Further to this, as an example, agricultural food products generally contain meteoric 

waters with a range of hydrogen isotope values. These values may be reflected in 

tissues and fluids of animals consuming the food [ 14] . 

Weilacher et al. [19] discuss the non-statistical isotope distribution in natural and 

synthetic compounds. This distribution refers to the difference in the isotope ratio of an 

element in a particular functional group/position compared to the isotope ratio of this 

element in the rest of the compound, i.e. intramolecular isotope distribution of a 

compound. 

Weilacher et al. [ 19] also state that the isotope distribution observed in organic 

compounds is primarily a result of kinetic isotope effects on enzyme catalysed 

reactions. The distribution can provide information on the metabolic pathways 
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involved in the compound's biosynthesis and provides evidence for the presence of a 

kinetic isotope effect on a reaction in its biosynthesis. The authors evaluated carbon 

and nitrogen isotope ratio values of caffeine and theobromine from a range of natural 

origins and reported that, based on these values, the natural origin products could be 

differentiated from corresponding synthetic products. 

Hays et al. [20] discuss the use of SNIF-DNMR® (Site-specific natural isotopic 

fractionation measured by deuterium nuclear magnetic resonance spectrometry) for the 

analysis of heroin and cocaine samples from different origins. SNIF-DNMR® obtains 

the deuterium NMR spectrum of a compound and determines the quantitative value for 

every deuterium labelled site in the compound, hence offering more values for 

comparison when attempting to differentiate samples from various origins. This is in 

contrast to IRMS which looks at the molecule's entire isotope ratio for the various 

isotopes of the element of interest. SNIF-DNMR® is not routinely used in forensic 

science, however is an alternative technique for the comparison of samples, providing 

advantages and disadvantages when con1pared to IRMS. The study reported the 

potential for SNIF-DNMR® to assist in determining the geographic origin of heroin 

and cocaine. The authors reported relationships between the natural sites and the 

geographic location of the original opium plant and the synthetic sites and the 

commercial source of acetic anhydride used in the synthesis of heroin. Carter et al. 

[21] also discuss the application of 2H NMR in assisting the differentiation between 

MDMA samples produced by differing synthesis routes. 

The largest observed variation in the natural abundance of carbon isotope ratios is 

approximately 100%o [10]. This large variation reflects the results of mass 

discrimination/fractionation effects associated with, but not limited to, the different 

pathways of carbon assimilation and fixation, and also different growing conditions as 

a result of climatic and geographic differences [9, 22]. An overview of the natural 

variations in the carbon isotopic composition of different types of organic matter is 

displayed in Figure 1-1 [17]. The potential variation in the hydrogen isotopic 

composition of a range of different materials is displayed in Figure 1-2 [ 14]. The 

potential variation in the nitrogen isotopic composition of a range of different n1aterials 

is displayed in Figure 1-3 [14]. The potential variation in the oxygen isotopic 

composition of a range of different materials is displayed in Figure 1-4 [ 14]. 
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Figure 1-1 An overview of the natural variations in the carbon isotopic composition of different 
types of organic matter [17]. Reprinted from R.P. Philp [17], with permission from Elsevier. 
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Figure 1-2 Potential var-iation in the hydrogen isotopic composition of a range of different 
materials. Reprinted from T.B. Coplen et al. [14] with permission from Coplen. 
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Figure 1-3 Potential variation in the nitrogen isotopic composition of a range of different 
materials. Reprinted from T.B. Coplen et al. [14] with permission from Coplen. 
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Figure 1-4 Potential variation in the oxygen isotopic composition of a range of different materials. 
Reprinted from T.B. Coplen et al. [14] with permission from Coplen. 

Isotopic fractionation of the starting materials and products during the following 

processes needs careful consideration when analysing and interpreting stable isotope 

ratio data: 

• manufacturing, synthesis or growing conditions [2, 16, 22-25]; 

• sample collection, preparation, storage, handling [ 19, 22, 26]; 

• analysis [3, 10, 22, 27]. 

The isotope fractionation between two samples (e.g. a substrate and its degradation 

product) can be calculated using specific equations. These equations are explained by 

13 



Chapter One: Introduction 

Schmidt et al. [15]. Galimov [12] describes equations for calculating kinetic and 

thermodynamic isotopic effects. 

The possibility of isotopic fractionation and its effect on the isotopic composition of 

the samples of interest needs to be assessed when interpreting stable isotope ratio data. 

This allows any differences observed between two samples to be attributed to either 

isotopic fractionation that has occurred during sample handling, analysis, etc., or 

something that has occurred as a result of different growing or environmental 

conditions, or manufacturing/synthesis conditions. A difference as a result of the latter 

may indicate that the two samples of interest have originated from different sources. If 

the isotopic compositions of two samples are found to be indistinguishable, and 

isotopic fractionation can be excluded from occurring during handling, analysis, etc., 

then it could be concluded that the two samples may have originated from the same 

source. 

1.5. The Instrument: Isotope Ratio Mass Spectrometer 

Isotope ratio mass spectrometers (IRMS) are specialised mass spectrometers that 

produce precise and accurate measurements of variations in the natural isotopic 

abundance of light stable isotopes. Two of the main characteristics differentiating 

IRMS instruments from conventional organic mass spectrometers are: 

1. sarnple peaks are converted to a representative analyte gas (e.g. C02 for carbon, 

N2 for nitrogen, CO for oxygen and H2 for hydrogen) following elution from a 

GC column as opposed to passing directly to a MS detector; and 

2. they do not scan a mass range for characteristic fragment ions in order to 

provide structural information on the sample being analysed [22], instead they 

have a magnetic sector field MS with high sensitivity which collects the 

respective ion currents simultaneously in an array of Faraday cups [28]. 

The breakthrough in classical isotope ratio mass spectrometry was the introduction of 

the dual inlet tnass spectrometer by Urey in 1948 [29]. Since then, the instrument has 

been further developed and autotnated, leading to the systems currently available 

commercially [1, 10]. 
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The isotopes of the following elements may be measured by IRMS: carbon (isotopes: 
13C and 12C, not 14C), oxygen (isotopes: 160, 170, and 180), hydrogen (isotopes: 1H, 2H, 

but not 3H), nitrogen (isotopes: 14N and 15N) and sulfur (isotopes: 32S, 33S, 34S, and 
36S). Chlorine (Cl), Silicon (Si) and Selenium (Se) isotopes are less frequently 

analysed. 

The mass spectrometers used for isotopic analysis generally compnse three main 

sections: an ion source, a mass analyser, and an ion collection assembly (Figure 1-5). 

Figure 1-5 is based on a ThermoFinnigan DELTAplusXP instrument [30]; however, the 

Micromass IsoPrime™ System [31] and PDZ Europa GEO 20-20 Series [32] consist 

of similar major components, with some differences in the design and functioning of 

the analyser. Barrie and Prosser [1] provide a detailed description of the operation of 

the IRMS instrument. 

High vacuum 
gauge 

.. ~. 

Differential 
turbo pump 

Electron impact 
ion source 

.... 
.... 

. ·· Electromagnet 

Flight tube 

······ Collector 
system housing 
--Faraday cups 

Analyser head Amplifier 

/ ~ housing J 
/~~mple gas Turbomolecular 

inlet pump 

.._____ ___ _ 
Figure 1-5 Diagram showing the main sections of an IRMS instrument. 

Gaseous samples for analysis enter the ionisation chamber of the MS. Sample 

molecules impact with a focused electron beam in a high vacuun1 environment 

resulting in the loss of electrons producing positive ions. These ions are accelerated out 

of the chamber and through a flight tube between the poles of an electromagnet, where 

they are separated according to their 1nass-to-charge ratio (m/z). The ions are collected 
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by a collector array generally consisting of three (sometimes up to eight) Faraday cup 

(FC) collectors. 

The Faraday cups (FC) are positioned so that the major ion currents simultaneously 

strike the n:llddle of the entrance slit of the respective cups. Each incon:llng ion 

contributes one charge. No stray ions or electrons can enter the cup, and no secondary 

particles formed from the impact with the inner walls of the cups exit the cup. The ion 

currents are continuously monitored, then amplified, digitised using a voltage-to-

frequency converter (VFC), and finally transferred to a computer. The computer 

integrates the peak area for each isotopomer and calculates the corresponding ratios. 

For example, when analysing C02, the data consists of three ion traces for the different 

isotopomers: 12C 160 2, 
13C 160 2, and 12C 180 160, with their corresponding masses at rn/z 

44, 45, and 46 [10, 22, 32]. When analysing N2, the data consists of three ion traces for 

the different isotopomers: 14N 14N, 14N 15N and 15N 15N with their corresponding masses 

at rn/z 28, 29, and 30. 

Barrie and Prosser [1] discussed accuracy, precision, and sensitivity issues related to 

measurements using IRMS instruments. 

Before entering the ion source of an ~IS, the analyte must be converted into a simple 

gas, isotopicaJly representative of the original sample. Isotope ratio measurements of 
2HJ1H, 15N/14N, 13C/12C, 180/160, and 34SP2S are performed on gases of hydrogen (H2), 

nitrogen (N2), carbon dioxide (C02), carbon 1nonoxide (CO), and sulfur dioxide (S02), 

respectively. There are two common sample introduction techniques for IRMS 

analysis. Both of these techniques require solid, liquid, and gaseous samples to be 

converted into pure gases [33]. The techniques are: 

1. Dual Inlet IRMS (DI-IRMS); 

2. Continuous Flow IRMS (CF-IRMS): 

1. Bulk Stable Isotope Analysis (BSIA); 

11. Compound Specific Isotope Analysis (CSIA); 

iii. Gas bench (not discussed in this chapter, as not generally used 

as a sample preparation technique for the types of samples 

encountered in forensic science). 
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1.6. Dual Inlet IRMS {DI-IRMS) 

With a dual inlet system, the samples for analysis are prepared (i.e. converted into 

simple gases) off-line. The off-line sample preparation procedure utilises a specially 

designed apparatus involving vacuum lines, compression pumps, concentrators, 

reaction furnaces, and micro-distillation equipment. This technique is time consuming, 

usually requires larger samples, and contamination and isotopic fractionation can occur 

at each of the steps [9]. 

Once prepared, the pure gas is admitted into the IRMS via a variable volume gas 

reservoir, referred to as a bellow. The reference gas is also admitted into the mass 

spectrometer via a bellows system. The bellows system allows sample and reference 

comparisons to be made under generally identical circumstances. The bellows are 

connected to the ion source of the mass spectrometer through a capillary inlet line. A 

valve system, known as the changeover valve, between the capillaries and the MS, is 

used to alternate the capillary effluents between the source of the MS and a waste line. 

This ensures that a constant flow through the capil1aries is maintained [10]. 

Comparisons are made between the isotopic compositions of the gas satnple of interest 

relative to that of a standard or reference gas. Figure 1-6 contains a diagram displaying 

the principal sections of a dual inlet system. Figure 1-6 is a diagram based on a 

ThennoFinnigan dual inlet instrument [30] . 
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1.7R Continuous Flow IRMS (CF-IRMS) 

The CF-IRMS satnple introduction technique consists of a helium carrier gas that 

carries the analyte gas into the ion source of the lRMS. This technique is used to 

connect an lRMS to a range of automated smnple preparation devices. Two of the 

preparation techniques are: 

1. Bulk Stable Isotope Analysis (BSIA); 

2. Compound Specific Isotope Analysis (CSIA). 

While dual inlet is generally the most precise method for stable isotope ratio 

measurements, continuous flow mass spectrometry offers on-line sample preparation, 

smaller sample size, faster and simpler analysis, increased cost effectiveness, and the 

possibility of interfacing with other preparation techniques, including elemental 

analysis, gas chromatography (GC), and more recently, liquid chromatography (LC). 

18 



Chapter One: Introduction 

For these reasons, CF-IRMS is the subject of the majority of research currently being 

conducted in the field of forensic science. 

The LC/IRMS technique is not discussed in detail in this chapter as there have been 

limited forensic related publications to date. Due to the potential value of this 

technique for the analysis of forensic samples that are of low volatility or are thermally 

labile, readers are referred to Schmidt et al. [15], Thermo Electron Corporation [34] 

and Krummen et al. [35] for further discussions of this technique. Hettman et al [36] 

also discuss improvements to measurements using LC/IRMS. 

1.7.1. Bulk Stable Isotope Analysis (BSIA) 

BSIA is based on the use of an elemental analyser, which is an automated sample 

preparation instrument for the conversion of the sample of interest into simple gases 

for IRMS analysis. The isotopic values obtained from these analyses represent the 

isotopic con1position of all the components in the mixture as a whole. The instrument 

for BSIA consists of an elemental analyser coupled with an isotope ratio mass 

spectrometer (EAIIRMS). 

The first known attempt to use an elemental analyser with a mass spectrometer dates 

back to 1965 [37] . In 1983, an automatic elen1ental analyser was reported to have been 

interfaced with an IRMS [38]. This group is considered to have invented continuous 

flow-IRMS. CF-IRMS was originally used for the measure_ment of nitrogen isotopes, 

but has been extended to include carbon and sulfur, and more recently oxygen and 

hydrogen isotope ratios. 

Sample preparation for BSIA involves weighing the samples into capsules, usually 

silver or tin, then loading these into an autosampler carouseL Here the samples are 

purged with helium to prevent introduction of traces of water, oxygen and nitrogen. 

There are two common instrument peripherals/techniques for the preparation of 

samples for bulk stable isotope analysis: Quantitative High Temperature Combustion 

and Quantitative High Temperature Conversion. 
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1.7.1.1. Quantitative high temperature combustion for bulk samples 

Combustion elemental analysers are used for the analysis of nitrogen, carbon, and 

sulfur isotope ratios of bulk samples. 

In summary, the sample is weighed and subsequently sealed in a tin capsule. The 

capsules for measurement are placed in a carousel, which automatically rotates 

dropping the capsules individually into a combustion tube containing an oxidation 

catalyst and other materials. When dropped, a pulse of oxygen temporarily replaces the 

helium carrier gas resulting in a flash con1bustion of the solid sample to N2, NOx, C02, 

0 2, and H20. This combustion process raises the temperature from - 900 to 1700°C. 

The combustion products are swept into a reduction tube (approximately 600°C) to 

reduce NOx to N2 and remove excess 0 2. The samples then pass through a magnesium 

perchlorate trap to remove the H20. The analyte gases (e.g. N2 and C02) are then 

separated from each other and in1purities on a 5 A packed GC molecular sieve column. 

A small fraction of the effluent from the GC column enters the IRMS through an open 

split interface. The primary role of the interface is to reduce the gas flow from the EA 

to an appropriate flow for the lRMS. 

In general, nitrogen and carbon are analysed together fro1n the san1e sample, and sulfur 

is analysed separately. For different applications, e.g. for the analysis of sulfur isotope 

ratios, the oxidation and reduction tubes can be packed with different material [ l, 39], 

Figure 1-7 displays a schematic showing a flash combustion elemental analyser in 

series with an interface and an IRMS for the analysis of nitrogen and carbon isotope 

ratios of bulk samples [ 40]. Figure 1-7 is based on a ThermoFinnigan Flash Elemental 

Analyser [40]; however, the Micromass IsoPrimeTM EA System [41] and PDZ Europa 

Integra-CN analyser [ 42] consist of similar major components. An analyser for the 

analysis of hydrogen and oxygen isotope ratios only has one pyrolysis furnace, as 

opposed to the combustion and reduction tubes in the elemental analyser. 

20 



Autosampler 

Combustion tube i.o 
convert sample into 
simple gas, e.g. N2, 
NO., C02. 0 2. and H20. 

Sample in 
tin or silver 
foil capsule 

• 

Reduction tube to 
reduce NO, to N2 
and remove 
excess 0 2 

Elemental Analyser Instrument 

Water trap to 
remove water 

Packed GC column to 
separate gases, e.g. N2 

and C02 

Chapter One: Introduction 

Open split interface to 
reduce gas flow into 
IRMS 

~-· To TRMS 
instrument, 
to obtain 
li15N and 
li13C of bulk 

1 samples 

Interface IRMS 

Figure 1-7 Schematic showing a flash combustion elemental analyser in series with an interface 
and IRMS for the analysis of nitrogen and carbon isotope ratios of bulk samples. 

1. 7 .1.2. Quantitative high temperature conversion for bulk samples 

High Temperature Conversion Elemental Analysers (TC/EA) are used for the analysis 

of hydrogen and oxygen isotope ratios of bulk samples. The sample for analysis is 

sealed in a silver capsule. The sample is dropped from the autosampler into the 

reaction tube, where the high temperature pyrolytic conversion commences. The 

san1ple is converted to H2 and CO gases. Reaction temperatures range from 11 00°C, to 

temperatures greater than 1450°C. The analyte gases, H2, N2 and CO, are then 

separated by a 5 A packed GC molecular sieve column. The gases then enter the IRMS 

for analysis via an open split interface. Only a small portion of the analyte gases (e.g. 

0.3%) enters the IRMS. Hydrogen and oxygen isotope ratios can be measured from a 

single analysis [9, 39, 43]. 

1.7.2. Compound Specific Isotope Analysis (CSIA) 

Sano et al. first published a systematic approach to measuring the carbon isotope ratios 

of GC peaks in 1976 [44] . Further developtnents occurred over the years; however, it 

was not until 1988 that GC/IRMS systems became commercially available. Since then, 
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the systems have been enhanced and extended to include the analysis of nitrogen, 

oxygen and, more recently, hydrogen isotope ratios [10, 39]. 

In Compound Specific Isotope Analysis (CSIA), the isotopic compositions of 

individual compounds within the sample are measured. The substance to be analysed is 

dissolved in an organic solvent and automatically injected onto the GC. Complex 

organic mixtures are separated on the capillary GC column. Baseline separated peaks 

are the basis for high-precision CSIA as isotope ratios cannot be accurately determined 

from the partial examination of a GC peak. A splitter at the end of the GC column 

sends >95% of the sample to a combustion or pyrolysis tube. The remainder is sent to 

an optional FID, ion trap MS, or is vented to the atmosphere. 

Like BSIA, two sample conversion systems are required for the preparation of samples 

into simple gas form for analysis by the IRMS instrument. For example, 

ThermoFinnigan currently have a "GC Combustion III" (CIII) system for the 

preparation of samples for nitrogen and carbon isotope ratio measurements. They also 

have a "High Temperature Conversion" (TC) system for sample preparation for 

hydrogen and oxygen analysis [45, 46] . 

When measuring nitrogen and carbon isotope ratios, the eluting compounds pass into a 

combustion tube containing an oxidation catalyst and other rnaterials, where 

quantitative combustion of the organic compounds to C02, H20, and nitrogen 

compounds takes place. The combustion products then pass into a reduction tube to 

reduce NOx to N2 and retnove excess 0 2• The samples then pass through a trap to 

remove the H20. The analyte gases then pass to the R\1S via an open split interface. 

Figure 1-8 displays a schematic showing the basic set -up of a GC/IRMS instrument for 

the analysis of carbon isotope ratios. The combustion tube and interface in Figure 1-8 

would be different for the analysis of isotope ratios of other elements, e.g. hydrogen 

and oxygen. The commercial systems currently available, display this same general 

design [ 46 - 48]. 
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Figure 1-8 Schematic showing the basic set-up of a GC/IRMS instrument for the analysis of 
carbon isotope ratios. 

Nitrogen and carbon isotope ratio values cannot be measured in the same sample. 

When nitrogen isotope ratios are being measured, the C02 must be removed fro.m the 

source as the ions formed from the C02 (e.g. CO) interfere with the 1neasurement of 

the nitrogen isotope ratios. Removal of C02 is achieved by cryogenic trapping. 

When measuring hydrogen and oxygen isotope ratios, the components eluting from the 

GC pass either into the hydrogen reactor or the oxygen reactor, depending on which 

isotope ratios are being measured. The samples are quantitatively converted into H2 or 

CO gases. The sample passes through a trap to remove the H20 and the analyte gas 

continues to the IRMS via an open split interface. Hydrogen and oxygen isotope ratios 

cannot be measured in the same sample [10, 25, 45, 46]. 

Meier-Augenstein [22] addressed guidelines for achieving baseline separation of GC 

peaks. Jasper et al. [49] described the specificity of GC-IRMS for the measurement of 

stable isotopes using an example where the carbon isotope ratio values of a number of 

compounds within an ignitable liquid mixture were analysed. As ignitable liquids 

encountered in fire debris samples consist of a mixture of a large number of 

compounds that can usually be separated, the overall specificity of this technique may 
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be estimated. That is, if each compound in petrol has 67 significantly different isotopic 

variations and the carbon isotopic composition of five of these compounds were 

measured, the combined specificity would be "'( 1167)5 or 1 in 1.4 billion. Hence, to a 

first-order estimate, there would be approximately 1 in 1.4 billion chance that a 

random petrol sample would be identical to the one in question. 

1.8. Applications of IRMS 

The analysis of stable isotopes using IRMS has broad applications in various scientific 

disciplines. While a number of these disciplines utilise IRMS as a standard analytical 

technique, its application in other areas remains largely at an experimental stage. 

Appendix 1 includes a brief summary of the applications of IRMS in various scientific 

fields, including specific forensic applications. The following section focuses on the 

explosives applications of the IRMS technique. 

1.8.1. Explosives Applications 

The analysis of the isotopic composition of explosives dates back to a publication by 

Nissenbaum in 1975 [50]. The carbon isotopic compositions of trinitrotoluene (1NT) 

samples from different countries were determined using DI-IRMS, where the results 

indicated that the different TNT samples could be differentiated. Potential sources of 

the variation in the carbon isotope vaJues were discussed, e.g. isotopic composition of 

the starting materials and country of origin. 

McGuire et al. [51] discussed the detonation of a series of explosives and the 

collection and analysis of residues to determine the carbon, hydrogen, and nitrogen 

isotope ratios. The aim of this research was to determine if the isotope ratios from the 

post-blast residues could be used to indicate the type and origin of the explosive used. 

The following observations were reported: aromatic explosives could be distinguished 

from non-aromatic explosives based on the carbon isotope ratio values. This was true 

for pre- and post-blast samples. The amination process for tri-amino-tri-nitro-benzene 

(TATB) could be detected through the hydrogen and, to some extent, the nitrogen 

isotope ratios. The nitrogen isotope ratios obtained from nitro groups could be 

differentiated from the nitrogen isotope ratios frotn amino groups. The relative 
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magnitude and sign of the nitrogen isotope ratios appeared to be maintained through 

the detonation; however, some exchange with atmospheric nitrogen was reported to be 

likely. 

McGuire et al. [51] showed that the residue resulting from the complete detonation of 

explosives contained the same isotopic ratio as the initial explosive. However, this was 

not the case for explosives that did not detonate to completion. 

Finnigan Mat [52] reported that different ' lots' of explosives could be distinguished 

from each other based on the carbon and nitrogen isotope ratios. Lots of explosives 

generally refers to explosives that are manufactured by a continuous process as 

opposed to batches which are made in discrete groups, with set quantities of starting 

materials. TNT samples were collected from three different sources, analysed by 

EA/IRMS, and the results compared. The authors highlighted that further research was 

needed to determine whether the isotope ratio values were a result of different 

production sites, different lots of substrate in the production process, or post-

production adulteration. 

In 1999, The Forensic Explosive Laboratory (FEL), United Kingdom Defence Science 

and Technology Laboratory (DSTL), commenced a 3-year Home Office funded project 

to research the potential of using stable isotope ratios in the forensic analysis of 

explosives [25]. A report by Wakelin [53] discussed the work carried out during the 

first year of the project, which consisted of the analysis of carbon and nitrogen isotope 

ratios of commercial and improvised high and low explosives using EA/IRMS 

(analytical work conducted by PDZ Europa). The isotopic composition of various 

samples of explosives were measured, including ammonium nitrate, sodium chlorate 

weedkiller, nitromethane, sugar, gunpowderlblackpowder, TNT, plastic explosive no. 

4 (PE4), nitrocellulose, flashpowders, and perchlorates. Significant differences in the 

isotope ratios for each type of explosive were observed in the research. Wakelin 

reported that it was generally easier to differentiate between samples when the isotope 

ratios of more than one element were considered. 

!so-Analytical Ltd. assisted with the method development during the second year of 

the project for the analysis of carbon, nitrogen, oxygen and sulfur isotope ratios in 

specific explosives. The University of Reading also assisted with the development of 
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methods for the analysis of chlorine in chlorate and perchlorate-containing samples. 

Wakelin [54] summarised the second year of the project, noting that the potential to 

differentiate between different sources of chlorine and different manufacturing 

processes of chlorate and perchlorate exists; however, a lot more work was required in 

this area. Also highlighted were the promising results of a number of blind trials, 

where unknown samples of explosives were successfully matched to their source. 

Beardah [55] summarised the final year of the FEL, DSTL project, reporting on results 

that confirmed that EA/IRMS would generally be able to discriminate between 

samples from different batches from the same manufacturer. Preliminary results on the 

analysis of triacetone triperoxide (TATP) samples were also addressed. The overall 

need for further work and collaboration in specific areas was addressed. 

Belanger as cited by Phillips et al. [25] discussed the analysis of the isotopic 

composition of various explosives (including arnmonium nitrate (AN), gunpowder, 

TNT, cyclotrimethylenetrinitramine (RDX) and nitroglycerine (NG)) performed by 

!so-Analytical Ltd. on behalf of the FEL. The work confirmed that there was a range of 

carbon and nitrogen isotope ratio values in the samples when analysed with EA/IRMS. 

The analyses of oxygen and sulfur isotope ratios in various samples were also 

discussed. 

Lott et al. [56] reported on the successful differentiation between different sources of 

pentaerythritoltetranitrate (PETN), RDX, cyclotetramethylene tetranitramine (HMX), 

and AN. The effect of using different raw materials and different manufacturing 

processes on the isotopic composition of the product was evaluated. The batch-to-

batch and lot-to-lot variations of these explosives were also assessed. 

Ehleringer, as cited by Phillips et al. [25], discussed the analysis of isotope ratios in 

PETN samples, where the results showed that the isotope ratio values in PETN 

samples from one manufacturer were not significantly different. The samples analysed 

could be differentiated from samples from other manufacturers. 

Motzer et al. [57] demonstrated that the anthropogenic and geogen1c (material) 

perchlorate sources could be differentiated using plots of 837Cl versus 8180. This is of 

particular importance in the forensic investigation of post -blast scenes in order to 
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determine whether perchlorate residues are from the environment or foreign to the 

environment e.g. potentially from an lED. 

Pierrini et al. [58] discussed issues surrounding the interpretation of isotope ratio data 

and presented a continuous likelihood ratio approach for the evaluation of semtex data. 

The authors highlighted the need for large international isotope ratio databases in order 

for this approach to work. 

1.9. Forensic Analysis of Explosives 

1 M9 .. 1. Types of Explosives 

Explosives can be categorised in a number of ways either according to their chemical 

nature, performance (e.g. velocity of detonation), or end use. When classifying 

according to end use, the three common classifications are: commercial, military and 

improvised (i.e. homemade) explosives. 

Commercial explosives are manufactured for use in the mining and construction 

industries and include explosives such as: nitroglycerine (NG), ammonium nitrate/fuel 

oil C.L\NFO), slurries (thickened aqueous solutions of oxidisers such as AN mixed with 

fuels and sensitisers) and emulsions (mixtures of two immiscible liquids with one 

liquid phase dispersed uniformly throughout the second phase). Co1nn1ercial 

explosives are relatively safe to use and relatively simple and inexpensive to 

manufacture. 

M:ilitary explosives are manufactured for shell filling in artillery rounds and for 

demolition charges. Explosives utilised for military applications include: TNT, Tetryl, 

PETN, RDX, and HMX. Military explosives are stable, i.e. resistant to impact, shock, 

and moisture. They usually need to be capable of being stored for long periods of time 

without significant deterioration. All characteristics of military explosives must be 

co1npletely understood prior to use, including: power, sensitivity, brisance, 

hygroscopicity and toxicity. 

In stark contract to commercial and military explosives, improvised explosives 

generally have no legitimate uses and their characteristics tend to be unpredictable (i.e. 
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with regards sensitivity, power and stability). Improvised explosive mixtures are 

produced by mixing a fuel (e. g. aluminium, sulfur and/or charcoal) with a strong 

oxidiser (e.g. ammonium nitrate, sodium chlorate or sodium perchlorate). The fuel and 

the oxidiser must be intimately mixed in correct proportions. No synthesis is required 

in this case. By contrast, some improvised explosives such as organic peroxides can be 

synthesised using readily-available precursors. For example, in order to synthesise 

triacetone triperoxide (T ATP, an extremely sensitive explosive), one can obtain 

acetone from a chemical supplier or from nail polish remover, hydrogen peroxide from 

a chemical supplier or from hair bleach, and sulfuric acid from a car battery. Recipes to 

make improvised explosives of this type are readily available on the internet. 

Improvised explosives, whether they be oxidiser/fuel mixtures or discrete chemical 

compounds such as TATP, are generally manufactured and employed by criminals, 

terrorists, or enthusiasts (e.g. for experimental or nuisance purposes). 

Due to the ready availability of recipes and starting materials, and the limited skill 

required to make improvised explosives, they are of growing concern to the law 

enforcement community. 

1.9.2. Analysis of Explosives 

Current instrurnental techniques routinely employed by forensic scientists for the 

analysis of bulk quantities of explosives (i.e. visible to the naked eye), include: Fourier 

transfonn infrared spectrotnetry (FfiR), micro X-ray fluorescence spectrometry 

(XRF), scanning electron 1nicroscopy coupled with energy dispersive X-ray 

spectroscopy (SEM!EDX), and X-ray diffraction (XRD). Current techniques employed 

for the analysis of trace quantities (i.e. not visible to the naked eye and usually 

collected in an appropriate solvent using a swab), include: capillary electrophoresis 

(CE) and ion chromatography (IC) for inorganic explosives, and high performance 

liquid chromatography (HPLC), liquid chromatography/mass spectrometry (LC/MS) 

and gas chromatography (GC) coupled with one or more of the following detectors: 

mass spectrometer (MS), electron capture detector (ECD), flame ionisation detector 

(FID), or thermal energy analyser (TEA) for organic explosives. 
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Although it is possible to identify the explosive present using these techniques, it is 

generally not possible to distinguish one source of the same explosive from another. 

For example, consider a case where the explosives from the suspect and from the scene 

were both identified as TNT. While the hypothesis of common source cannot be 

rejected, it cannot be conclusively proven as the samples could still have originated 

from different sources (e.g. different manufacturers). The IRMS technique shows the 

potential to be able to fill this operational requirement of distinguishing one source of 

the same explosive from another. 

1.1 0. Ammonium Nitrate 

Terrorists, criminals and enthusiasts employ a range of chemicals in making 

improvised explosives that can cause damage, destruction, fatalities, injuries and 

general fear amongst the population. The reason for choosing a particular explosive 

charge in any given device is generally governed by one or more of the following: 

• availability of chemicals; 

• cost; 

• level of expertj se ~ 

• size of device and desired level of destruction; 

• target; and 

• familiarity and training. 

Due to the large production of arrunonium nitrate (AN) in Australia - over 1 million 

tonnes annually - the use of ammonium nitrate as the strong oxidiser in a large scale 

improvised explosive device is a significant threat. Ammonium nitrate was first 

prepared in 1654; however, it was not until the 19th century that it was considered for 

use in explosives [59]. AN was not initially considered to be an explosive in its own 

right; however, the increased use and transport of AN globally saw a terrible explosion 

involving fertiliser grade AN that occurred in April 1947 in Texas City [59]. A similar 

explosion occurred in Brest in France in July 1947. Investigations revealed that AN 

was much more dangerous than originally thought and tighter regulations were 

subsequently itnplemented regarding its storage and transport in the USA [59] . 
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The Irish Republican Army (IRA) utilised crushed AN fertiliser, generally mixed with 

confectionary sugar, in a large proportion of their bombs in Northern Ireland and also 

in London [60] . An ammonium nitrate fuel oil (ANFO) mixture was utilised in the 

Oklahoma City bombing in 1995 which killed 168 people [61]. The use of ANFO as 

an improvised explosive continues to be a significant threat worldwide due to its 

availability in bulk quantities and its low cost. 

Ammonium nitrate is generally in the form of odourless, transparent, hygroscopic, 

deliquescent crystals or white granules. AN decomposes at about 21 ooc into H20 and 

N20 [62]. AN exists as five stable polymorphic forms designated as phases V, IV, III, 

II and I when below the melting point temperature of 170°C. These solid phases of 

bulk samples display different physical and thermodynamic properties. At room 

temperature, the AN polymorph AN-IV is normally observed. AN can transform to 

AN-III at 32°C if pure. Pure AN-III will transform to AN-II at 84°C [63]. 

The following transitions occur at the following temperatures: phase 1 to II at 125°C; 

phase II to III at 84 oc; phase III to IV at 32°C; and phase IV to V at -18°C [63]. 

Ammonium Nitrate is available in three general grades - explosive, fertiliser and 

chemica] grades. Explosive grade AN exists as low density porous prills (solidified 

droplets typically around one millimetre or less in diameter). The fertiliser grade is a 

high density, non-porous prill. The chemical grade (used as a laboratory 

standard/sample) is generally a highly hygroscopic crystal form [64] . 

Explosive grade AN is commonly mixed with a fuel oil to make an efficient explosive 

mixture. This mixture may be an improvised (homemade) mixture (e.g. 16:1 mixture 

of AN prill with diesel) or a commercial mixture. These mixtures are referred to as 

ammonium nitrate fuel oil (ANFO). Commercial mixtures contain ammonium nitrate, 

carbon carriers such as wood meal, oils or coal and sensitisers such as nitroglycol, 

TNT or microballoons (glass or plastic air-filled spheres). The mixture may also 

contain aluminium to improve the explosive performance. Akhavan [59] provides an 

overview of the composition of commercial AN products, including slurry and 

emulsion mixtures. 
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Consumption of ammonium nitrate in Australia is divided between the mining ( -90%) 

and agricultural industries. The explosive prill is the most common form of ammonium 

nitrate in Australia, where the majority of the supply is produced locally; however, 

importation of product is also common due to the high demand. Construction of new 

AN manufacturing plants is underway in order to meet the demands from the mining 

industry. 

The three major manufacturers of explosive grade ammonium nitrate prill in Australia 

and their respective annual production rates are: 

1. Orica Australia (Kooragang Island, NSW) - 1,050,000 tonnes [ 65] 

2. CSBP (Kwinana, W A) - 350,000 tonnes [66] 

3. Queensland Nitrates (Moura, QLD)- 185,000 tonnes [67] 

In June 2004, the Council of Australian Governments (COAG) agreed that a national 

approach would be taken to restrict access to security sensitive ammonium nitrate 

(SSAN). Each state and territory is in the process of developing and introducing 

legislation and/or regulations to give effect to the COAG agreement. SSAN refers to 

ammonium nitrate, ammonium nitrate emulsions, and anm1oniu1n nitrate mixtures 

containing greater than 45% ammonium nitrate, excluding solutions and excluding 

class 1 explosives. 

Although these regulations work towards limiting the availability of ammonium nitrate 

in Australia, the substance can still be acquired through theft or illegitimate sale, and is 

still readily available in neighbouring countries. As a result, ammoniurn nitrate 

continues to be a concern with regards to its potential for use in improvised explosive 

mixtures. 

Ammonium nitrate was selected as the first material in which a detailed IRMS study 

would be conducted. This research was targeted at filling an operational gap in the 

identification and linking of different sources of the same type of explosive. Although 

each type of explosive can be identified, in the event of multiple seizures, a post-blast 

scene or an explosive clandestine laboratory, samples generally can not be 

conclusively linked. Ammonium nitrate from different sources may be able to be 
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differentiated or linked through commercial wrappings, morphology or other distinct 

characteristics; however, wrappings are generally not recovered and a detailed 

database of morphological characteristics does not exist in the forensic community. 

The majority of research on ammonium nitrate has been conducted into techniques for 

the detection and identification of AN. Limited research has been conducted into the 

actual characterisation of ammonium nitrate prill samples [64, 68, 69]. 

Some research has been published on the measurement of N, 0 and H stable isotopes 

in AN using IRMS. Chapter 1.8.1 addresses the application of IRMS for the analysis 

of explosives. Specifically relating to AN, a report by Wakelin [53] discussed the 

determination of the nitrogen, oxygen and carbon isotopic composition of various 

samples of explosives, including ammonium nitrate. !so-Analytical Ltd. assisted with 

the method development for the analysis of carbon, nitrogen, oxygen and sulfur 

isotope ratios in specific explosives, including ammonium nitrate/sugar mixtures pre-

and post-blast [54]. 

Belanger as cited by Phil1ips et al. [25] discussed the analysis of the isotopic 

composition of various explosives, including nitrogen and oxygen i otopes in 

anunonimn nitrate (AN). 

Lott et al. [56] reported on the successful discrimination of AN samples from different 

sources utilising bulk oxygen and nitrogen isotope ratios. 

The IRMS technique offers a potentially highly discriminating tool for the 

differentiation of sources of AN, including the potential to differentiate samples from 

the same source but exposed to different environmental conditions. This potential level 

of discrimination is possible due to the isotope fractionation. The variations in light 

stable isotopes (such as H, 0 , N and C) are due to fractionation effects, resulting in the 

creation of specific isotope ratio values that are characteristic of the origin, purity, 

manufacturing processes, and storage of the products. 

Chapter 8.5 provides an overview of the AN manufacturing process and an evaluation 

of where fractionation may occur throughout the process. 

32 



Chapter One: Introduction 

1.11. Research Background and Objectives 

As outlined, a significant amount of research has been conducted into the use of stable 

isotopes to assist in determining the origin I movement of various materials, including 

living things [70-84]. The vast majority of this research has been performed by 

industries in fields such as geology and environmental science, where the provision of 

evidence to a Court is not generally required. 

The objectives of this research were to determine whether the isotope ratio mass 

spectrometry technique would assist in solving complex forensic cases by providing a 

level of discrimination not achievable utilising traditional forensic techniques. The 

focus of the research was on ammonium nitrate (AN); however, a secondary objective 

was to adapt the methods and protocols developed for AN to the evaluation of other 

threat explosives, namely TATP and PETN. 

Another objective was to determine what was required in order to achieve Coutt-

reportable IRMS results. A scenario outlining how IRMS could be utilised in a 

forensic examination would be where bulk explosives were recovered from a safe 

house and from explosive devises recovered at a scene (not detonated or partially 

detonated). Traditional forensic techniques would be able to identify the explosive 

material, e.g. ammonium nitrate, however would not be able to provide any further 

detail as to whether the samples could have originated from the same source (unless 

commercial packaging materials were also located). IRMS could be utilised to assist in 

determining whether the samples shared a common origin. In order to reach the level 

of confidence required for the casework application of this technique to AN samples, 

the following additional objectives were incorporated: 

1. Method development, optimisation and validation for bulk nitrogen isotope 

ratios in ammonium nitrate (AN) prill samples. 

2. As part of the validation, develop and conduct an inter-laboratory trial to 

determine whether stable isotope ratio data for selected samples were 

comparable between a number of Australian and New Zealand IRMS 

laboratories. 
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3. Development, optimisation and validation of a method for the measurement of 

bulk oxygen and hydrogen isotope ratios in the one AN prill sample. 

4. Utilising the developed methods for nitrogen, oxygen and hydrogen isotopes, 

determine whether bulk stable isotope analysis could be utilised to differentiate 

between: 

a. ammonium nitrate from different Australian manufacturers, and 

b. ammonium nitrate samples manufactured in Australia from ammonium 

nitrate samples manufactured overseas. 

5. Determine whether samples retain their isotopic composition after an explosion 

by comparing the pre-blast isotopic composition of selected samples with their 

post-blast isotopic composition. 

6. Demonstrate the application of the developed methods and procedures to the 

analysis of other explosives of concern with respect to illegitimate use (T ATP 

and PETN). Detennine the potential of 1RMS for the discrimination of samples 

of these explosives from different sources/synthesis reactions. 

7. Develop a database for stable nitrogen, carbon, oxygen and hydrogen isotope 

ratio data. The database should contain sufficient data to allow the results to be 

traceable to a sample and source. The data should be accurate so that that the 

data can be shared with other IRMS laboratories. The database should be easy 

to use, easy to back-up and relatively inexpensive to establish and maintain. 

8. Compile recommendations to continue the path towards broader forensic 

casework applications of the IRMS technique. 
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Chapter 2. Method Development and 

Validation for Bulk Nitrogen Isotope Ratios 

2.1. Introduction 

Previous studies have shown the potential of IRMS to assist in determining the origin I 

movement of various materials and living things [ 1-17] and linking two or more 

samples, including explosives [1,12]. However few, if any, publications address the 

scientific validation of the technique for forensic applications. 

Demonstrating that n1ethod performance characteristics meet the requirements of the 

intended application is essential in forensic science and is achieved through method 

validation. Various publications are available that provide detailed descriptions of the 

performance characteristics that can be evaluated as part of a method validation [ 18, 

19]. Method validation is an expectation placed on all forensic laboratories, and indeed 

any laboratory accredited against the international standard ISO 17025, whether the 

tnethod be one that is recognised, slight! y modified, or entirely new. 

Determination of estimates of measuren1ent uncertainty (MU) for a method is one of 

the key components to any validation. MU estimates allow scientists (and end users) to 

ensure that the reported results are fit for purpose and traceable to international or 

national standards. Measurement uncertainty is defined as a parameter associated with 

the result of a measurement that characterises the dispersion of values that could 

reasonably be attributed to the measurand (i.e. the sample or standard being measured) 

[20]. Estimates of MU provide information about how large the error for a result may 

be and should where possible be reported alongside a reported result [20]. It is this 

measurement uncertainty, together with the variation in the isotopic composition of the 

sample that will allow detennination of a potential significant difference between two 

or more samples. 
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The objective of the research in this chapter was to develop and validate a method for 

the measurement of bulk nitrogen isotope ratios of inorganic solid materials, 

specifically ammonium nitrate (AN). In order to achieve this, a method capable of 

producing precise and accurate results for nitrogen in AN prill samples was required to 

be developed. Once developed, a validation protocol in line with the guidelines 

provided by the National Association of Testing Authorities, Australia (NATA) [18, 

20] was to be developed and performed in order to determine the performance 

characteristics of this method for the measurement of nitrogen in AN prill samples. 

This objective was set in order to work towards the overall objective of determining 

whether the isotope ratio mass spectrometry technique would assist in solving complex 

forensic cases by providing a level of discrimination not achievable utilising traditional 

forensic techniques. 

2.2. Materials and Methods 

2.2.1. Standards and Samples 

The terms international standards and certified reference materials (CRMs) are used 

interchangeably throughout this thesis. The following stable isotope ratio certified 

reference materials were utilised throughout the validation: IAEA-Nl (ammonium 

sulfate), IAEA-N2 (ammoniu1n sulfate), USGS25 (ammonium sulfate), and IAEA-N3 

(potassium nitrate). These standards were stored in their original packaging. The IAEA 

certified values used for the correction calculations are listed in Table 2-1 [21]. Note 

that the values as reported by Bohlke & Coplen [22] are the most recent and accepted 

values for these standards (refer to the certified values in Table 2-2, which are reported 

with the results of the blind trial conducted utilising the certified reference materials as 

unknowns). 
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Table 2-1 Results of accuracy experiments. 

B15N Measured Certified B 15N Certified Reference -Corrected Value (%o) [20] Difference (%o) 
Material Value (%o) 
IAEA-N1 Mean 0.3 0.4 0.1 

s 0.01 0.2 
IAEA-N2 Mean 20.2 20.3 0.1 

s 0.2 0.2 
IAEA-N3 Mean 4.7 4.7 0.04 

s 0.1 +2 to +5 
USGS25 Mean -30.4 -30.4 0.01 

s 0.1 0.5 

Table 2-2 Results of blind trial experiments utilising certified reference materials as the 
samples/unknowns. 

B N Measured B15N Certified Unknown -Corrected Value (%o) [21] Difference (%o) 
Value (%o) 

1 Mean 4.8 4.72 0.1 
s 0.1 0.13 

2 Mean -30.8 -30.41 0.4 
s 0.2 0.27 

3 Mean 20.5 20.41 0.1 
s 0.2 0.12 

4 Mean 0.6 0.43 0.2 
s 0.1 0.07 

The foJlowing were utilised as laboratory (working) standards: arnmonium nitrate 

(99.5% BDH AnalaR, product no. 10030-500G, batch no. 5635 1), ammonium 

thiocyanate (99.99+% Sigma Aldrich, product no. 431354-500, batch no. 13419JC), 

potassium nitrate (99.999% Aldrich, product no. 542040100, batch no. 10014EB), and 

ammonium nitrate (99.0% Sigma, product no. A9642-500G, batch no. 083K0671). 

The following chemicals were also evaluated as potential laboratory standards during 

the validation: ammonium sulfate, sodium nitrite, ammonium perchlorate, ammonium 

carbonate, urea, cornflour, self raising flour, and plain flour. 

Samples of explosive grade ammonium nitrate prill from an Australian AN 

manufacturer were also measured during the validation. 
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All samples (laboratory standards and ammonium nitrate prills) were stored in 24 mL 

Wheaton sample vials (clear) with Teflon-lined screw cap lids (Sigma-Aldrich). 

The following gases (from BOC) were used: helium ultra high purity (99.999%), 

nitrogen ultra high purity (99.999% ), and oxygen (99.996% ). 

2.2.2. Instrumentation and Equipment 

A Genius ME5 (Sartorius) analytical balance was utilised to weigh all samples and 

standards. The Genius ME5 analytical balance was calibrated by an external NAT A 

accredited body and the limit of performance was determined to be ± 0.000148 g. 

Standards and prepared samples were stored in either a Perspex (i.e. acrylic) or glass 

desiccator with self indicating orange silica gel (LabServ). Samples were weighed into 

3.3 x 5 mm tin capsules for solids (Santis Analytical). 

A DELT Apiusxp (Thermo Finnigan) IRMS instrun1ent, with ConFlo III interface and 

FlashEA ™ 1112 elemental analyser (EA) with an AS2000 auto sampler was utilised 

for all experiments. The operating software for the IRMS was Isodat NT 2.0 and for 

the EA was Eager 300 Version 2.1. Figure 1 -7 in Chapter 1 outlines the configuration 

of the instrument and the primary function of each component. 

2.2.3 ~ Method Parameters 

The following parameters were selected following an initial method development 

evaluation to measure nitrogen isotopes in ammonium nitrate and the proposed 

laboratory standards. The parameters were systematically varied in order to ensure that 

the following were achieved: 

1. full peak detection, without interference, for nitrogen peak by varying peak 

detection parameters in the method; 

2. complete con1bustion of samples to N2 ensunng that the most appropriate 

reactor packing materials and temperatures were utilised [23]; and 

3. peak height approximately same as reference peak height by adjusting 

reference gas pressures on the ConFlo interface. 
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Elemental analyzer - Figure 2-1 outlines the configuration and composition of the 

components in the elemental analyser [23]. 

Combustion Reactor Reduction Reactor 

8 

7 

6 

1. Quartz wool, 
40mm 
2. Silvered 
cobaltous/cobaltic 
oxide, 50mm 
3. Quartz woo 1, 
20mm 
4. Copper oxide, 
lOOmm 
5. Quartz wool, 
lOmm 
6. Quartz wool, 
50mm 
7. Reduced 
copper, 350mm 
8. Quartz wool, 
50mm 
9. Quartz wool, 
20mm 
10. Magnesium 
perchlorate 
ll. Quartz wool, 
20mm 

Figure 2-1 Configuration and composition of the combustion and reduction reactors and 
adsorption r.Jter inside the elemental analyser. 

Elemental analyser parameter - oven temperature (housing the packed gas 

chromatograph (GC) column, column length-2m): 35°C; carrier (helium) flow: 140 

mL/min; oxygen flow: 250 mL/min; and reference (nitrogen) flow : 300 mL/min. 

Interface parameters - helium: 1.5 bar; and reference nitrogen: 1.5 bar. 

IRMS method parameters- acquisition tin1e: 320 seconds; pulse of reference gas for 

20 seconds at 20, 60 (reference peak) and 180 seconds; nitrogen peak elution between 

95-160 seconds. 

Experiments were conducted to ensure that the peak detection window for nitrogen 

was suitable with respect to detecting the whole peak and avoiding inaccuracy in the 

measurements. In order to achieve this, the standard nitrogen method was modified by 
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changing the following parameters: the timing of the final nitrogen reference peak was 

changed from 180-200 seconds to 280-300 seconds to allow time for the full peak tail 

to elute. Peak detection end slope changed from 0.4 to 0.1 to ensure that the full tail 

would be detected. The sample peak detection range was expanded from 95-160 

seconds to 95-200 seconds. 

The effect of not detecting the entire peak tail on the delta values was observed. 

A standard analytical sequence consisted of the measurement of 2 x conditioning/blank 

tin capsules, 3 x Standard 1, 3 x Standard 2, Samples (up to 18), 3 x Standard 1, and 3 

x Standard 2. 

A spreadsheet template was developed in Microsoft® Excel in order to correct the 

values of the standards and samples in a sequence against certified reference materials. 

This ultimately allows not only intra-laboratory comparison, but also inter-laboratory 

con1parisons which are of particular importance when considering international 

databases. The major steps included in the spreadsheet are: 

1. Enter the measured delta values for the standards and samples as reported by 

the instrument. 

2. Exclude outliers using the Grubbs Test. The mean is calculated for the 

standards and samples and the Grubbs Test is then utilised to exclude outliers. 

Refer to Hibbert and Gooding [ 19] for a detailed explanation of the application 

of the Grubbs Test. 

3. Compare the mean of Standard 1 measured at the beginning of the sequence to 

the mean of Standard 1 at the end. Repeat the comparison for Standard 2. 

Determine whether there has been a significant drift over the course of the 

sequence (i.e. a drift greater than the reported standard deviation of the 

measured standard - in the absence of a reported standard deviation, the 

standard deviation for the instn1ment was utilised). If not, combjne the values 

of the standards (e.g. Standard 1 at start and end) to calculate the measured 

mean for that standard and repeat for Standard 2, then perform step 4. In each 

of the cases there was no significant systematic drift between the standards at 

the start and end of the sequence. If systematic drift was identified (i.e. each 
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sequential measurement had a greater offset than the previous measurement) 

then a correction would have been applied. This would have been calculated by 

determining the total drift (from start to end of sequence) and then dividing this 

drift by the number of samples measured in the sequence. This value 

(multiplied by the line number of the sample) would then have been added to 

the measured values of the samples. 

4. Calculate the correction factor by plotting the measured delta versus the known 

delta of the standards (either laboratory or certified reference material). The 

plot provides values for: m (slope) and b (intercept) in the equation: y = rnx + 

b. These values are utilised to obtain the true value of the sample i.e. the 

corrected value (y) by applying a correction to the measured value of the 

sample (x). 

5. Apply this correction factor to all the samples to calculate the true values of the 

samples versus a certified reference material . 

Sample Preparation 

Samples and standards were measured in triplicate unless otherwise specified. Samples 

and standards were weighed into tin capsules and subsequently sealed and placed in 

200 ~L centrifuge tubes. If the samples were not measured the same day, they were 

stored in the centrifuge tubes in a desiccator. Sample and standard a1nounts were 

selected so as to produce similar peak heights to the reference gas peaks 

(approximately 2000 mV). This equated to approxin1ately 300 ~g and 260 ~g for 

ammonium nitrate and ammonium thiocyanate respectively. 

2.2.5. Selection and Characterisation of Laboratory 

(Working) Standards 

The evaluation of potential laboratory standards focussed on: similarity in chemica] 

composition; whether the isotope ratios of the potential materials bracketed the 

expected isotope ratios of the target materials ; homogeneity; availability; similarity of 

decomposition products in pyrolysis cycles and ease of use. 
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Samples with similar chemical composition/structure to ammonium nitrate were 

selected and measured first in order to determine whether they bracketed the samples 

of interest and also whether the results indicated sample homogeneity. Different brands 

and grades of the chemicals were measured. 

The calibration of the laboratory standards was performed on multiple occasions as 

represented by the dates in Table 2-3. The laboratory standards were calibrated against 

the certified reference materials: IAEA-Nl (470 1-1g), IAEA-N2 (470 1-1g), USGS25 

(470 !lg), and IAEA-N3 (720 !lg) using the certified values listed in Table 2-1 (these 

weights were utilised throughout the experiments where the certified reference 

materials were measured). The certified reference materials were used as standards and 

the laboratory standards under evaluation were measured as unknown samples. For 

each sequence, the corrected values of the laboratory standards were determined 

utilising the spreadsheet template detailed in Chapter 2.2.3. The means of the corrected 

values yield the calibrated values for the laboratory standards. These values are given 

in Table 2-3 together with results from an inter-laboratory trial conducted in March 

2006. During this trial, samples of ammonium nitrate (99% ), ammonium thiocyanate 

(99.99+%) and potassium nitrate (99.999%) were distributed to seven IRMS 

laboratories in Australia and New Zealand for independent verification of their 

true/agreed values. The results of the trial are discussed in Chapter 3. 

51 



Chapter Two: Method Development and Validation for Bulk Nitrogen Isotope Ratios 

Table 2-3 Results of laboratory standards calibration. Results are reported as b15
NAIR (%o) and 

calibrated with certified reference materials. The results from the inter-laboratory trial are also 
reported for comparison. 

Laboratory Aug- Dec- Feb- May- Aug Calibration Inter-
Lab. Standard OS OS 06 07 -07 Average Trial 

Ammonium 81sN 
nitrate rmn. Mean -0.01 -0.2 -0.3 -0.2 -0.2 
99% (%o) 

S (%o) 0.03 0.03 0.1 0.1 0.6 

Ammonium 81sN 
nitrate min. Mean -2.9 -3.1 -2.9 -2.9 
99.5% (%o) 

S (%o) 0.03 0.2 0.1 0.1 

Ammonium 81sN 
thiocyanate Mean 2.8 2.8 2.9 3.0 2.9 3.1 
99.99+% (%o) 

S (%o) 0.1 0.01 0.1 0.1 0.1 0.3 

Potassium 81sN 
nitrate Mean -0.3 -0.4 -0.4 -0.4 -0.4 
99.999% (%o) 

S (%o) 0.04 0.1 0.03 0.01 0.2 

Two of the standards were selected for further evaluation (i.e. stability over time in 

different storage locations and suitability for the intended application). The stability of 

ammonium nitrate (99%) and ammonium thiocyanate (99.99+%) stored under different 

conditions over a 380 day (54 week) period was evaluated. Sample aliquots were 

collected on days 1, 8, 15, 36, 78, 160, 197, and 380. Three replicates of each sample 

were measured on each occasion. The storage locations included: glass desiccator, 

Perspex desiccator, laboratory cool room (0-3°C), and laboratory bench (ambient room 

temperature). Each sample was stored in a 24 mL Wheaton sample vial (clear) with a 

Teflon-lined screw cap lid (Sigma-Aldrich). USGS25 and IAEA-N3 were utilised as 

standards. 

2.2.6. Validation Protocol 

The validation protocol was developed in line with the guidelines provided by the 

National Association of Testing Authorities, Australia (NATA) [18, 20], whilst taking 

into consideration relevance of each performance characteristic to the IRMS technique. 
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2.2.6.1. Measurement Uncertainty 

The entire procedure, from the preparation of working standards to correction 

calculations, was evaluated for potential sources of uncertainty. These uncertainties 

were divided into sources of method bias/accuracy and method precision which were 

combined to determine an estimate of the overall measurement uncertainty (i.e. 

expanded uncertainty) for this specific method/procedure. 

2.2.6.2. Estimation of Measurement Uncertainty 

The following series of equations were utilised to provide an estimate of the 

measurement uncertainty (i.e. expanded uncertainty) for the measurement of nitrogen 

isotope ratios rn AN prill samples. These equations were utilised as they are 

recommended by NATA for performing an estimate of the combined standard 

uncertainty [20]. The guidelines published by NAT A utilise the key principles and 

definitions outlined in the ISO Guide to the Expression of Uncertainty in Measurement 

(GUM) [24] and Eurachem Quantifying Uncertainty in Analytical Measurement [25] ; 

however, are adapted specifically for chernical testing laboratories. According to the 

guidelines, a reasonable estimate of MU may be gained frotn the bias and precision 

associated with a test result. 

Combined Uncertainty - Equation 1 

uc(y) =combined standard uncertainty of y 

SL = standard deviation of results obtained from precision experiments 

ub = standard uncertainty associated with the measurement of bias (results from 

accuracy experiments) 
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Standard Uncertainty Associated with Bias -Equation 2 

u(y) = standard uncertainty of observed (i.e. measured) result from accuracy 

experiment 

u(Yexp) = standard uncertainty of expected result i.e. certified value of standard 

Standard Uncertainty Associated with Observed/Measured Result- Equation 3 

s = standard deviation of observed (measured) results 

n = number of measurements 

Standard Uncertainty Associated with Expected/Certified Result- Equation 4 

U( Yexp) =range I J3 

range=± value provided on the certified reference material certificate 

" 3 utilised as a rectangular distribution best represents this uncertainty data 

Estimation o(Bias- Equation 5 

b = Y- Yexp 

If jhl > t(0.05, n -l)ub, where t is the Student-t value at n-1 degrees of freedom, then 

the bias is significant. 
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Determination of Expanded Uncertainty if Bias is Significant- Equation 6 

k = coverage factor 

Determination of Expanded Uncertainty if Bias is NOT Significant- Equation 7 

A coverage factor (k) of 2 was utilised to determine the expanded uncertainty (U). A 

coverage factor is a numerical factor used as a multiplier of the combined standard 

uncertainty in order to obtain an expanded uncertainty. An expanded uncertainty refers 

to a quantity defining an interval about the result of a measurement that may be 

expected to encompass a large fraction of the distribution of values that could 

reasonably be attributed to the measurand [20]. A coverage factor of 2 provides an 

approximate level of confidence of 95% i.e. one can be 95% confident that the 

reported range includes the true value [20]. 

The following experiments were conducted to provide estirnates of uncertainty for a 

number of key perforn1ance characteristics, however only the results from the AN prill 

precision and accuracy experiments were utilised in the final estimation of the 

measurement uncertainty: 

1. Values for laboratory and international standards obtained over at least a 12 

month period were plotted to determine the expected variation of reported 

results over an extended period of time. These values represent the corrected 

values for these standards when they were measured as standards in a sequence. 

The standards were corrected either to the certified value if it was a CRM or the 

calibrated value if it was a laboratory standard. The resulting uncertainty 

represents the expected variation/uncertainty when preparing and measuring 

these sample types, including performing the correction calculations. 

2. Method Precision/Repeatability (99% AN) - seven replicate measurements of 

300 !J,g ammonium nitrate (99%) were measured together with laboratory 
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standards (ammonium nitrate 99.5o/o and ammonium thiocyanate 99.99+%) to 

evaluate the precision (variability) of the instrument over a 125 day (18 week) 

period. 

3. Method Precision/Repeatability (AN prill)- the precision was determined over 

a 222 day period, using three measurements from three different prills from the 

same sample on two occasions and seven replicate measurements from a 

number of crushed priUs from the same sample on the third occasion. 

4. Method Bias/Accuracy - four international standards (IAEA-Nl , IAEA-N2, 

USGS25, and IAEA-N3) were prepared (three replicates of each) and measured 

as samples/unknowns using IAEA-N2 and USGS25 as the standards. 

5. Suitability of Laboratory (Working) Standards, Sequence Template, and 

Correction Calculations - results of the calibration and precision/repeatability 

experiments were evaluated to determine whether fractionation was occurring 

within or between sequences. 

6. International standards were measured as unknowns in the middle of seven 

sequences to determine whether significant drift was occurring throughout the 

course of each sequence and whether the Excel correction template was fit-for-

purpose. 

2.2.6.3. Robustness (Different Operators) 

Three different operators prepared and measured an1monium nitrate (99% ), affilnonium 

thiocyanate (99.99+o/o) and potassium_ nitrate (99.999o/o) on different days using 

international standards (IAEA-Nl, IAEA-N2, USGS25, and IAEA-N3) as the 

standards. Seven replicates of each sample were measured. 

2.2.6.4. Reproducibility I Ruggedness 

The effect of the variation of the following environmental conditions on delta values 

was evaluated: room temperature, night time versus day time, and room door opening 

and closing. These environmental conditions were identified for evaluation as they 

were the ones that would vary over the course of the research. It was necessary to 

ensure that variations in these environmental conditions did not have a significant 

effect on the measured delta values (i.e. outside the acceptable range in measurements 
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of 99% ammonium nitrate). Seven to ten replicates of ammonium nitrate (99%) 

samples were utilised during each evaluation, with ammonium nitrate (99 .So/o) and 

ammonium thiocyanate (99 .99+o/o) as the laboratory standards. 

2.2.6.5. Linear Range 

Seven replicate measurements of each of the following weights of ammonium nitrate 

(99o/o) were collected on one day: 15 !lg, 37.5 !lg, 75 !lg, 150 !lg, 300 !lg, 600 !lg, 1050 

!lg, and 1500 !lg. The results obtained from the experiments were utilised to determine 

linear range and also assist in determining the amount at which nitrogen measurements 

displayed unacceptable precision. Ammonium nitrate (99.5%) and ammonium 

thiocyanate (99.99+%) were measured as the laboratory standards. The linear range for 

prill samples was determined using seven replicates of the following weights of 

ammonium nitrate prill: 75 !lg, 150 !lg, 300 !lg, 600 j.!g, and 1200 !lg. Ammonium 

nitrate (99.5%) and ammonium thiocyanate (99.99+o/o) were utilised as the standards. 

The prill evaluation was smaller than that conducted using the analytical grade 

ammonium nitrate, however the study was sufficient to determine whether the major 

performance characteristics of the technique were acceptable when the analyte of 

interest was measured (in this case, ammonium nitrate prill satnples). 

2.2.6.6. Blind Trial 

Samples of four international standards (IAEA-Nl, IAEA-N2, USGS25, and IAEA-

N3) were prepared by a research assistant (three replicates of each). These were 

measured as unknown samples by a second person using ammonium nitrate (99.5%) 

and ammonium thiocyanate (99.99+%) as the standards. 

2.2.6.7. Relative Yield Calculations 

The results from the blind trial were also utilised to calculate the relative yield for the 

laboratory standards versus the international standards. The results from the AN prill 

validation experiments (i.e. linear range sequence) were utilised to calculate relative 

yield of AN prill samples versus the laboratory standards. 
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Calculations were performed by determining the weight of nitrogen in the sample in 

~g. Yield per ~g for each sample was calculated by dividing the mean area (mass 28) 

by the weight of nitrogen in the compound. This was then divided by the yield of the 

CRM or laboratory standard that the sample was compared to. 

2.2.6.8. Water Adsorption 

As ammonium nitrate is known to be hygroscopic, an experiment was conducted to 

determine whether the adsorption of water onto prills affected the nitrogen delta 

values. Small, medium and large prills were selected fro1n one sample from the one 

manufacturer. Images and measurements of these prills were taken on day one and day 

eight. Three measurements from each prill were conducted. The samples were 

measured with laboratory standards. The samples were exposed to the laboratory 

environment for the duration of the experiment i.e. placed on a laboratory bench in a 

Petri dish (uncovered/unsealed). 

2.2.6.9. Software Validation 

The Isodat software was manually verified/validated us1ng a Microsoft® Excel 

spreadsheet (developed by Thermo Fisher Scientific Bretnen) which consisted of the 

calculations performed on the raw peak areas as measured by the instrument in order to 

obtain the final reported delta values (i.e. software algorithm for calculation of delta 

values based on peak area). As the spreadsheet was provided by the instrument 

manufacturer, the functions, cell values, and order of calculations were checked. Once 

the basis for the calculations was understood and verified, the spreadsheet was used to 

cotnpare the results obtained from the spreadsheet to the results obtained from the 

Isodat software. This was achieved by selecting seven delta values which were high 

(20.3%o), low (-30.4%o) and in the middle range (O%o) and subsequently using the 

spreadsheet to independently calculate the delta values using the raw peak areas from 

the instrument. The final calculated delta values were then compared with the reported 

delta values from the Isodat software. 
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2.3. Results and Discussion 

Results are reported as 815N Affi (%o) unless otherwise specified. Error bars in all plots 

represent± 1 standard deviation (s). 

2.3.1. Method Parameters 

Figure 2-2 to Figure 2-7 contain typical chromatograms for the measurement of 

ammonium nitrate (99% ), ammonium thiocyanate and ammonium nitrate prill utilising 

the method presented in Chapter 2.2.3. 
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Figure 2-2 Nitrogen isotope ratio chromatogram for ammonium nitrate (99% ). 
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Figure 2-3 Nitrogen isotope ratio chromatogram for ammonium nitrate (99%) - zoomed in on 
baseline to show peak resolution. 
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Figure 2-4 Nitrogen isotope ratio chromatogram for ammonium thiocyanate. 
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Figure 2-5 Nitrogen isotope ratio chromatogram for ammonium thiocyanate - zoomed in on 
baseline to show peak resolution. 
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Figure 2-6 Nitrogen isotope ratio chromatogram for ammonium nitrate prill. 
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Figure 2-7 Nitrogen isotope ratio chromatogram for ammonium nitrate prill - zoomed in on 
baseline to show peak resolution. 
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Table 2-4 lists the mean delta values and one standard deviation for the standards 

measured in the experiments conducted to evaluate the effect of the peak detection 

window width on the delta value. There does not appear to be a significant difference 

between the delta values obtained for the samples using both methods (i.e. the original 

method and the method with the expanded peak detection window). The differences 

are within the published standard deviations for the respective CRMs or within the 

reported standard deviations for the laboratory standards. 

Table 2-4 Mean delta values and one standard deviation for the standards measured in the 
experiments evaluating the effect of the peak detection window on the delta values. 

Standard Original Method Expanded Method 

Mean B15N (%o) S (%o) Mean ()15N (%o) S (%o) 

USGS25 -30.4 0.02 -30.3 0.01 

IAEA-N3 4.0 0.1 4.2 0.1 

NH4N03 -3.6 0.1 -3.3 0.2 

NH4SCN 2.5 0.1 2.4 0.1 

USGS25 -29.8 0.1 -30.0 0.3 

IAEA-N3 3.9 0.1 4.2 0.02 

2.3.2. Selection and Characterisation of Laboratory 

Standards 

Fourteen materials were measured for an initial evaluation as to whether their nitrogen 

isotope compositions bracket the samples of interest and for isotopic hotnogeneity. 

From these foutteen materials, four were selected to perform detailed calibration 

studies. Table 2-3 displays the mean corrected values from the calibrations and the 

final calculated values for the laboratory standards (i.e. calibration average). Figure 2-8 

displays a plot of mean delta nitrogen values measured for ammonium nitrate over a 

380 day period (54 weeks). Over this time, samples of ammonium nitrate stored in the 

following four locations were measured: Location 1 - laboratory bench (ambient room 

temperature); Location 2 - Perspex desiccator; Location 3 - glass desiccator; Location 

4 - laboratory refrigerator (0-3°C). Figure 2-9 displays a plot of mean delta nitrogen 
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values measured for ammonium thiocyanate over a 380 day period (54 weeks) in the 

same storage locations as above. 
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Figure 2-8 Ammonium nitrate stability evaluation over 380 days under different storage 
conditions. 
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Figure 2-9 Ammonium thiocyanate stability evaluation over 380 days under different storage 
conditions. 

Despite the apparent significant differences between the different locations over time, 

the means and standard deviations of the samples in each location over the time period 

(as summarised in Table 2-5) are not significantly different from the means and 

standard deviations of the samples as detern1ined during the calibration (Table 2-3). 

The standard deviations are also not significantly different from the overall 

measurement uncertainty estimated for this procedure (Chapters 2.3.3.1 and 2.3.3.2). 

Hence, the observed standard deviations cannot be specifically attributed to the effect 
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of the different storage location, the effect of the storage container (vial) or storage 

over time. Despite this, preference would be given to storage in a desiccated 

environment in order to minimise the potential for water absorption. However, it is 

important to acknowledge that if samples of this type were stored in a refrigerator or 

on a laboratory bench at ambient temperature, then the bulk nitrogen isotope ratios 

would not be compromised. 

Table 2-5 Overall mean and standard deviation of ammonium nitrate (99% ) and ammonium 
thiocyanate (99.99+ %) stored in each location during the stability evaluation. 

Ammonium Nitrate Ammonium Thiocyanate 
Location 

Mean o15N (%o) and s Mean o15N (%o) and s 

Location 1 - laboratory bench 

Location 2 - Perspex desiccator 

Location 3 - glass desiccator 

Location 4 - refrigerator 

2.3.3. Validation Protocol 

-0.2 ± 0.2 

-0.1 ± 0.2 

-0.2 ±0.2 

-0.1 ± 0.2 

2.3.3.1. Measurement Uncertainty 

3.03 ± 0.3 

3.00 ± 0.2 

3.02 ± 0.2 

3.01 ± 0.2 

Examination of the technique from sample preparation to data correction permitted the 

identification of several potential sources of uncertainty. The sources included, but are 

not limited to: the uncertainties in the electronic balance and the certified reference 

materials, matrix effects, and fractionation. These potential sources may affect (to 

varying extents) the accuracy through method bias. The precision of the electronic 

balance and IRMS, and the inhomogeneity of the test materials and laboratory 

standards, may impact on the method precision. 

The Genius ME5 analytical balance was calibrated by an external NATA accredited 

body and the limit of performance was determined to be ± 0.000148 g. This value 

equates to approximately± 0.03%o (based on the Linear Range experiments conducted 

utilising 99o/o ammonium nitrate - refer to Chapter 2.3.3 .5). 
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The standard deviation (s) applicable to the certified reference materials used in this 

study is given in Table 2-1. The instrument standard deviation is provided in Table 2-

6. 

The replicate measurements of certified reference materials USGS25 and IAEA-N3 for 

a 12-month period were plotted (see Figure 2-10 to Figure 2-13). The mean of the 

measurements (represented by the red solid line) and ±1 standard deviation 

(represented by the blue broken lines) were plotted on the same figures. After plotting 

all individual measurements, outliers were excluded using the Grubb's test [19] . A 

number of points suspected of being outliers were excluded based on the fact that the 

measurements were from the first sample in a sequence, hence were considered to be 

conditioning samples (these values are not included in the figures). 
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Figure 2-10 Plot of corrected measm·ements of USGS25 over 17 month period. Mean value and ±1 
standard deviation also represented. 
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Figure 2-11 Plot of corrected measurements of IAEA-N3 over 17 month period. Mean value and± 
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Figure 2-12 Plot of corrected measurements of ammonium nitrate (99.5% ) over 12 month period. 
Mean value and ± 1 standard deviation also represented. 
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Figure 2-13 Plot of corrected measurements of ammonium thiocyanate (99.99+%) over 12 month 
period. Mean value and ± 1 standard deviation also represented. 

A surnmary of the range in individual measurements, mean, standard deviation, 95% 

confidence interval (95% CI) and number of measurements (N) relating to the 

individual corrected values of the measurements over the 12-month period are 

represented in Table 2-6. 

Table 2-6 Summary of the analytical results obtained for the laboratory and international 
standards over a 12-17 month period and comparison with the reported standard deviations for 
the instrument and certified reference materials. 

Certified Certified 

Standard Range Mean s 95o/o N Instrument s Value Value 
(%o) (%o) (%o) CI (%o) [26] (%o) & S (%o) & S 

[21] [22] 

USGS25 0.7 -30.4 0.1 0.03 115 ±0.15 -30.4 ± -30.41 ± 
0.5 0.27 

IAEA-N3 0.5 4.7 0.1 0.02 105 ±0.15 4.7 4.72± 
0.18 

Ammonium 0.6 -2.9 0.1 0.01 290 ±0.15 nitrate 

Ammonium 0.5 2.9 0.1 0.01 301 ±0.15 thiocyanate 
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Method Precision/Repeatability (99% AN) - Figure 2-14 displays a plot of the 

precision/repeatability results over 125 days for the ammonium nitrate (99%) samples. 

The range observed in the mean delta values over the 125 day period was 0.2%o and 

the mean and standard deviation of all of the individual measurements combined was 

815
N AIR -0. 1 ± 0.1%o. 
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Figure 2-14 Precision/repeatability results utilising ammonium nitrate (99% ). 
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It is worth noting that the necessary maintenance (refer to Table 2-7) conducted over 

this period did not have a significant effect on the corrected results; however, once 

again this is dependant on the number of conditioning samples measured prior to the 

standards/samples of interest. 

Table 2-7 Maintenance conducted over 125 day period during precision/repeatability experiments. 
The number of samples analysed refers to the number of samples between the maintenance and 
repeatability sequences. 

Day Maintenance 
3 Cleaned ash top of combustion reactor 

5 Changed helium cylinder 

28 Cleaned ash top of combustion reactor 

55 Cleaned ash and changed He cylinder 

125 1. replaced reduction reactor 
2. replaced combustion reactor I 
changed He cylinder 
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Number of samples analysed 
4 blank tin capsules 

3 blank tin capsules 

71 samples 

46 samples 

1. 31 8 samples 
2. 23 samples 
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Method Precision/Repeatability (AN prill) - Figure 2-15 displays a plot of the 

precision/repeatability results over 222 days for the ammonium nitrate prill samples. 

The range observed in the mean delta values was 0.2%o and the mean and standard 

deviation of all of the individual measurements combined was 815
N AIR -0.7 ± 0.1 %o. 

Precision/Repeatability- Ammonium Nitrate Prill 
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Figure 2-15 Plot of ammonium nitrate prill precision/repeatability results. 

Method Bias/ Accuracy - Table 2-1 details the results of the method bias/accuracy 

experiments. The difference between the certified and measured values is equivalent to 

the sum of the method bias and random errors [ 18]. Therefore, within the scope of 

these accuracy experiments, the method bias and random errors can account for a 

variation of ±0.1 %o. Note that these results are only applicable for the range of 

standards used in this evaluation. The method will be comprehensively evaluated for 

bias in a future inter-laboratory study. 

Suitability of Laboratory Standards, Sequence Template and Correction Calculations-

the laboratory standards measured during the calibration and precision/repeatability 

experiments were plotted and evaluated for potential trends, including potential 

fractionation. There did not appear to be any significant variation between the values 

of the standards at the beginning and end of each sequence, indicating no apparent drift 

within an analytical sequence. 
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One trend observed was that the first ammonium nitrate laboratory standard measured 

was generally significantly more negative than the other five measurements. This is 

likely due to the need to run conditioning samples prior to measuring the standards or 

samples of interest. This leads to the recommendation that at least one conditioning 

sample of the same or similar composition to the target material should be measured 

prior to the first set of standards (with additional conditioning samples required if 

instrument maintenance has been conducted). For example, the standard sequence 

would change to: 2 x blank tin capsules; 4 x Standard 1; 3 x Standard 2; Samples; 3 x 

Standard 1; 3 x Standard 2. The first measurement of the first set of standards could 

then be considered as a conditioning sample only. 

The chromatograms of ammonium thiocyanate displayed an extra peak between 210-

250 seconds. This peak was attributed to the carbon in thiocyanate, which is converted 

to C02 in the EA; C02 elutes after N2, but is cleaved to CO in the ion source of the 

MS. As CO is isobaric with N2 the carbon in the thiocyanate appears as a second peak 

in the chromatogram. During method development, the acquisition time was extended 

to allow the complete elution of this peak so that it would not interfere with subsequent 

measurements. An alternative would be to include a trap (e.g. ascarite) to remove the 

carbon prior to entry into the IRMS. This additional peak did not appear to have an 

effect on subsequent measurements. 

The mean and standard deviation of the corrected values for the IAEA-N1 san1ples 

measured as unknowns (mid sequence for 7 sequences) were not significantly different 

from the reported certified values for this international standard. The mean and 

standard deviation of all the measurements from the sequences were 815NAIR 0.4 ± 

0.1 %o, compared to the reported value of 815NAIR 0.43 ± 0.07%o [22]. This indicates 

that there was no significant drift occurring throughout a sequence containing up to 18 

samples and that there were also no significant sources of uncertainty with the Excel 

correction calculation spreadsheet that was developed and employed for this research. 
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2.3.3.2. Estimation of Measurement Uncertainty 

The expanded uncertainty for the measurement of nitrogen isotope ratios in ammonium 

nitrate prills was determined to be 0.2%o (coverage factor of 2) utilising the equations 

in Chapter 2.2.6.2. The bias was determined to be insignificant. 

The systematic bias that may be introduced when measuring AN prill samples as 

opposed to the certified reference materials was not evaluated as the AN prill samples 

do not have certified values. Consideration will be given in the future to the potential 

bias that may be introduced as a result of the coating agent or other additives in the 

prill samples. 

Werner & Brand [27] discuss other reasons why measurements may vary, including 

contamination of the combustion and or reduction tube with previous sample material 

resulting in memory effect, variation in combustion efficiency thereby altering the 

isotopic composition or the efficiency of the reduction tube for scavenging excess 

oxygen and for reducing nitrous oxides over time. These issues are generally cancelled 

out if the reference materials are chemically identical to the samples and are measured 

under the same conditions. 

2.3.3.3. Robustness (Different Operators) 

Delta values and associated standard deviations obtained from the three different 

operators during the robustness experiments are detailed in Table 2-8. The means and 

standard deviations and the range in means reported by the three operators for 

ammonium nitrate and ammonium thiocyanate are not significantly different from the 

calibrated values of the standards (Table 2-3) or the estimated measurement 

uncertainty (Chapter 2.3.3.2). The results indicate that the measurements do not vary 

significantly as a result of different competent operators. 
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Table 2-8 Results of robustness evaluation experiments. 

Operator Ammonium Nitrate Ammonium Thiocyanate 
B15N Mean (%o) s (%o) B15N Mean (%o) s (%o) 

1 -0.3 0.1 2.9 0.1 
2 0.002 0.1 3.02 0. 1 
3 -0.1 0.1 3.1 0. 1 
Range in means (%o) 0.3 0.2 

2.3.3.4. Reproducibility/Ruggedness (Environmental Conditions 

Varied) 

The results of the experiments where the environmental conditions were varied are 

plotted in Figure 2-16. The range observed in the means throughout these experiments 

was 0.1 %o. This range is within an acceptable measurement uncertainty of the 

technique. The mean and standard deviation for all of the combined measurements was 

815
N _A.IR -0.1 ± 0.1 %o. Overall there was no significant effect on the means that could be 

attributed to the varying environmental conditions (i.e. room temperature, door 

position, and day versus night n1easurements). 

Reproducibility/Ruggedness - Ammonium Nitrate (99o/o) 
0.1 

-- -- - ----------'-'----·--·--·----1~-

-+~--~f----
-0.2 +-~-'-'---1......___......,._.'"----~-----'-'--r-'-~-'--'-T---"-----;-"-........,__-..--'----'I 

0 2 3 4 5 6 7 8 
Variable Factor 

1. Door 
open/closed/no lights 
2. Uninterrupted 
3. AIC 22°C 
4. AIC 30°C 
5. A/C 18°C 
6. Night 
7. Day 

Figure 2-16 Reproducibility evaluation experiment results utilising ammonium nitrate (99% ). 
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2.3.3.5. Linear Range 

Figure 2-17 contains a plot of the mean instrument response for the mass 28 peak 

amplitude (m V) at a range of increasing weights of nitrogen (in 99o/a ammonium 

nitrate samples). 
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Figure 2-17 Plot of linear range experiments with respect to mean instrument response utilising 
ammonium nitrate (99% ). 

Examination of the relative standard deviation (RSD) (which provides an indication of 

the imprecision of the measurements [ 19]) detailed in Table 2-9, indicates that the 

results are precise, accurate and linear between the approximate range 52.5-525 ~g of 

nitrogen (i.e. 150-1500 ~g of arrunonium nitrate). A RSD value of less than 1% is 

generally viewed as very good; however, routine measurements generally fall between 

the 1-5% range [19] . The instrurnent response versus weight (mV/~g) data in Table 2-9 

also demonstrates that the instrument response stabilises when samples contain 

approximately 52.50 ~g of nitrogen and above. Based on the experimental results, the 

instrument appears to have significantly worse precision when measuring samples 

containing less than 52.50 ~g of nitrogen (i.e. 150 ~g of ammonium nitrate). 
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Table 2-9 Summary of linear range results with respect to mean instrument response, mean delta 
and standard deviation utilising ammonium nitrate (99% ). 

Weight Mean ()1sN 
Range Instrument s RSD Mean S (%o) mV/,..,g Nitrogen (,..,g) Response (mV) (mV) 

(%o) (%o) 

5.25 (15!lg 94.9 26.4 27.8 -0.3 0.7 2.0 18.1 
NH4N03) 

13.13 (37.5!lg 254.3 19.6 7.7 0.2 0.3 0.8 19.4 
NH4N03) 

26.25 (75!lg 563.1 29.7 5.3 -0.02 0.1 0.4 21.5 
N~N03) 

52.50 (150!lg 1198.4 41.8 3.5 -0.01 0.1 0.3 22.8 
NH4N03) 

105.00 (300!lg 2332.7 53.5 2.3 0.0 0.1 0.1 22.2 
NH4N03) 

210.00 (600!lg 4635.9 107.3 2.3 0.1 0.1 0.2 22.1 
NH4N03) 
367.50 
(1050!lg 8285.0 112.1 1.4 0.04 0.04 0.1 22.5 
NH4N03) 
525.00 
(1500!lg 1 1914.0 545.4 4.6 0.1 0.1 0.1 22.7 
NH4N03) 
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Figure 2-18 contains a plot of the mean deltas at a range of increasing weights of 

nitrogen (in 99% ammonium nitrate samples). 
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Figure 2-18 Plot of linear range experiments with respect to mean delta utilising ammonium 
nitrate (99% ). 

If the unreliable data (i.e. less than 52.50 ~-tg of nitrogen) is excluded, there appears to 

be a slight, however insignificant, systematic pattern (i.e. 0.0002%ol~-tg) with regards to 

the mean delta values with increasing sample size. This linearity pattern may be due to 

the linearity of the mass spectrometer. The weight of the standards and the reference 

gas voltage remained constant whilst the weights of the samples varied which may also 

have contributed to the observed pattern. 

In order to minimise the bias introduced through variation in sample stze it is 

recommended that samples of ammonium nitrate be measured in the range 300 ± 50 !-tg 

which will result in a bias of approximately ±0.01 %o. If measurements are not made in 

this range, then consideration should be given to the bias introduced through variation 

in sample size during interpretation. 

The limit of detection was not determined as it is not relevant for IRMS measurements. 

The critical performance characteristic to evaluate was the range in which the response 
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was reliably linear. Figure 2-19 contains a plot of the mean instrument response (m V) 

at a range of increasing weights of nitrogen in ammonium nitrate prill samples. 
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Figure 2-19 Plot of ammonium nitrate prilllinear range experimental results with respect to mean 
instrument response. 

The relative standard deviation (RSD) values in Table 2-10 indicate that the results are 

precise, accurate and linear within the range that was evaluated i.e. 26.25 - 420 !lg of 

nitrogen (i.e. 75-1200 !lg of mnmonium nitrate). Weights beyond 420 !lg of nitrogen 

were not tested; however, the low RSD for 420 Jlg of nitrogen indicates that the linear 

range could be extended further incorporating larger weights of nitrogen. The results 

for 105-420 !lg of nitrogen (i.e. 300- 1200 ~tg ammonium nitrate) were very good, with 

RSD values < 1 o/o. 

Table 2-10 Summary of ammonium nitrate prilllinear range results with respect to mean 
instrument response, mean delta and standard deviation using ammonium nitrate prills. 

Weight Mean OlSN 
Instrument Range Nitrogen Response s (mV) RSD Mean S (%o) (%o) mV/f.lg 

(f.lg) (mV) (%o) 

26.25 373.3 10.5 2.8 -1.3 0.3 0.7 14.2 
52.5 809.7 9.1 1.1 -1.2 0.2 0.4 15.4 
105 1816.3 9.1 0.5 -0.7 0.1 0.2 17.3 
210 3922.8 18.9 0.5 -0.7 0.1 0.3 18.7 
420 7893.5 31.7 0.4 -0.7 0.1 0.4 18.8 
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Figure 2-20 contains a plot of the mean delta at a range of increasing weights of 

nitrogen using ammonium nitrate prill samples. When the first two values are excluded 

(as potentially unreliable data), there is no apparent bias in the measured mass range 

(i.e. 105-420 ~g). The instrument response versus weight data in Table 2-10 indicates 

that the instrument response starts to stabilise when measuring samples containing 210 

~g of nitrogen and above. Measurements of samples containing more than 420 ~g of 

nitrogen should be made in the future to confirm this apparent trend. 
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Figure 2-20 Plot of linear range experiments with respect to mean delta utilising ammonium 
nitrate prill. 

2.3.3.6. Blind Trial 

The results of the blind trial (as summarised in Table 2-2) indicate that the technique, 

methods and laboratory standards are fit-for-purpose, i.e. are suitable/capable of 

determining the true/agreed values of a range of samples within an acceptable 

measurement uncertainty. 

2.3.3.7. Relative Yield Estimations 

Table 2-11 and Table 2-12 contain the relative yield results for the laboratory standards 

relative to the CRMs and AN prill samples relative to the laboratory standards 

respectively. The yield in terms of peak area produced for 1 ~g of compound was 

compared and the relative yields calculated in percentages with respect to the 
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compound with the highest yield. The results indicate that there is no significant 

difference in the yields being produced from the laboratory standards and CRMs. The 

results also indicate that there is no significant difference in the yields being produced 

from the AN prill samples relative to the laboratory standards. These results indicate 

that incomplete combustion is not occurring for the laboratory standards or AN prill 

samples relative to the CRMs. A future recommendation would be to determine the 

absolute yield by first determining the flow of gas into the MS. 

Table 2-11 Relative yield results for the nitrogen laboratory standards relative to CRMs. 

AN Lab. Std. NH4SCN Lab. Std. 

Yield Yield Yield Yield Yield Yield Yield 

relative relative to relative relative relative relative relative 

to IAEA- USGS25 to IAEA- to IAEA- to to to 

N3 (%) (%) N2 (o/o) Nl (%) IAEA- USGS25 IAEA-
N3 (%) (%) N2 (%) 

102 99 98 97 104 101 100 

Table 2-12 Relative yield results for AN prill samples relative to laboratory standards. 

Ammonium Nitrate Prill 

Yield relative to AN 
Lab. Std. (%) 

102 

Yield relative to 
NH4SCN Lab. Std. 

(%) 

99 

2.3.3.8. Water Adsorption 

Yield 
relative 

to 
IAEA-
Nl (%) 

99 

The results of the water adsorption experiments are summarised in Table 2-13. Images 

of the priUs at day one and then at day eight after being exposed to the atmosphere are 

displayed in Figure 2-21 and Figure 2-22 respectively. There does not appear to be 

significant variation in the bulk nitrogen isotope ratio over the 8 day period. Although 

the values appear to be depleted, this variation is within the measurement uncertainty 

of the technique. 
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Figure 2-21 AN prills on day one of nitrogen water adsorption experiments. 

Figure 2-22 AN prills on day eight of nitrogen water adsorption experiments. 

Table 2-13 Water adsorption experiment results for nitrogen isotopes. 

Day One Day Eight 

Mean o15N (%o) S (%o) Mean o15N (%o) S (%o) 

Large prill -0.6 0.2 -0.4 0.3 
Medium prill -0.6 0.1 -0.4 0.1 
Small prill -0.7 0.1 -0.4 0.1 
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2.3.3.9. Software Val idation 

The software algorithm for the calculation of delta values based on peak area is 

summarised from the Excel spreadsheet (created by Thermo Fisher Scientific Bremen) 

in Appendix 2. 

The delta values calculated using this Excel spreadsheet were compared with the 

corresponding reported delta values from the instrument. The values obtained by the 

two methods were the same. This validation demonstrates that the series of 

calculations included in the algorithm are logical and that the spreadsheet produces the 

same values as the instrument software. 

2.4. Conclusions 

The experiments described in this chapter have demonstrated that the instrument and 

the analytical method utilised is fit for the purpose of measurement of bulk nitrogen 

stable isotopes in ammonium nitrate samples, including pri.ll samples. This chapter 

provides a model protocol, which can be considered by other forensic practitioners in 

relation to the validation of the same or sirrtilar instrumentation for forensic casework. 

Suitable laboratory standards were evaluated and calibrated against certified reference 

materials. The mean values and standard deviations associated with a number of 

certified reference materials and laboratory standards measured over a 1.2-17 month 

period were determined to be as follows: 

1. USGS25: 815NAIR -30.4 ± 0.1 %o 

2. IAEA-N3: 815NAIR 4.7 ± O.l%o 

3. Ammonium nitrate: 815NAIR -2.9 ± 0.1 %o 

4. Ammonium thiocyanate: 815NAIR 2.9 ± O.l%o 

The overall measurement uncertainty (i .e. expanded uncertainty) for the measurement 

of nitrogen isotope ratios in ammonium nitrate prill samples utilising the 

instrumentation, methods and procedures detailed in this chapter was estimated as 

0.2%o (coverage factor of 2). 
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All evaluated method performance characteristics (including: accuracy, 

precision/repeatability, reproducibility/ruggedness, robustness and linear range) were 

within the determined measurement uncertainty range. Measurements also within an 

acceptable measurement uncertainty range were reported during the blind trial 

conducted. 

Further research is required with respect to the measurement of ammonium nitrate, 

including: the evaluation of the within sample variation from one manufacturer and 

between sample variation from different manufacturers; evaluation of potential 

differences between the nitrogen originating from the ammonium ion and the nitrate 

ion; evaluation of the manufacturing process for potential fractionation ; evaluation of 

the potential to perform pre- versus post-blast comparisons; and the establishment of 

suitable databases containing data for each of the isotopes to be used for the potential 

differentiation of ammonium nitrate samples (i.e. nitrogen, oxygen and hydrogen). The 

significance of finding ammonium nitrate samples that cannot be differentiated based 

on stable isotope ratios also needs further investigation. Another future 

recommendation would be to determine the absolute yield of the standards and 

samples by first determining the flow of gas into the MS. 
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Chapter 3. Inter-Laboratory Trial: Bulk Carbon 

and Nitrogen Stable Isotopes 

3.1. Introduction 

As discussed in Chapter 1, the validation of the IRMS technique for a range of 

applications prior to casework implementation is essential. A key aspect of the 

technique requiring validation is traceability - the comparability of results obtained by 

different laboratories and at different times [1]. Comparability of data over time and 

between laboratories is a key issue for consideration in the development of global 

databases, and more broadly for quality assurance in general. 

A number of international inter-laboratory trials have been conducted, including those 

by the FIRMS Network [2-4] ; however, it was deemed necessary to conduct a locally-

based trial as the laboratories in the region would be the ones most likely to exchange 

data and share databases. In order to evaluate traceability in the Austra1ian and New 

Zealand IRMS corrununity, an inter-laboratory trial was organised. Samples were 

prepared and distributed to a number of Australian and New Zealand IRMS 

laboratories. 

The primary objective of this inter-laboratory trial was to determine whether IRMS 

laboratories in Australia and New Zealand would repo11 comparable values for the 

distributed samples. A secondary objective was to assist in determining the true stable 

isotope values for laboratory standards for use in the Australian Federal Police 

laboratory for the determination of bulk nitrogen and carbon isotope ratios. 

Additionally, the compilation of details of methodology used in each laboratory would 

provide data to recommend best practice with respect to standard analytical sequences, 

international and laboratory standards, methods, and correction calculations for this 

specific application of IRMS . 
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3.2. Materials and Methods 

3.2.1. Sample Preparation and Distribution 

The following samples were distributed to seven laboratories in Australia and one 

laboratory in New Zealand, with a request to analyse the samples using the 

laboratory's standard procedures and methods for bulk carbon isotope ratios (8 13Cvpos 

(%o)) and bulk nitrogen isotope ratios (8 15NAIR (%o)). 

• Carbon samples: calcium carbonate, caffeine, sucrose and plain flour. 

• Nitrogen samples: ammonium nitrate, potassium nitrate, ammonium 

thiocyanate, and plain flour. 

The eight selected laboratories are representative of the IR.MS laboratories in Australia 

and New Zealand. 

The samples were selected following a preliminary evaluation of potentially suitable 

materials to serve as laboratory standards for the measurement of bulk nitrogen and 

carbon isotope ratios in inorganic samples, particularly ammonium nitrate, and a range 

of samples containing carbon. The evaluation focussed on: sirn.ilarity in chenlical 

composition, whether the isotope ratios of the potential materials bracketed the 

expected isotope ratios of the target materials, homogeneity, availability, similarity of 

decomposition products in pyrolysis cycles and ease of use. 

The following information was also requested from the participating laboratories: 

details of instrumentation (i.e. manufacturer and model); details of standards including 

their true/certified and measured values during the trial (international and/or laboratory 

standards); weight of each sample analysed; correction calculations performed on the 

data produced from the instrument; quality control checks performed to ensure 

reliability of data; copies of sequences; and a summary of methods for carbon and 

nitrogen bulk measurements. 

The samples were prepared by grinding a small quantity of each sample to a fine 

consistency. No attempt was made to size the particles; this could be conducted in 

future trials. The flour and calciutn carbonate samples were not ground as these 
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already had a fine consistency. The mortar and pestle were pre-washed with deionised 

water and acetone, oven dried at 50°C for 10 minutes, and allowed to cool. A small 

sample of each solid was then transferred to a 4 mL glass vial fitted with a Teflon-

lined screw cap (Sigma-Aldrich). The screw caps were sealed with Parafilm. The 

samples, secured in a box with a desiccator cartridge (Sigma-Aldrich), were then 

distributed to participating laboratories. The trial guidelines and relevant material 

safety data sheets were also enclosed. A timeframe of approximate! y six weeks was 

specified for completion of the trial (however some results were not submitted for 12 

months). 

3.2.2. Application of International Standard ISO 

13528:2005(E) 

The trial results were compiled and evaluated in accordance with International 

Standard ISO 13528:2005(E) Statistical methods for use in proficiency testing by 

interlaboratory comparisons [5] and subsequently distributed to participants for 

corrunent. 

3.2.3. Determination of the Assigned Value 

The assigned value (X) is the value attributed to a sample accepted as having an 

unce11ainty appropriate for a given purpose. The assigned value for a 1naterial can be 

determined utilising a number of methods and will depend on the number of 

participants, what is being determined in the trial and whether the test material is: 

prepared by mixing proportions of constituents; a certified reference material; or, 

measured against certified reference materials by one laboratory. In this trial, the 

assigned value was determined by utilising the consensus value from the participants. 

This was utilised rather than other methods as the samples were not certified reference 

materials or mixtures; the assigned value was not previously determined through 

calibration with certified reference materials or through consensus values from expert 

laboratories. 

Determining the assigned value using the consensus value from the participants means 

it is the robust average of the results reported by all participants in the round. For this 
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application, robust average refers to an estimate of the population mean calculated 

using a robust algorithm. Refer to Appendix 3 for an outline of the algorithm used to 

calculate the assigned value. 

3.2.4. Determination of the Standard Deviation for 

Proficiency Assessment 

The standard deviation for proficiency assessment ( cr) is utilised to assess the size of 

estimates of laboratory bias found in a trial. In this trial, the standard deviation was 

calculated using the participant's data and is the robust standard deviation of the results 

reported by the participants (i.e. estimate of the population standard deviation 

calculated using a robust algorithm) [5]. Refer to Appendix 3 for an outline of the 

algorithm used to calculate the standard deviation for proficiency assessment. 

3.2.5. Determination of the Standard Uncertainty of the 

Assigned Value 

The standard uncertainty of the assigned value (ux) depends on the method employed 

to derive it, the nun1ber of participants, and other factors [5]. In this trial, the assigned 

value was derived as a robust average, and as a result the uncertainty of the assigned 

value is estimated using the formula in Appendix 3 (step 8). 

If the standard uncertainty of the assigned value is too large in comparison with the 

standard deviation for proficiency testing, then there is a risk that some laboratories 

will receive action and warning signals due to the inaccuracy of the assigned value, 

rather than due to an issue within the laboratory. According to ISO 13528, if the 

standard uncertainty of the assigned value (ux) is > 0.3cr, then the uncertainty is 

significant and should be included in the interpretation of the results of the proficiency 

test. If the uncertainty is significant, the trial organiser must consider: 

• alternative methods for determining the assigned value where the uncertainty 

may meet the aforementioned criteria; 

• utilising the uncertainty of the assigned value 1n the interpretation of the 

results; and 
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• informing the participants that the uncertainty of the assigned value is not 

negligible. 

3.2.6. Calculation of Performance Statistics 

The participant's results were transformed into performance statistics to assist with the 

interpretation and comparison of trial data. The performance statistics for the trial were 

calculated using two methods - estimate of laboratory bias and z-scores. The estimate 

of laboratory bias is simply the difference between the participant's result and the 

assigned value. The z-scores provide a standardised measure of laboratory bias and are 

calculated using the assigned value and the standard deviation for proficiency 

assessment. Refer to Appendix 3 for the formulae utilised (steps 9 and 10). 

The performance statistics for the trial were summarised graphically in the form of bar-

plots of the standardised laboratory bias (z-scores). 

3.2.7. Evaluation of the Data - Action and Warning Signals 

According to ISO 13528, action signals are awarded when results are so incomparable 

that they merit investigation and corrective action. One action signal in one round of a 

trial or two warning signals in successive rounds are considered evidence that an 

anon1aly has occurred that requires investigation [5]. 

If the laboratory bias is > 3.0a or <-3.0o then the participant is awarded an action 

signal for that result. If the laboratory bias is >2.0a or <-2.0a then the participant is 

given a warning signal [5]. 

Z-scores above 3 or below ·- 3 are awarded action signals and z-score above 2.0 or 

below -2.0 are awarded warning signals [5]. 

3.3. Results and Discussion 

A summary of the means and standard deviations of the carbon and nitrogen isotope 

ratios for the distributed samples are displayed in Table 3-1 and Table 3-2 respectively. 

Table 3-3 provides a summary of the methods and instrument configurations utilised 
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by each participant, and Table 3-4 summarises the details regarding sample storage, 

format of the analytical sequences utilised by each participant, and brief details 

regarding correction calculations performed on the data. Table 3-5 provides details 

regarding the certified and measured values of analytical standards. Of particular 

interest are the reported certified values for the carbon international standards, some of 

which correspond with the recently updated consensus values as reported by Coplen et 

al. 2006 [6]. Participants were not requested to measure the carbon isotope in 

ammonium thiocyanate or the nitrogen isotope in caffeine. A number of laboratories 

did measure and report similar values for these isotopes~ however, as the majority of 

laboratories did not report results, these values were not evaluated in this study. 

Table 3-1 Summary of the mean (313Cvpo8 (%o)) and standard deviation (s) data for the samples 
distributed for carbon measurement. The number of samples (No.) measured by each participant 
is also provided. Nil response from laboratory 2. 

Calcium Caffeine Sucrose Plain Flour Carbonate 

Lab. Mean s No. Mean s No. Mean s No. Mean s 

-43.51 0.36 10 -40.38 0.04 10 -11.28 0.03 10 -22.39 0.04 

3 -41.34 0.16 10 -39.11 0.21 10 -9.58 0.37 10 -21.68 0.72 

4 -42.87 0.20 6 -40.93 0.17 6 -] 1.27 0.02 4 -22.65 0.11 

5 -42.44 0.28 7 -40.87 0.06 7 -11.64 0.24 5 -22.56 0.06 

6 NR* NR* NR* -39.79 0.86 4 -11.39 0.02 2 -22.44 0.07 

7 -42.30 0.76 4 -40.73 0.11 4 -11.51 0.15 3 -22.74 0.22 

8 NR* NR* NR* -40.22 0.03 10 -11.82 0.10 10 -22.46 0.09 

Mean -42.49 -40.29 -11.21 -22.42 

s 0.80 0.66 0.74 0.35 

* Indicates that no result/data was reported . 
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Table 3-2 Summary of the mean (()15NAIR (%o)) and standard deviation (s) data for the samples 
distributed for nitrogen measurement. The number of samples (No.) measured by each 
participant is also provided. Nil response from laboratory 2. 

Ammonium Potassium Ammonium Plain Flour Nitrate Nitrate Thiocyanate 

Lab. Mean s No. Mean s No. Mean s No. Mean s No. 

1 0.72 0.13 10 -0.64 0.50 10 3.48 0.07 10 5.42 0.17 10 

3 -0.14 0.38 10 -0.41 0.40 10 2.76 0.18 10 4.49 0.80 5 

4 -0.17 0.05 3 -0.44 0.05 4 2.83 0.06 3 5.78 0.15 3 

5 -0.27 0.07 7 -0.35 0.03 7 2.93 0.06 7 3.65 0.10 6 

6 0.13 0.01 2 -0.06 0.19 2 3.15 0.05 2 NR* NR* NR* 

7 -1.39 0.16 3 -0.70 0.39 1 2.94 0.04 4 4.42 0.94 4 

8 -0.01 0.05 10 -0.41 0.15 10 3.29 0.21 10 4.82 0.37 8 

Mean -0.16 -0.43 3.05 4.76 

s 0.63 0.21 0.26 0.76 

* Indicates that no result/data was reported. 
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Table 3-3 Summar~ of the anal~tical methods and instrument confif,Zurations utilised b~ each ~artici~ant. Nil res~onse from laborator~ 2. 

Reference Carri Oven Combustio Combustion Reactor Reduction Reduction Water Lab. Instrument Gas er Gas Storage Temp n Reactor Packing Reactor Reactor Trap Gas (oC) Temp (°C) Temp CC C) Packing 
Sercon 20/20 

Air differentially pumped 
C02 and N2 He conditioned 60 lOOO Chromium oxide, copper 600 Cu MgCI04 IRMS coupled to a UHP lab. oxide wire, silver wire 

Carlo Erba NA 1500 

GV Instruments Air Silvered 

3 IsoPrime Euro Vector C02 UHP, N2 He conditioned NR* 1030 cobaltous/cobaltic oxide, 650 Reduced Cu MgC104 
EA UHP UHP lab. copper oxide also C02 

trap used for N2 analysis 

MAT252 (Thermo N2 UHP Air 
Finnigan) IRMS, with (99.999%), 0 2 He conditioned Chromium oxide, copper H-reduced 4 (99.996%), 50 1020 550 MgCl04 ConFlo III interface and C02 (Food UHP lab. (approx oxide wire, silver wire Cu 
modified Roboprep EA Grade) 20°C) 

DELT AplusXP (Thermo N2 UHP, 0 2 He Outside (not Silvered 
5 Fisher) IRMS, ConFlo (99.996%), UHP temp. 35 900 cobaltous/cobaltic oxide, 680 Reduced Cu MgC104 

III FlashEA ™ 1112 C02 UHP controlled) copper oxide 

Thermo FlashEA, He Air Copper oxide/silvered 6 N2, C02 c nditioned 40 900 650 Reduced Cu MgCl04 Conflo III, MAT 252 UHP lab. cobaltous oxide 

CE EA 11 1 0 Micro mass N2, 0 2 and He Outside (not Chromium oxide, si lvered 7 Isochrom+diluter C02 UHP UHP temp. 22 1020 cobaltous oxide 660 Cu MgCl04 
controlled) 

GV Instruments 
C02 UHP, N2 He Outside (not Chromium oxide, silvered 8 IsoPrime Euro Vector UHP UHP temp. 40 1030 cobaltous oxide 650 Reduced Cu MgCl04 

EA controlled) 

* Indicates that no result/data was reported. 



Table 3-4 Details regarding sample storage, format of the analytical sequences utilised by each participant, and brief details regarding correction 
calculations performed on the data. Nil response from laboratory 2. 

Lab. 

3 

4 

5 

6 

7 

8 

Sample Storage 

Samples stored in the original vials 

Glass Desiccator Silica Gel Lab. stds. in 
glass/Teflon . IAEA stds. original vials 

Stainless steel desiccator box with self 
indicating silica gel. Lab. stds. - glass 
vials. IAEA stds.- original vials 

Perspex & glass desiccators with self 
indicating orange silica gel. Lab. stds. -
glass vials with Teflon-lined screw caps. 
IAEA stds. - original vials 

In original vials 

In original vials 

In original vials, N samples in desiccator 

Standard Sequence Format Correction Calculations 

2 of each Std. followed by 10 or 12 samples 
depending on batch size and then an internal All data corrected to IAEA stds 
reference (e.g. EDTA) with a set of 
international tds at end 

No result/data was reported 

1 x blank, 2 x Std. Cl, 2 x Std C2, 2 x Std. 
Nl , 2 x Std. N2, 1 x concentration 
calibration, 12 x sample, repeat 1 x Stds. 

2 x blanks, 3 x Std. 1, 3 x Std. 2, 18 x 
Samples, 3 x Std. l, 3 x Std. 2 

2 x blanks, 2 x Std. 1, 1 x Std. 2, 2 x Sample 
1, l x Std. 3, l x blank, 2 x Sample 2, 1 x 
Std. 1 

Typically 3 x Std. 1, 3 x Std. 2, -20 samples, 
repeat Stds. x 2 

Typically 2 x blanks, 2x Std., 8 x samples, 
lx Std., repeat sequence 

No result/data was reported 

1. Drift correction if required. 2. Slope and intercept 
correction using standards 

l . Outliers excluded using Grubbs. 2. Calculate required 
correction (slope and intercept) by plotting true versus 
measured standard values. 3. Calculate true value of samples 
and standards utilising equation: slope x measured value + 
intercept 

Carbon- corrected using T02 std. Normalised using T02 and 
caffeine stds. Nitrogen - corrected using caffeine std. 
Normalised using caffeine and IAEA stds 

No statistical outlier removal - outliers removed very 
reluctantly by size or sizeable combined isotope anomaly 
relative to other samples, after setting cutoffs for whole run. 
Slope and intercept correction with multiple stds 

1. Drift correction for Nitrogen. 2. Slope and intercept 
correction using standards 



Table 3-5 Details re~ardins anal~tical standards utilised durin~ the trial (both international and laboratorl: standards). Nil res~onse from laboratorl: 2. 
Lab. Nitrogen Standards Carbon Standards 

International Standards Laboratory Standards International Standards Laboratory Standards 

Name 
OtsNAm 

Name 015NAm (%o) 
Weight Name 013CvPDB Name 013CvPDB (%o) 

Weight 
(%o) (~tg) (%o) (~g) 

IAEA-Nl, no EDTA -0.9 100 IAEA-CH-7, IAEA- no result EDTA -38 .3 400 IAEA-N2 result CH-6 

3 IAEA-Nl, no Caffeine ··5.1 450 IAEA-CH-6, NBS 22 no result Sugar -11.9 120 IAEA-N2 result 

B2036 -3.42 ± 0.17 1000 NBS 19, 1.95, B2036 -27.41 ± 0.15 1000 IAEA-N1, 0.43 , (n=23) NBS 22, -30.03, (n=28) 
IAEA-N2, 20.41, 

-5.08 ± o.n USGS24, -16.05, -28.43 ± 0.18 4 IAEA-N3, 4.72, B2105 1000 B2105 1000 
USGS25, -30.4, (n=] 37) IAEA-CH-7, -32. 15, (n= 125) 
USGS26 53.7 -14.37 ± IAEA-CH-6, -10.3, -30.38 ± 0.17 Atropine 0. J 9 (n=61) 1000 L-SVEC -46.6 Atropine (n=58) 1000 

IAEA-NJ, 0.4, IAEA-CH-7, -31.8, 
IAEA-N2, 20.3 , Ammonium -2.90 ± 0.30 300 IAEA-CH-6, -10.4, Sucrose -11.48 ± 0.07 100 

5 
USGS25, -30.4, nitrate L-SVEC, -46.5, 
IAEA-N3 4.7 NBS19 1.95 

Ammonium 2.90 I 0.25 260 Ammonium -31.88 ± 0.04 260 thiocyanat thiocyanate 

6 IAEA-Nl, 0.43, Caffeine -9.62 300 IAEA-CH-6 no result Caffeine, -36.88, 100, 50 IAEA-N2 20.41 T02 -22.98 

Oxford alanine, -1.57, Sea-line 2.63 ± 0.29 
IAEA-CH-6, -10.45, Beet -24.62 ± 0.05 USGS40, -4.50. (nylon line) Oxford alanine, -27.00, 1000 ± 

7 USGS41, 47.60, 1000 ± USGS40, -26.39, 250 
NIST 1547, 2.02, Gelatine 8.35 ± 0.18 250 USGS41, 37 .80, Sea-line -28.22 ± 0.15 
IAEA-600, 1.00, NIST 1547, -25.89, 
IAEA N3 4.70 G1ucosamine -1.69 ± 0.18 IAEA-600 -27.77 

IAEA-Nl, 0.4, IAEA-C8 (internal) , -18.3 1, 8 USGS25, -30.4, B2157 2.85 400 IAEA-CH-5 -1 0.4 200 
IAEA-N3 4.7 
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The calculated assigned value (X) for the carbon samples, standard uncertainty of 

assigned value (ux), standard deviation for proficiency assessment ( 0), and whether the 

uncertainty of the assigned value is negligible for the carbon samples are displayed in 

Table 3-6. Table 3-7 displays the corresponding values for the nitrogen samples. 

As ux > 0.30 for the carbon and nitrogen samples, the participants were informed that 

the uncertainty of the assigned value was significant. The participants will investigate 

potential causes within their own laboratories which may have contributed to the 

significant uncertainty. This value will be compared against the uncertainty of the 

assigned value in future trials. 

Table 3-6 Calculated assigned value, standard uncertainty of assigned value, standard deviation 
for proficiency assessment, and whether the uncertainty of the assigned value is negligible for 
distributed carbon sameles. 

Calcium Caffeine Sucrose Plain 
carbonate flour 

Robust average/ Assigned -42.5 -40.3 -11.4 -22.5 value, X (%o) 

Robust std deviation/Std 
deviation for proficiency 0.8 0.7 0.2 0.2 
assessment, 0 (%o) 

Standard uncertainty of 0.5 0.3 0.1 0.1 assigned value, 1-tx (%o) 

Is ~-tx ~ 0.30 No No No No 

Table 3-7 Calculated assigned value, standard uncertainty of assigned value, standard deviation 
for proficiency assessment, and whether the uncertainty of the assigned value is negligible for 
distributed nitro~en samEies. 

Ammonium Potassium Ammonium Plain 
nitrate nitrate thiocyanate flour 

Robust average/ Assigned -0.1 -0.4 3.0 4.8 value, X (%o) 

Robust std deviation/Std 
deviation for proficiency 0.2 0.1 0.3 1.0 
assessment, 0 (%o) 

Standard uncertainty of 0.1 0.1 0.1 0.5 assigned value, 1-tx (%o) 

Is 1-tx ~ 0.30 No No No No 
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Refer to Table 3-8 and Table 3-9 for a summary of the performance statistics 

(estimates of laboratory bias and z-scores respectively) for the round for each sample. 

Table 3-8 Performance statistics: estimates of Ia bora tor~ bias for each l!articiEant for the trial. 

Laboratory Bias Laboratory Number 

1 3 4 5 6 7 8 

Calcium carbonate (C) (%o) -1.0 1 1.16 -0.37 0.06 NR* 0.20 NR* 

Caffeine (C) (%o) -0.07 1.20 -0.61 -0.55 0.53 -0.41 0.09 

Sucrose (C) (%o) 0.13 1.82 0.14 -0.23 0.02 -0.10 -0.41 

Flour (C) (%o) 0.10 0.81 -0.16 -0.07 0.05 -0.25 0.03 

Ammonium nitrate (N) (%o) 0.82 -0.04 -0.06 -0.17 0.24 -1.28 0.10 

Potassium nitrate (N) (%o) -0.22 0.02 -0.02 0.07 0.36 -0.27 0.02 

Anunonium thiocyanate (N) 0.44 -0.28 -0.20 -0.11 0.12 -0.10 0.26 (%o) 

Flour (N) (%o) 0.60 NR* 0.97 -1.17 NR* -0.40 0.00 

Table 3-9 Performance statistics: estimates of z-scores !.2..':-~~h Earti~J?.~nt for the trial. 

z-score Laboratory Number 

1 3 4 5 6 7 8 

Calcium carbonate (C) (%o) -1.26 1.44 -0.46 0.07 NR* 0.25 NR* 

Caffeine (C) (%o) -0.10 1.76 -0.89 -0.81 0.77 -0.60 0.13 

Sucrose (C) (%o) 0.54 7.73 0.60 -0.97 0.09 -0.44 -1.74 

Flour (C) (%o) 0.62 4.90 -0.99 -0.40 0.29 -1.52 0.16 

Ammonium nitrate (N) (%o) 3.43 -0.15 -0.25 -0.69 0.99 -5.36 0.41 

Potassium nitrate (N) (%o) -1.96 0.14 -0.16 0.66 3.29 -2.50 0.15 

Ammonium thiocyanate (N) 1.72 -1 .07 -0.78 -0.42 0.46 -0.38 1.01 (%o) 

Flour (N) (%o) 0.63 NR* 1.01 -1.23 NR* -0.42 0.00 

* Indicates that no result/data was reported. 
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The following action and warning signals were highlighted during interpretation of the 

laboratory bias and z-score results in Table 3-8 and Table 3-9. 

1. Laboratory 1 - action signal for the nitrogen isotope ratio of ammonium nitrate; 

2. Laboratory 3 - action signals for the carbon isotope ratios of sucrose and plain 

flour; 

3. Laboratory 6- action signal for the nitrogen isotope ratio of potassium nitrate; 

4. Laboratory 7- action signal for the nitrogen isotope ratio of ammonium nitrate 

and warning signal for the nitrogen isotope ratio of potassium nitrate. 

As this was the first round of the trial, the single warning signal cannot be regarded as 

an anomaly. The laboratories issued with action signals were provided with the 

opportunity to review their responses and provide possible reasons for the 

discrepancies. Corrective actions for consideration include: checking that users follow 

standard procedures; check that the standard procedures are correct; check the 

calibration of the instrument and cotnposition of standards/samples; and/or 

comparative tests of users, instruments and sample with another laboratory. The 

effectiveness of proposed corrective actions will be evaluated in future trials. 

The performance statistics for the round were sununarised graphically in the form of 

bar-plots of the standardised laboratory bias (z-scores) (Figure 3-1 and Figure 3-2). 

The bar plots assist in identifying results that may be worthy of further investigation, 

e.g. are any participants producing large positive z-scores for all measurements 

(possible systematic errors) [5]. Upon examination of the bar plots, no participants 

were producing large positive or large negative z-scores for all measurements; however 

this will be monitored in future trials. 
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Figure 3-2 Bar chart of z-scores for samples measured for nitrogen isotope. 
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3.4. Conclusions 

This inter-laboratory trial was successful in providing an initial snapshot of the 

potential for traceability between seven Australian and New Zealand IRMS 

laboratories with respect to reported carbon and nitrogen bulk stable isotope ratio 

values. The statistical methods described in this article could be used as a model by 

other practitioners evaluating stable isotope results derived from multiple laboratories 

e.g. inter-laboratory trials. The trial was valuable in collating procedural details that 

will assist in determining best practice for stable isotope ratio measurement in the 

forensic science community. The trial also assisted with the determination of the true 

stable isotope values for the samples that were selected as laboratory standards for use 

in the Australian Federal Police laboratory (refer to Table 3-1 0). 

Table 3-10 Summary of Assigned Value (X) and Standard Uncertainty of Assigned Value (~x) for 
each of the chemicals distributed during the trial. 

Assigned value, X (%o) Standard uncertainty of 
assigned value, ~x (%o) 

Calcium carbonate (C) -42 .5 0.5 

Caffeine (C) -40.3 0.3 

Sucrose (C) -11.4 0.1 

Plain flour (C) -22.5 0.1 

Ammonium nitrate (N) -0.1 0.1 

Potassium nitrate (N) -0.4 0.1 

Ammonium thiocyanate (N) 3.03 0.1 

Plain flour (N) 4.8 0.5 

Overall, a "warning signal" was raised against one participant. "Action signals" 

requiring corrective action were raised against four participants. Laboratories reviewed 

their data and considered potential corrective actions. Ongoing trials will be conducted 

to improve traceability across the Australian and New Zealand IRMS community. 
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It is recommended that future trials should evaluate whether any trends exist across the 

laboratories and whether implemented corrective actions were effective. The trials 

should also evaluate other chemical compounds of interest to forensic laboratories, e.g. 

potential laboratory standards for different target materials and chemicals displaying a 

wider isotopic range. Samples could also be distributed to each of the participants as 

bulk samples requiring weighing and measuring (as conducted in this trial) but also as 

a tray of pre-weighed samples and standards (in the same range). The participants 

should be requested to measure the samples utilising their standard procedures. This 

will assist in highlighting potential variation introduced through different sample 

preparation techniques. Consideration should be given to requesting participants to 

also measure the samples utilising a specific method to assist in determining the true 

value of the samples and observing variations that may arise as a result of different 

instrument methods. Raw data could also be obtained from each participant and 

subsequently processed utilising a common algorithm to highlight potential bias 

introduced through software calculation algorithms. 
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Chapter 4. Nitrogen Stable Isotopes in 

Ammonium Nitrate Prills 

4.1. Introduction 

The nitrogen isotope ratio of ammonium nitrate samples has been measured, however 

only to a limited extent (Chapter 1.8.1). The majority of literature that addresses the 

measurement of nitrogen stable isotopes in nitrates is focused on tracing/identifying 

sources of nitrates (e.g. originating from soil or manure) in water supplies and other 

surrounds [1-7] and also ammonium and nitrate in plants [8, 9]. 

Following on from the validation work conducted in Chapters 2 and 3, samples of 

ammonium nitrate (AN) prills were measured for the bulk nitrogen isotope ratios. The 

objective of the work presented in this chapter was to determine whether AN prill 

samples from different manufacturers in Australia could be differentiated utilising the 

rnethods and procedures developed for the measurement of bulk nitrogen isotope 

ratios. A secondary objective was to investigate how the nitrogen isotope ratios of 

Australian AN compared to those of samples from other countries. 

4.2. Materials and Methods 

4.2.1. Instrumentation, Equipment, and Method Parameters 

The method and instrument configuration utilised for the measurement of the bulk 

nitrogen isotope ratios of ammonium nitrate prills were the same as those outlined in 

Chapters 2.2.2 and 2.2.3 . 

4.2.2. Ammonium Nitrate Prill Sample Collection Protocol 

In order to achieve the stated objectives, the three main ammonium nitrate 

manufacturers in Australia were approached for collaboration with respect to the 
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provision of samples. The manufacturers agreed to the following sampling protocol 

(spanning 2005-2007) to assist with the evaluation of a number of key factors: 

1. Evaluation of the variation from each manufacturer over one day and one week 

a. over a period of eight hours, four samples of recently produced AN 

were collected, e.g. samples were collected at 09:00hrs, 11 :OOhrs, 

13:00hrs, 15:00hrs (each sample consisted of -100 priUs) 

b. this was repeated on five consecutive days 

2. Evaluation of the variation from each manufacturer over one month 

a. the sampling protocol detailed at point 1 a was repeated over the next 

three-week period (i.e. samples collected one day each week) 

3. Evaluation of the variation from each manufacturer over twelve tnonths 

a. the sampling protocol detailed at point 1 a was repeated over the next 

eleven-month period (i.e. samples collected one day each month) 

The rnanufacturers were also requested to collect samples of the starting materials (e.g. 

armnonia and nitric acid), coating agents and modifying agents used for the 

manufacture of the conespondj ng AN prill samples collected. 

All samples were collected in 24 mL Wheaton sample vials (clear) with Teflon-lined 

screw cap lids (Sigma-Aldrich). The samples were then transported to Canberra using 

a courier company. 

Manufacturer 1 returned samples of prill, coating agent and additives covering the 

period of October 2005 to June 2007. These samples were received in three separate 

lots. Manufacturer 2 returned samples of prill, coating agent and additives covering the 

period of February 2006 to September 2006. These samples were received in two lots. 

Manufacturer 3 returned prill samples collected from January 2006 to January 2007. 

These samples were returned in one lot. 

In addition to the samples collected from Australia, a range of samples from outside 

Australia were also collected in order to conduct an initial evaluation of whether 
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Australian manufactured samples could be differentiated from samples manufactured 

overseas. These samples included: 

1. Philippines ( 10 recovered) - 10 samples of ammonium nitrate prill seized by 

police from a person of interest. 

2. Lithuania- 6 samples (unknown manufacturer). 

3. Miscellaneous overseas samples - 4 samples from a known Australian AN 

manufacturer who sourced them from overseas plants in Indonesia, China and 

the Philippines. These samples are referred to as MNK, Indonesia; Tian Ji, 

China; Xian, China; and Bacong, Philippines. 

4.2.3. Ammonium Nitrate Prill Analytical Protocol - Carbon 

Although chemically pure (analytical) ammonium nitrate does not contain carbon, a 

select sample of prills from each manufacturer were measured to evaluate whether the 

carbon present in the prills (e.g. from the surface coating) could be utilised as a 

potential source of discrimination. 

The following weights of prills from Manufacturers 1 and 2 were weighed and 

measured using bulk stable isotope analysis: 600 ~g, 1200 ~g, and 2400 ~g. Note: 300 

~-tg of ammonium nitrate is normally measured to obtain an acceptable response for the 

nitrogen isotope, hence a dual carbon and nitrogen method was utilised. 

4.2.3.1. Dual Carbon and Nitrogen Method Parameters 

Elemental analyser parameters - oven temperature (housing the packed gas 

chromatograph (GC) column, column length-2m): 35°C; carrier (helium) flow: 140 

mL/min; oxygen flow: 250 mL/min; and reference (nitrogen) flow: 300 rnL/min. 

Interface parameters- helium: 1.5 bar; and reference nitrogen: 1.5 bar. 

IRMS method parameters - acquisition time: 460 seconds; pulse of nitrogen reference 

gas for 20 seconds at 20 and 60 (reference peak) seconds; nitrogen peak elution 

between 170-240 seconds. Switch to carbon dioxide gas at 270 seconds. Pulse of 

carbon dioxide reference gas for 20 seconds at 380 and 420 (reference peak) seconds; 

105 



Chapter Four: Nitrogen Stable Isotopes in Ammonium Nitrate Prills 

carbon dioxide peak elution between 280-350 seconds. No dilution was utilised for the 

measurement of carbon or nitrogen. 

The elemental composition of one sample from each manufacturer was also analysed 

using scanning electron microscopy with energy dispersive x-ray analysis (SEM-EDX) 

in order to determine if the carbon concentration was too low for measurement by 

IRMS. 

4.2.4. Ammonium Nitrate Prill Analytical Protocol -Nitrogen 

The following protocol was employed to analyse the samples obtained from the three 

Australian manufacturers: 

1. Three prills from the samples collected each month were prepared and 

measured. If there was no variation between the samples collected each month, 

the samples initially collected daily and weekly were not measured. The 

samples were prepared by individually crushing each prill with a mortar and 

pestle. The utensils and mortar and pestle were pre-washed with water (18.1 

MOhm.) and acetone. Three 300 !lg samples of each crushed prill were weighed 

and n1easured each time. 

2. Three samples from Manufacturer 1 were measured to evaluate whether there 

was a significant difference between 1neasurements taken from the external and 

internal portions of the prills ; three prills from each sample were 1neasured. 

From each prill, three san1ples was scraped from the exterior and measured. 

This was performed under a stereomicroscope utilising a scalpel. This was 

repeated for the interior of the prills. 

3. Three samples of the coating agents from Manufacturers 1 and 2 were 

measured. Three measurements of each sample were collected. Approximately 

7 mg of the coating agent was weighed each time due to the low concentration 

of nitrogen (Manufacturer 3 did not supply samples of their coating agent). 

4 . Samples of the manufacturer's additives were obtained; however, these were 

not analysed during this phase of the research as they did not contain nitrogen. 
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Overseas Samples - all of the samples obtained from overseas sources were measured. 

Three measurements from two or three prills from each sample were recorded. 

The following calibrated laboratory standards were utilised as standards (Standard 1 

and Standard 2, respectively): 

o Ammonium nitrate: 815NAIR -2.9 ± 0.3%o (approx. 300 !lg) 

o Ammonium thiocyanate: 815NAIR 2.9 ± 0.3%o (approx. 260 !lg) 

4.2.5. Preliminary Measurement of Nitrogen Isotope Ratio of 

Ammonium lon 

Initial trials were conducted to determine whether the nitrogen isotopes from the 

ammonium ion versus the ammonium nitrate compound could be utilised to potentially 

assist in the discrimination of sources of AN. In these experiments, the ammonium ion 

was precipitated utilising sodiu1n tetraphenylborate [ 1 0] and subsequently filtered, 

dried and weighed. Two samples from each of the three Australian manufacturers were 

prepared utilising this procedure and were measured using the same IRMS method as 

previously outlined. 

4.3. Results and Discussion 

The focus of this research was on evaluating the potential to differentiate AN prill 

samples based solely on their isotopic compositions. Research was not conducted into 

the potential to differentiate prills fron1 different sources based on morphology, trace 

elemental compositions or other characteristics. Morphology in particular was not 

evaluated as AN prills are often ground-up and mixed with a fuel when used by 

criminals/terrorists (e.g. the IRA were known to crush AN prills and mix with sugar 

during their bombing campaigns). Figure 4-1 to Figure 4-5 contain images of AN prills 

from the different sources as measured during this research. 
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Figure 4-1 Image of ammonium nitrate priUs from Manufacturer 1. Scale in image represents 
2mm. 

Figure 4-2 Image of ammonium nitrate priUs from Manufacturer 2. Scale in image represents 
2mm. 
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Figure 4-3 Image of ammonium nitrate prills from Manufacturer 3. Scale in image represents 
2mm. 

Figure 4-4 Image of ammonium nitrate prills from the Philippines. Scale in image represents 
2mm. 
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Figure 4-5- Image of' ammonium nitrate pdlls from Lithuania. Scale in image represent~ 2mm. 

Results are reported as 815
NAlR (%o) unless otherwise specified. Enor bars in all plots 

represent ± 1 standard deviation (s). Data points represent the mean of the repeated 

measurements (i.e. triplicates) for each sample. 

4.3.1. Carbon Results 

The IRMS (Table 4-1) and SEM-EDX results demonstrate that the carbon content of 

the prills was too low to obtain reliable isotope ratio measurements. The 2400 11g 

samples produced peak heights between 100 and 500 m V. With reference to the 

nitrogen validation results, accurate and precise measurements were obtained when 

peak heights of greater than 1000 m V were obtained. As the carbon peak heights are 

significantly lower than 1000 mV (even when relatively large weights of AN were 

measured), this indicates that the carbon content of the prills is generally too low to 

obtain precise results. In the SEM data, the nitrogen and oxygen peaks could not be 

discriminated and, as a result, a small carbon peak would be masked by the broad 

nitrogen-oxygen peak. 
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Table 4-1 Summary of C02 peak amplitude (i.e. mass 44) (mV) for various weights of AN prill 
measured. 

Manufacturer Prill weight (f.tg) 

1 600 

600 

1200 

1200 

2400 

2400 

2 600 

600 

1200 

1200 

2400 

2400 

Amplitude 
Mass 44 (mV) 

23 

24 

59 

45 

93 

105 

42 

33 

57 

61 

591 

177 

4.3.2. Comparison of Sarnples from Exterior and Interior 

Portions of Prill 

The external and internal portions of the prill as prepared utilising a scalpel under low 

powered microscopy could not be differentiated based on the nitrogen isotope ratios 

(refer to Figure 4-6). During manufacture, the prills are coated in an amine-based 

coating agent. The coating on the prill is generally a micron thick and only covers 

approximately 20% of the surface [11]. As a result, the coating agent was not likely to 

have had a significant impact on the results from these experiments. 
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Manufacturer 1: Prill Exterior Versus Interior 
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Figure 4-6 Bulk nitrogen isotope ratios from the exterior and interior of ammonium nitrate prill 
samples from Manufacturer 1. 

Coating Agent 

Samples of the coating agent from two manufacturers were measured in order to 

detennine whether the nitrogen isotope ratios of the coating agent and the ammonium 

nitrate prill were different (refer to Figure 4-7and Figure 4-8). The coating agents from 

Manufacturers 1 and 2 could be differentiated based on the initial nitrogen isotope 

ratio. Despite this, the thin sectioning technique utilising a scalpel and microscope did 

not allow for the removal of thin enough samples. Future research is recommended in 

terms of further exploring this avenue of potential discrimination, with investigation of 

a technique for the extraction of the coating agent from the priUs for measurement of 

the nitrogen isotope ratios. 
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Manufacturer 1: Coating Agent 
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Figure 4-7 Bulk nitrogen isotope ratios of the coating agent from Manufacturer 1. 

Manufacturer 2: Coating Agent 
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Figure 4-8 Bulk nitrogen isotope ratios of the coating agent from Manufacturer 2. 
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4.3.4. Australian Manufactured Ammonium Nitrate Prill 

Samples 

The bulk nitrogen isotope ratios of the ammonium nitrate prill samples measured from 

the three Australian manufacturers are represented in Figure 4-9 to Figure 4-11. 
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Figure 4-9 BuJk nitrogen isotope ratios of ammonium nitrate prill samples collected over 604 days 
from Manufacturer 1. 
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Manufacturer 2: Ammonium Nitrate Prill 
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Figure 4-10 Bulk nitrogen isotope ratios of ammonium nitrate prill samples collected over 231 
days from Manufacturer 2. 
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Figure 4-11 Bulk nitrogen isotope ratios of ammonium nitrate prill samples collected over 359 
days from Manufacturer 3. 
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Table 4-2 displays the range of values obtained from each manufacturer and Figure 

4-12 contains a plot illustrating these ranges. In Table 4-2, the minimum and maximum 

values refer to the averages of the three measurements from each prill. The 'average' 

column represents the average of all the average values from all of the prills analysed 

from each manufacturer. 

Based on the data obtained from the prills analysed, the bulk nitrogen isotope values 

alone can be utilised, to a limited extent, to differentiate between ammonium nitrate 

from different manufacturers in Australia. Regions of discrimination have been 

highlighted in Figure 4-12 and a classification table presented in Table 4-3. The ranges 

provided in the table take into account the ±0.1 %o standard deviation associated with 

the majority of measurements. This discrimination relates only to the samples 

measured over this time period and is based on the maximum and minimum mean 

values from each manufacturer, and the associated standard deviations. Potential 

sources of the variations creating these classification regions are discussed in Chapter 

8. 
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Table 4-2 Range (minimum and maximum values) in bulk nitrogen isotopic composition from 
three Australian AN manufacturers over 231-604 day period. 

Manufacturer Minimum s Maximum s Average s 
<i15

NAIR (%o) (%o) 15 % (%o) 15 % (%o) () NAIR ( oo) () NAIR ( oo) 

1 -2.2 0.1 1.9 0.1 -0.2 1.0 

2 -0.8 0.1 1.8 0.1 -0.1 0.7 

3 -1.3 0.2 -0.5 0.1 -0.8 0.2 

- -

Range in Nitrogen Delta Values for Australian Ammonium Nitrate 
Prills 
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Figure 4-12 Range in nitrogen delta values for Australian ammonium nitrate prills. 
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Table 4-3 Ranges in nitrogen delta values that could potentially be utilised to discriminate 
between Australian ammonium nitrate prills from different manufacturers. 

Range (%o) Manufacturer Potential Source 
Excluded Manufacturer 

2.0 and -0.4 3 1 or 2 

-0.4 and -0.9 None 1, 2, or 3 

-0.9 and -1.4 2 1 or 3 

-1.4 and -2.3 2 and 3 1 

4.3.5. Ammonium Nitrate Prill Samples From Overseas 

Sources 

The samples obtained from overseas sources were measured and are plotted in Figure 

4-13 to Figure 4-15. 
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Figure 4-13 Bulk nitrogen isotope ratios of ammonium nitrate prill samples from the Philippines 
(referred to as Philippines (10 recovered)). 
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AN Samples from Lithuania 
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Figure 4-14 Bulk nitrogen isotope ratios of ammonium nitrate prill samples from an unknown 
manufacturer in Lithuania. 
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Figure 4-15 Bulk nitrogen isotope ratios of ammonium nitrate prill samples from various overseas 
sources. 
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Table 4-4 lists the range (minimum and maximum values) in bulk nitrogen isotopic 

composition from AN samples sourced from overseas. The minimum and maximum 

values refer to the averages of the three measurements from each prill. The "average" 

column represents the average of all the average values from all the prills analysed 

from each source. As no sub-samples were submitted for the "miscellaneous" samples 

(i.e. MNK, Indonesia; Tian Ji , China; Xian, China; and Bacong, Philippines), only two 

prills from each sample were measured; hence, no maximum and minimum averages 

are reported. 

Table 4-4 Range (minimum and maximum values) in bulk nitrogen isotopic composition of AN 
samples sourced from overseas. 

Overseas Minimum s Maximum s Average 
S (%o) Sources 015

NAIR (%o) (%o) 015
NAIR (%o) (%o) 015

NAIR (%o) 

Philippines 
(10 -0.5 0.1 -0.1 0.01 -0.2 0.2 

recovered) 
Lithuania (6) 0.1 0.1 0.5 0.04 0.3 0.1 

MNK, NR* NR* -0.6 0.1 Indonesia 
T.ian Ji , China NR* NR* -3.8 0.1 

Bacong, NR* NR* 1.4 0.1 Philippines 
Xian, China NR* NR* -1.5 0.1 

The range in average results obtained from the measuren1ents of the prills from the 

Australian manufacturers and from the overseas sources were plotted on the same 

graph (Figure 4-16). The only overseas sample that was significantly different from the 

Australian AN samples, was the sample from Tian Ji, China. Note that the samples 

sourced from overseas were limited in number and were not necessarily representative 

of the source country. Measurements from additional samples from these countries 

should be undertaken to obtain a true reflection of the ranges in the nitrogen isotopic 

compositions. The overseas samples that were accessible during this research were 

measured for comparison purposes only (relative to Australian AN samples). 

* Not reportable as only two prills from each of these samples were measured. The samples did not 
consist of sub-samples. 
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Future studies and comparisons will be conducted on samples from Thailand, 

Indonesia and the Philippines when sufficient samples are obtained from 

manufacturers in these countries. Samples from these countries have been 

recommended as Australia is collaborating closely with countries in South East Asia, 

including Indonesia, Thailand and the Philippines, on law enforcement initiatives, 

specifically in countering potential terrorism. This rationale is also supported by the 

Australian Federal Police' s responsibility for countering terrorist threats to, and 

preventing terrorist incidents against, Australia and Australian interests, domestically 

and internationally. 
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2.4 --~------~----------~-----~ 
2 .0 -~~~------------------------------------------------~ 

1.6 

1.2 

0.8 

0.4 

~ 0.0 
1 ~ -0.4 

z 
~ -0 .8 
10 
~ -1 .2 
~ -1.6 

-2.0 
-2.4 

-2 .8 

-3.2 
•3,6 f--------"-........:_·v-'--~-'

•4 ,0 ~~ ......... ~ ........... =--;·~~~~'--'"-'~--..... ~=-~~.........,..~....._.,.,~'"'r-"----'"'"'"--'-~~~ 

2 3 4 5 6 7 8 9 

Source 

l. Aust. 
Manuf. I 
2. Aust. 
Manuf. 2 
3. Aust. 
Manuf. 3 
4. 
Philippines 
(10 
recovered) 
5. 
Lithuania 
(6) 
6.MNK, 
Indonesia 
7. Tian Ji, 
China 
8. Bacong, 
Philippines 
9. Xian, 
China 

I 
--- _j 

Figure 4-16 Range of bulk nitrogen isotope ratios of ammonium nitrate prill samples from 
Australian and overseas manufacturers as measured over the course of this research. 

4.3.6. Preliminary Measurement of Nitrogen Isotope Ratio of 

Ammonium lon 

The mean of the nitrogen isotope ratios from the precipitation experiments were 

plotted (see Figure 4-17). The mean isotope ratios from prills from the corresponding 

samples with no pre-treatment (except crushing and weighing) were also plotted for 

comparison. There were four apparent groups (labelled 1 - 4 in Figure 4-17). The 
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mean of the measurements within each of the four groups was calculated and ± 2 

standard deviations plotted to create 95% confidence intervals (Figure 4-18). These 

error ellipses statistically demonstrate that there are four groups within the data. 

The two groups in the precipitation results are Group 3 - samples from Manufacturer 

1; and, Group 4 - samples from Manufacturers 2 and 3. These groupings could 

potentially be related to the manufacturing process utilised by each of the 

manufacturers. As discussed in Chapter 8, Manufacturer 1 utilise the TOP AN process 

and Manufacturers 2 and 3 utilise the Kaltenbach-Thuring (KT) process. This potential 

relationship could be explored in future work. In the results from the prills with no 

sample preparation, there are two groups: Group 1 -Manufacturers 1, 2, and 3; and, 

Group 2 - one sample from Manufacturer 2. If these results are utilised together, then 

the precipitation results could be utilised to differentiate samples from Manufacturer 1 

from those produced by Manufacturers 2 and 3. The "no preparation" results could 

then be utilised to differentiate one sample from Manufacturer 2 from the other 

Manufacturer 2 samples and from the Manufacturer 3 samples. As this was only a 

preliminary trial, these experiments were very limited. The conclusions only relate to 

the specific samples measured in these experiments and are not necessarily 

representative of the san1ples produced from the three manufacturers. Future research 

could incorporate further investigation into the potential of differentiating between 

sources of AN prill by separating the sources of nitrogen within the compound by 

specifically utilising the nitrogen in the ammonium ion as suggested by Ehleringer 

[10]. Zhang et al. [12] discuss an alternative method for the quantitative separation of 

ammonium nitrogen and nitrate nitrogen using ion exchange resin. Silva et al. [2] also 

refer to a method whereby prills are dissolved in water, filtered using 0.45 ~m filters, 

and passed through an anion exchange resin column in order to extract and preserve 

the nitrate. This method could be evaluated in the future to measure the nitrogen from 

the nitrate ion. 
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Figure 4-17 Mean nitrogen isotope ratios of nitrogen in the ammonium ion from Australian AN 
prills. 
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prills with 95% confidence intervals (± 2 standard deviations). 
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4.4. Conclusions 

The method and procedures validated and the standards calibrated in Chapter 2 were 

successfully adopted to measure a range of ammonium nitrate prill samples from three 

Australian manufacturers. Samples were also obtained from a limited number of 

overseas sources for comparison purposes. Based on the bulk nitrogen isotope ratios 

alone, there was some level of discrimination between the Australian manufacturers. 

The potential sources of the variations enabling discrimination are addressed in 

Chapter 8. There was limited discrimination between some of the overseas samples 

and the Australian samples, with only one of the samples from China displaying a 

significantly different nitrogen isotopic composition from the Australian AN samples. 

At this stage, this information could be utilised for intelligence purposes in any 

criminal investigation in Australia requiring source determination of AN samples. It is 

important to note that the potential discrimination relates only to the samples measured 

over this time period and future monitoring of products from different manufacturers is 

recommended to ensure that a sound understanding of the isotopic ranges from each 

manufacturer is maintained. 

Future research is recommended In terms of further exploring the potential for 

differentiating between sources of AN prill by separating the sources of nitrogen 

within the compound and measuring the nitrogen in the ammoniu1n and/or nitrate ion. 

Future studies and comparisons should be conducted on samples from Thailand, 

Indonesia and the Philippines when sufficient samples from these sources are obtained. 

Future research could also explore the variation in isotope ratios of prills stored for 

extended periods of time. 

4.5. References 

[1] L. Rock, B. Mayer, Tracing nitrates and sulfates in river basins using isotope 

techniques, Water Science & Technology 53 (10), pp. 209-217. 

124 



Chapter Four: Nitrogen Stable Isotopes in Ammonium Nitrate Prills 

[2] S.R. Silva, C. Kendall, D.H. Wilkison, A.C. Ziegler, C.C.Y. Chang, R.J. Avanzino, 

A new method for collection of nitrate from fresh water and the analysis of nitrogen 

and oxygen isotope ratios, Journal of Hydrology 228 (2000), pp. 22-36. 

[3] A. Amberger, H.L. Schmidt, Natiirliche Isotopengehalte von Nitrat als Indikatoren 

fiir dessen Herkunft (Natural isotope content of nitrate as an indicator of its origin), 

Geochimi. Cosmochim. Acta 51 (1 0) (1987), pp. 2699-2705. 

[4] C.C.Y. Chang, C. Kendall, S.R. Silva, W.A. Battaglin, D.H. Campbell, Nitrate 

stable isotopes: tools for determining nitrate sources among different land uses in the 

Mississippi River Basin, Can. J. Fish. Aquat. Sci. 59 (2002), pp. 1874-1885. 

[5] N.E. Ostrom, L.O. Hedin, J.C. von Fischer, G.P. Robertson, Nitrogen 

transformations and N03- removal at a soil-stream interface: a stable isotope approach, 

Encological Applications 12 (4) (2002), pp. 1027-1043. 

[6] J. Spoelstra, S.L. Schiff, R.J. Elgood, R.G. Semkin, D.S. Jeffries, Tracing the 

Sources of Exported Nitrate in the Turkey Lakes Watershed Using 15N/14N and 180/160 

isotopic ratios, Ecosystems 4 (200 1 ), pp. 536-544. 

[7] N.E. Ostrom, K.E. Knoke, L.O. Hedin, G.P. Robertson, A.J.M Smucker, Temporal 

trends in nitrogen isotope values of nitrate leaching from an agricultural soil, Chern. 

Geol. 146 (1998), pp. 219-227. 

[8] T. Yoneyama, T. Matsumaru, K. Usui, W.M.H.G. Engelaar, Discrimination of 

nitrogen isotopes during absorption of ammonium and nitrate at different nitrogen 

concentrations by rice (Oryza sativa L.) plants, Plant, Cell and Environment 24 (2001), 

pp. 133-139. 

[9] E.S. Pritchard, R.D. Guy, Nitrogen isotope discrimination in white spruce fed with 

low concentrations of ammonium and nitrate, Trees 19 (2005), pp. 89-98. 

[ 1 0] J. Ehleringer, IsoForensics, Inc. Personal communication, 13/3/08. 

[ 11] R. Peddie, Orica Kooragang Island. Personal communication, 5/5/08. 

125 



Chapter Four: Nitrogen Stable Isotopes in Ammonium Nitrate Prills 

[12] Y. Zhang, X.J. Liu, A. Fangmeier, K.T.W. Goulding, F.S. Zhang, Nitrogen inputs 

and isotopes in precipitation in the North China Plain, Atmos. Environ. 42 (7) (2008) , 

pp.1436-1448. 

126 



Chapter Five: Nitrogen Stable Isotopes: Pre-Blast and Post-Blast Comparison 

Chapter 5. Nitrogen Stable Isotopes: Pre-Blast 

and Post-Blast Comparison 

5.1. Introduction 

The results in Chapter 4 demonstrate that it is possible to differentiate some samples of 

AN from different sources utilising bulk nitrogen isotope ratios. These results could be 

utilised in an investigation where samples of ammonium nitrate prill have been 

recovered from two or more scenes and the investigators want to determine whether 

the recovered prill samples originated from the same source. In some instances it may 

be possible to link a sample with a particular manufacturer. In order to further explore 

the application of stable isotope analysis, the potential for partially intact prills or 

residues of ammonium nitrate recovered post-blast to be linked to pre-blast samples 

from the same source was investigated. 

In a po t-blast investigation, one of the aims is to determine what explosive was used 

and where it ca1ne from. Current practice in most forensic laboratories is to analyse 

debris for residues and identify (if possible) the explosive or explosive mixture 

utilised. If a suspect is identified and a search of their premises reveals the presence of 

in-tact explosives, the ultimate aim is to determine if it is possible to link these 

explosives to those used in the incident under investigation. With the analytical 

techniques routinely employed for the analysis of explosive residues, it is not currently 

possible to conclusively link pre-blast samples with each other or to link post-blast 

samples with pre-blast samples. 

In Chapter 1.8.1 previous research comparing post-blast isotopic values with pre-blast 

samples was discussed. McGuire et al. [ 1] discussed the detonation of a series of 

explosives and the collection and analysis of residues to determine the carbon, 

hydrogen, and nitrogen isotope ratios. Results showed that the residue resulting from 

the complete detonation of explosives contained the same isotopic ratio as the initial 
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explosive. However, this was not the case for explosives that did not exhibit complete 

detonation. 

Wakelin [2] discussed the comparison of pre- and post-blast AN (AN- sugar mixture). 

The overall conclusion from the trials was that the isotope signatures were not 

preserved post-blast. 

The objective of the research addressed in this chapter was to determine whether 

samples of AN retained their nitrogen isotopic composition after an explosion. In order 

to assess this, a procedure was required to analyse post-blast samples for bulk nitrogen 

isotope ratios that would allow for pre- and post-blast comparisons. 

5.2. Materials and Methods 

5.2.1. Experiments to Develop Procedure for IRMS Analysis 
of Post-Blast Samples 

The standard procedure for the analysis of explosive residues in most forensic 

laboratories involve a sequential organic and inorganic solvent swab (cotton swab) or 

solvent wash to recover potential explosive residues from the surface of interest. The 

solvent extracts are subsequently filtered prior to instn1mental analysis. 

In order to conduct valid isotope ratio comparisons between pre- and post -blast 

samples, a number of experiments were performed to determine the effect of sample 

collection and preparation techniques on the nitrogen isotope ratios of ammonium 

nitrate samples. 

Glassware was pre-washed with pentane (Sigma for HPLC ~99.0% , product no. 

34956) and water (18.1 MOhm) and then oven dried at approximately 50°C. 

5.2.1.1. Evaluation of Solvents for extraction of inorganic and organic 

prill components 

The first step of the procedure development involved the selection of a suitable organic 

solvent for extraction/recovery of the coating agent. A prill was placed on a glass 
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microscope slide and a drop of solvent was added. A sample of the coating agent from 

one manufacturer was also placed on a glass slide and a drop of solvent added. The 

organic solvents evaluated were: pentane (Sigma for HPLC ~99 .0%, product no. 

34956) and acetonitrile (Sigma, product no. A-3396). These solvents were selected as 

they were either previously or currently utilised for the recovery of organic explosives 

and/or fuels in the AFP laboratory. The aim was to develop a procedure that could be 

reasonably incorporated into the current standard protocol for the analysis of 

explosives at the AFP. The same experiments were conducted utilising water (18.1 

MOhm) in order to recover the ammonium nitrate. Dissolution was observed under a 

stereo microscope. 

5.2.1.2. Evaluation of the effect of sample collection: swabbing versus 

washing 

1. The effect of utilising a sheathed sterile cotton swab (Biomerieux) on the nitrogen 

isotope ratio was evaluated. Two cotton swabs in approximately 2 mL water (18.1 

MOhm) in 4 mL glass vials with Teflon-lined screw cap lids were prepared as 

controls. These were sonicated for 5 minutes and filtered for particulates using 

syringe filters (Biolab ). The water was then evaporated to -60 1-1L, and three 20 ~L 

samples transferred into 3 capsules for measurement. The water was allowed to 

evaporate before the capsules were sealed. 

2. The effect of swabbing versus washing on the nitrogen isotope ratio was 

subsequently evaluated. Two clean metal plates were selected. A cotton swab 

moistened with water (18.1 MOhm) was collected fron1 half of each plate and the 

swab returned to the vial containing the water. A water washing was collected from 

the remaining half by washing water over the surface using a disposable pipette 

and collecting directly into a 4 mL vial. The samples were sonicated for 5 minutes, 

filtered, the water evaporated to -60 ~L, and 20 ~L transferred into each of 3 

capsules for measurement. The water was allowed to evaporate before the capsules 

were sealed. 
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5.2.1.3. Evaluation of the effect of sample preparation: filtering and 

sequential extractions 

A sample of prills (Manufacturer 1) that had undergone no sample preparation (apart 

from crushing and weighing into tin capsules) was first measured to serve as a point of 

comparison for future experiments . 

The following experiments were subsequently conducted to evaluate effects on the 

isotopic composition of the samples: 

1. Pentane solvent extraction with no filtering (referred to as Samples 1, 2, and 3) 

a) approximately 30 prills (Manufacturer 1) were extracted with 

approximately 2 mL pentane in a 4 mL glass vial with a Teflon-lined screw 

cap. The sample was sonicated for 5 minutes. The solvent was evaporated 

to approximately 300 ~L. Two 20 ~L samples of the remaining solvent 

were transferred to two tin capsules. The solvent was left to evaporate and 

the capsules sealed; 

b) this process was performed three times with 30 new prills fro1n the same 

sample. 

2. Water extraction with no filtering (referred to as Samples 4, 5 and 6) 

a) approximately 30 new prills were extracted with 2 rnL water ( 18.1 MOhm) 

in a 4 mL glass vial with Teflon-lined screw cap. The srunple was sonicated 

for 5 minutes. The water was evaporated to dryness under a stream of air. 

Three 300 ~g samples of the remaining white powder were weighed into 

three tin capsules and sealed; 

b) this process was performed three times with 30 new prills from the same 

san1ple. 
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3. Water extraction of samples 1, 2 and 3 following the pentane extraction in step 1, 

no filtering 

a) the prills rema1n1ng from samples 1, 2 and 3 that had previously been 

extracted with pentane were dried under air for 5 minutes. The sample was 

then extracted with water as per the procedures described in step 2. 

4. Pentane extraction with filtering (referred to as Samples 7, 8 and 9) 

a) approximately 30 new prills were extracted with 2 mL pentane in a 4 mL 

glass vial with a Teflon-lined screw cap. The sample was sonicated for 5 

minutes. The solvent was then filtered through a LC-Si solid phase 

extraction (SPE) cartridge to remove unwanted organic material and 

particulate matter (Supelco ). The solvent was evaporated to - 300 ~L. Two 

20 ~L samples of solvent were added to two tin capsules. The solvent was 

left to evaporate and the capsules sealed; 

b) this process was performed three times with 30 new prills from the same 

sample. 

5. Water extraction of Samples 7, 8 and 9 foJlowing the pentane extraction in step 4 

(filtering) 

a) the pri]Js remaining m Samples 7, 8 and 9 that had previously been 

extracted with pentane were dried under air for 5 minutes. The sample was 

then extracted with approximately 2 rnL water (18.1 MOhn1) and sonicated 

for 5 minutes. The water was filtered for particulates using syringe filters 

(Biolab ). The water was evaporated to dryness under a stream of air. Three 

300 ~g samples of the remaining white powder were weighed into three tin 

capsules and sealed; 

b) this process was repeated two more times with 30 new prills from the same 

sample. 
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5.2.2. Experiments for Comparison of Post-Blast Samples 

with Pre-Blast Samples 

5.2.2.1. Field Experiments 

The devices outlined in Table 5-1 were prepared and initiated in order to compare the 

pre-blast nitrogen isotopic values to the post-blast nitrogen isotopic values. The serial 

numbers relate to the order in which the test was conducted over a two day exercise. 

Table 5-1 Devices detonated to compare pre- versus post-blast isotopic values of ammonium 
nitrate. 

Serial Main Explosive Charge 

2 

3 

4 

5 

22 

23 

250 g AN:diesel (16: 1 
ratio) 

250 g AN:diesel (16: 1 
ratio) 

250 g AN :diesel ( 16:1 
ratio)+ -20 mL local 
water 

250 g AN:diesel (16: 1 
ratio)+ -20 rnL local 
water 

250 g Orica Powergel 
Buster 

250 g Orica Powergel 
Buster 

Booster Mixture 

20 g UEE Booster 26 Improvised mixture 

20 g UEE Booster 26 Improvised mixture 

20 g UEE Booster 26 Improvised rnixture 

20 g UEE Booster 26 In1provised mixture 

Detonating cord 

Detonating cord 

Commercial AN 
emulsion 

Commercial AN 
emulsion 

Both improvised and commercial AN-based mixtures were utilised for the 

experiments. Each experiment was duplicated to provide an indication of variation. 

Water was added to serials 4 and 5 in an attempt to achieve a partial functioning that 

would increase the chances of recovering unconsumed ammonium nitrate. 
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The improvised mixtures were mixed in a timber box. The box was pre-washed as 

follows: hosed out with fire hydrant water; washed with water ( 18.1 MOhm, a control 

was collected); washed with hexane and then pentane (control collected). Hexane was 

utilised for the initial wash as the pentane evaporated quickly and supplies were 

limited. 

Pre-blast samples of each of the main charges were collected. Samples of the AN and 

diesel used in serials 1 and 2 were collected prior to and after mixing. Three 300 ~g 

aliquots of each pre-blast sample were weighed into tin capsules for IRMS 

measurement. This included the following samples: Nitroprill®; Nitroprill® + Diesel; 

Nitroprill® sample following an extraction with pentane; Nitroprill® +Diesel following 

a pentane extraction; Commercial AN 1 following a pentane extraction; and 

Commercial AN 2 following a pentane extraction. The pentane extractions were 

conducted in order to remove the organic content of the mixture (i.e. the diesel) to 

leave the inorganic content (i.e. the ammonium nitrate) which would be recovered 

during the water swabs collected post-blast. 

To assist in the capture and recovery of post-blast residues, galvanized steel plates 

(rectangular dimensions 34 em x 32 cn1) were positioned around each device to act as 

witness plates (refer to Figure 5-1). The plates were set up as follows: 

1. 2 x 1 m distances fron1 the device ( 1 A and lB in Figure 5-l) 

2. 2 x 2 m distances from the device (2A and 2B in Figure 5-1) 

3. Base plate beneath the device (represented by the square in Figure 5-1) 

4. The device is represented by "D" inside the circle in Figure 5-1 
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2A 

1A 1B 

2B 

Not to scale 

Figure 5-l Set-up of witness plates around each device for the capture of potential explosive 
residues. (The device itself is represented by the 'D' inside the circle.) 

The witness plates utilised for serials 2 to 5 were pre-washed with hexane and water to 

remove organic and inorganic contaminants on the surface. The witness plates utili sed 

for serials 22 and 23 were pre-washed with acetone and water. One set of control 

witness plates washed by both processes were retained for processing with the post-

blast witness plates. 

5.2.2.2. Laboratory Examination 

For each serial, the following procedure was conducted: 

1. All plates were visually examined for the presence of solid residues prior to 

swabbing. Any residues visible to the naked eye were collected on a glass 

microscope slide and stored in a plastic Petri dish. The solid residues were 

subsequently weighed into tin capsules for IRMS measurement. 

2. All five plates originating from the same serial were swabbed together. The 

plates were first swabbed with two cotton swabs moistened with pentane (and 

both returned to a vial containing 2 mL of pentane). The plates were 

subsequently swabbed with two cotton swabs moistened with water (18 .1 

MOhm) (and both returned to a vial containing 2 mL of water) . 
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3. A set of control solvents/swabs were created by inserting a swab into a vial 

containing 2 mL of the relevant solvent, i.e. pentane or water (18.1 MOhm). 

4. The samples were sonicated for approximately 5 minutes. 

5. The pentane extracts were filtered through a LC-Si solid phase extraction (SPE) 

cartridge filter and the water extracts filtered using syringe filters. 

6. Each filtered solvent was evaporated down to - 600 !lL under a stream of air. 

7. 200 !lL of the pentane extract was collected for GC-MS analysis and 500 !lL of 

the water extract was collected for IC analysis. 

8. Four 20 !lL samples of each solvent were transferred to tin capsules. 

9. The solvents were allowed to evaporate prior to sealing the capsules. 

5.3. Results and Discussion 

5.3.1. Experiments to Develop Procedure for IRMS Analysis 

of Post-Blast Samples 

5.3.1 .1. Evaluation of solvents for extraction of inorganic and organic 

prill components 

Solvents suitable for the extraction of the organic (coating agent) and inorganic 

(ammonium nitrate) components of the prill were determined. Table 5-2 summarises 

the results. Pentane was selected for the extraction of the organic coating agent and 

water for the extraction of the inorganic amn1onium nitrate. 
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Table 5-2 Prill and coating agent solubility results. 

Solvent Coating Agent Soluble Prill Soluble 

Water No Yes 

Pentane Yes No 

Acetonitrile No No 

5.3.1.2. Evaluation of the effect of sample collection: swabbing versus 

washing 

The effect of sample collection technique i.e. swabbing with a cotton swab moistened 

with water versus washing the surface with water, on the nitrogen content in the final 

solvent extract was evaluated. Table 5-3 summarises the results of swabbing versus 

washing. Based on the amplitude of the mass 28 peak, there are no significant 

differences between swabbing and washing with respect to the amount of nitrogen 

introduced to the water. The differences are not significant as the minimum peak 

height for the detection of a nitrogen peak in the method is 10 m V and these 

amplitudes are all below 10 n1V. Whilst these contributions need to be taken into 

account, the differences between contributions from washing versus swabbing are not 

significant. Washing produced a lower carbon background compared to swabbing. 
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Table 5-3 Sample collection (i.e. swabbing versus washing) experimental results. 

Mean Amplitude Mass 
s (mV) Sample 28 Peak (mV) 

Control Water 23.0 1.0 

Control Cotton Swab 15.3 1.2 
1 

Control Cotton Swab 6.0 1.0 
2 

Swab *Plate 1 4.7 0.6 

Swab *Plate 2 6.0 2.0 

Swab tPlate 1 9.0 1.0 

Swab tPlate 2 5.0 0.0 

Wash *Plate 1 3.3 0.6 

Wash *Plate 2 5.0 1.7 

Wash tPlate 1 3.7 0.6 

Wash tPlate 2 5.7 1.2 

*metal plate pre-washed with pentane and water 

t metal plate pre-washed with acetone and water 

5.3.1.3. Evaluation of the effect of sample preparation: filtering and 

sequential extractions 

The pentane extracts from the priUs were measured for nitrogen isotope ratios; 

however, there were no peaks detected in the organic extract. The isotope ratio 

measurements from the water extracts from the sample preparation experiments are 

sumrnarised in Table 5-4. 
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Table 5-4 Sample preparation (i.e. ftltering and sequential extractions) experimental results. 

Experiment Mean () 15N AIR 
S (%o) (%o) 

Prill samples - no treatment -0.8 0.03 

Water extraction, no filtering -0.8 0.03 (samples 4, 5, 6) 

Water extraction, no filtering but 
following the pentane extraction -0.8 0.1 
of sample 1, 2, 3 

Water extraction, filtering and 
following the pentane extraction -0.8 0.04 
of samples 7, 8, 9 

Overall, the sample preparation techniques had no significant impact on the nitrogen 

isotope ratios of the ammonium nitrate prills. As a result, solvent extractions can be 

filtered and sequential solvent swabs collected and processed without significantly 

affecting the nitrogen isotope ratio of the target material. (Note: Water control with no 

filtering: 815NAIR O.O%o; water control with filtering: 815NAIR -1.3 ± 0.6%o.) 

5.3.2. Experiments for Comparison of Post-Blast Samples to 

Pre-Blast Samples 

5.3.2.1. Field Experiments 

Figure 5-2 to Figure 5-6 contain images from the field experiments. 
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Figure 5-2 Image of device construction 

Figure 5-3 Image of witness plate set-up. 
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Figure 5-4 Image of explosion (example for Serials 2 and 3). 

Figure 5-5 Image of explosion (example for Serials 4 and 5). 
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~""igure 5-6 Image of the four witness plates post-blast and the blast damaged base plate. 

5.3.2.2. Laboratory Examination 

The post-blast san1ples were collected by swabbing and subsequently filtering. (The 

samples were filtered as post-blast samples are generally dirty and it is beneficial to 

remove any potential contmninants that n1ay effect the nitrogen isotopic cornposition 

of the samples being measured.) Solid, white residues were recovered fro1n serials 4 

and 5 (as anticipated due to the water resulting in an inefficient detonation). 

Table 5-5 contains details of the major inorganic (as determined using IC) and organic 

(as determined using GC-MS) components of the explosives utilised in the trials. 

Nitroprill® is a low density porous AN prill manufactured using the TOP AN process. 
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Table 5-6 shows the post-blast residues identified for each of the serials utilising IC 

and GC-MS. Table 5-7 details the post-blast versus pre-blast nitrogen isotope ratio 

results. 

The addition of water to the mixtures for serials 4 and 5 resulted in the recovery of low 

levels of the heavy components of the diesel (fuel oil), which is expected due to the 

incomplete reaction. No other organic post-blast residues were recovered from the 

other serials. Various anions were detected in the aqueous post-blast extracts, none of 

which were elevated levels of nitrate. Elevated levels of nitrite which is a post-blast 

product of nitrate were detected. 

It is clear from the results (Table 5-7) that there is a significant difference between the 

post-blast nitrogen isotope values and the pre-blast values for each explosion. For all 

the measurements (both pre- and post-blast), the amplitude of the mass 28 peak was in 

the range 1240-1280 m V. Due to the significant differences in the isotope values, it is 

concluded that IRMS cannot be utilised to assist in identifying a source of AN post-

blast. 

Table 5-5 GC-MS and IC pre-blast results of explosives used in devices. 

Itetn IC Results (Anions) 

Range water Low chloride, fluoride 

Commercial AN 1 Nitrate 

Commercial AN 2 Nitrate 

Nitroprill® + Diesel Nitrate 

Nitroprill® Nitrate 

Diesel Not analysed 

142 

GC-MS Results 

Not analysed 

Heavy petroleum 
distillate 

Heavy petroleum 
distillate 

Diesel 

Nil organics detected 

Diesel 



Chapter Five: Nitrogen Stable Isotopes: Pre-Blast and Post-Blast Comparison 

Table 5-6 GC-MS and IC post-blast results. 

Serial IC Results (Anions) GC-MS Results 

Swab vial Low chloride, sulfate, carbonate Nil organics detected 

2 Chloride, permanganate, sulfate, Nil organics detected nitrite 
3 Chloride, nitrite, permanganate Nil organics detected 

4 Sulfate, nitrite, chloride, 2 peaks identified as 
permanganate cyclic alkenes 

Sulfate, nitrite, chloride, 4 small heavy 
5 petroleum distillate permanganate peaks 

22 Sulfate, chloride, nitrite, Nil organics detected permanganate 

23 Chloride, nitrite, permanganate, Nil organics detected sulfate 

Table 5-7 Post-blast versus pre-blast IRMS results. (Water and swab control: o15N Mean: 0.8%o, s: 
1.4%o.) 

Pre-Blast Post-Blast 

otsN otsN 
Sample Mean s Sample Mean s 

(%o) (%o) 

Improvised I Serial 2 Water Nitroprill® +Diesel 0.5 0. 1. Swab 10.8 1..0 
(Serials 2-5) 

Nitroprill® 0.3 0.1 Serial 3 Water 14.6 0.1 Swab 
Nitroprill® after 

0.4 0.01 Serial 4 Water 31..2 0.2 pentane extraction Swab 
Nitroprill® + Diesel Serial 5 Water after pentane 0.4 0.1. Swab 31..8 0.1 
extraction 
Commercial AN 1 1.3 0.1 Serial 4 Solid 7.2 1.0 (Serial 22) Residue 
Commercial AN 1 Serial 5 Solid after pentane 1.0 0.05 Residue 3.7 0.9 
extraction 
Commercial AN 2 1.0 0.04 Serial22 Water 30.6 0.3 (Serial 23) Swab 
Commercial AN 2 Serial 23 Water after pentane 0.9 0.1 Swab 15.3 0.8 
extraction 

143 



Chapter Five: Nitrogen Stable Isotopes: Pre-Blast and Post-Blast Comparison 

5.3.3. Interpretation of the Isotopic Fractionation Occurring 

During an Explosion 

5.3.3.1. The Explosive Train 

Figure 5-7 contains a schematic of the three-step explosive train used 1n these 

experiments. The following is a summary of this explosive train. 

A primary explosive (such as lead azide) was used to initiate a small quantity of PETN 

(a secondary explosive) inside a detonator. This in tum initiated a cast booster 

containing TNT and PETN. The high velocity shock wave of the booster then 

detonated the main charge in these experiments, which was an ammonium nitrate fuel 

oil (ANFO) mixture. (With serials 22 and 23, a length of detonating cord- containing 

PETN - was used as a booster.) 

The explosive train is significant as it can be used to explain what the ANFO main 

charge, specifically the nitrogen isotope ratios, would have undergone during the 

explosion. This can then be utilised to interpret the significance of the post-blast 

isotopic composition results. 

I Detonator 
Booster 

Main Charge J 
Figure 5-7 Diagram showing the three-step explosive train used to initiate the devices. 

5.3.3.2. The Detonation Reaction 

Figure 5-8 depicts the detonation reaction in an explosive mixture [3]. Detonation of 

the booster produces a shockwave which propagates into the unreacted explosives at 

very high pressures and temperatures. 
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The shockwave results in the ANFO particles compressing and adiabatic heating which 

increases the temperature to above the decomposition temperature of the ANFO 

mixture. 

The explosive mixture undergoes an exothermic chemical decomposition (i.e. material 

is rapidly converted into reaction products) just behind the wave front (in the chemical 

reaction zone). This process accelerates the shockwave due to the large amounts of 

heat and gas generated - referred to as the heat of explosion. This raises the internal 

pressure which adds to the high pressures at the front of the wave. The pressure and 

temperature in the detonation zone can exceed several hundred thousand atmospheres 

and 3000°C [3, 4]. 

If the shockwave velocity in the explosive is greater than the velocity of sound, 

detonation will take place. If the velocity of the shockwave is less than the velocity of 

sound, deflagration is said to occur. 

Chemical 
reaction zone 

----+ 

Detonation 
products 

Detonation 
front 

Shock zone 

U ndetonated 
explosive 

Figure 5-8 Schematic showing the detonation reaction in an explosive mixture. 
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5.3.3.3. Interpretation of Effect of Detonation on Isotope Ratio Values in 

AN 

There are numerous characteristics/events during the course of an explosion that can 

potentially affect the isotope values of the material involved in the chemical/physical 

reaction. These include: 

Chemical reaction with a change of state from a solid to gases, for example 

for 94.5o/o AN+ 5.5% fuel oil [3]: 

--•• C02 + 3N2 + 7H20 + 3.9kJ/g (energy release) 

The explosive compound breaks apart into its constituent atoms and 

undergoes rearrangement of the atoms into a series of small, stable 

n1olecules - usually H20 , C02, CO and N 2• The nature of the products 

depends on the amount of oxygen available during the reaction. Elevated 

levels of nitrite anions were identified post-blast for each explosion (Table 

5-6). No nitrate anions were detected in the post-blast water extracts from 

the witness plates. This suggests that in the blast the nitrate was reduced to 

nitrite to a level that the nitrate was not detectable by the IC instrument 

(approximately 0.01 ppm detection limit). This chemical reaction could 

result in isotopic fractionation of the nitrogen in the nitrate. 

High temperatures - as discussed in Chapter 1.10 the following transitions 

occur in armnonium nitrate at the following temperatures: Phase 1 to II at 

125°C; phase II to Ill at 84°C; phase III to IV at 32°C; and phase IV to Vat 

- l8°C [5]. As a result of being exposed to high temperatures, if any 

ammonium nitrate remained intact or partially intact, then it may have 

undergone phase transitions, potentially affecting its isotopic composition. 

As the temperatures in the detonation zone can exceed 3000°C, the isotopic 

equilibrium fractionation factors between reacted and unreacted material 

would be minimal. 

Mixing with various other materials produced and environmental 

contaminants, including atmospheric gases and other surrounding materials 
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in the reaction zone. Other nitrogen -containing contaminants present in the 

post-blast samples (that are not detectable using the IC and GC-MS 

instruments in their current configuration) may have contributed to the 

variation in the nitrogen isotopic composition. 

Kinetic Isotope Effects - refers to dissociation energies of molecules 

composed of different isotopes. The rate-determining effect in a chemical 

reaction in this case involves the breakage of a bond. It is easier to break 

bonds of molecules containing the light isotope as the vibrational 

frequencies of such bonds are higher. The low mass isotopes are 

preferentially incorporated in the products of incomplete reactions and high 

mass isotopes become enriched in the unreacted residue [ 6] . The solid 

residues recovered and measured from serials 4 and 5 are enriched in the 
15N, which supports that the differences observed between the pre- and 

post-blast samples may be in part due to kinetic isotope effects. 

5.4. Conclusions 

A procedure for the recovery, preparation and analysis of post-blast san1ples for bulk 

nitrogen isotope ratios was developed. The procedure was utilised during field trials 

where a number of devices containing both improvised and cornmercial arr1monium 

nitrate fuel oil compositions were detonated. All post-blast samples, water extracts and 

recovered solid residues were enriched in nitrogen compared to the pre-blast samples. 

This is likely a result of the kinetic isotope fractionation effect and also the breakdown 

of the nitrate ion to nitrite resulting in the potential fractionation of the nitrogen. In the 

case of serials 4 and 5, solid residues were recovered and measured. Both of these 

post-blast results were enriched, indicating that this is likely to be a result of the kinetic 

isotope effect. Post-blast residues mixing with various other materials produced and 

environmental contaminants may also have contributed to the post-blast variation. 

It is clear that there is a significant difference between the post-blast nitrogen isotopic 

composition and that from the corresponding pre-blast sample for each explosion. Due 
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to these significant differences, it is concluded that IRMS cannot be utilised to assist in 

identifying the source of AN post-blast. 
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Chapter 6. Method Development and Validation 

for Bulk Hydrogen and Oxygen Isotope Ratios 

6.1. Introduction 

It is evident from the results in Chapter 4 that AN samples from different 

manufacturers can be differentiated to a limited extent utilising the bulk nitrogen 

isotopes alone. In order to utilise stable isotope ratios to the level required for con1plex 

forensic investigations, a greater level of discrimination is desired. As discussed in 

Chapter 1.8.1, the oxygen and hydrogen isotope ratios have previously been measured 

in ammonium nitrate sarnples by other scientists, however only in preliminary studies. 

Consequently, the hydrogen and oxygen isotope ratios were targeted for more 

extensive evaluation. 

The majority of literature that addresses the measuretnent of nitrogen and oxygen 

stable isotopes in nitrates is focused on tracing/identifying sources of nitrates (i .e. as 

originating from soil or manure) in water supplies [ 1-7]. Some of the information 

detailed in these articles can be utilised for the development of procedures for the 

evaluation of H and 0 isotopes in ammonium nitrate prill, particularly in relation to 

some of the specific complexities related to the measurement of 0 and H stable 

isotopes. A range of papers discuss the determination of measurement precision and 

accuracy specific to the application being researched, however none address a full 

method validation [2, 4, 7 -9]. 

Silva et al. [2] discuss the measurement of samples of nitrate for their nitrogen and 

oxygen content using elemental analysis (EA). The authors identify the greatest 

obstacle to oxygen analysis in nitrates as the presence of other oxygen bearing 

substances. In the case of ammonium nitrate prill samples, such oxygen bearing 

substances could include the coating agent, additives added to the prill to improve their 

qualities, and/or impurities. 
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Knoller et al. [8] discuss the measurement of H in cellulose nitrate using online high 

temperature pyrolysis (HTP). The analytical precision for the measurement of 24 

cellulose nitrate samples was determined to be ±3.0%o. The authors also highlight the 

importance of certified reference materials having the same chemical composition and 

subjected to the same preparation procedure as the samples of interest. The authors 

provide evidence of significant differences in the behaviour of cellulose nitrate and the 

polyethylene certified reference material (PE foil) during the pyrolytic conversion 

(cycle). Method details for the measurement of cellulose nitrate were: He carrier flow: 

80 mL/min; GC column temperature: 65°C and pyrolysis unit temperature: 1450°C. 

Knoller et al. [8] also discuss the calibration of three different solid cellulose nitrate 

reference materials to be used as laboratory standards for the measurement of cellulose 

nitrate. These were calibrated using water IAEA standards, hence requiring the 

1neasurement of water and solid standards in the one sequence. This was critical as no 

certified reference materials were available that fulfilled the requirements for the H 

isotope measuren1ent of cellulose nitrate. 

Gehre et al. [ 1 0] evaluated the temperature dependence of the reaction of water 

between 1100 and 1450°C. For temperatures above 1300°C, the reactor produced an 

increasing amount of CO in the background from the reaction of the glassy carbon 

with the ceramic tube. This restricted the usable temperature to a maximum of 1450°C. 

The authors also evaluated memory effects and the need to correct for such effects. 

Gehre et al. [ 1 0] also discuss the importance of yield consistency and stability of raw 

isotope values before correcting n1easured values. The authors state that if the reaction 

is not quantitative, the data may still be corrected; however, the procedure is not likely 

to be robust. For a non-quantitative reaction, unreacted water or by-products may pass 

the reactor and enter the GC column. This will alter the column performance. The 

unreacted compounds may eventually pass the carbon reduction reactor and enter the 

MS and interfere with the isotope ratio measurements via ion-molecule reactions or in 

other unpredictable ways. 

Gat and DeBievre [ 11] highlight that the use of different conversion procedures may 

potentially introduce isotope fractionation. The isotopic fractionations introduced by 
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incomplete conversions are not well understood. Only absolute isotope ratio 

measurements enable control over the reliability of the conversion procedures, 

especially for the case when data from different laboratories and procedures are to be 

compared. 

Gehre and Strauch [9] highlight potential issues with the measurement of nitrates. The 

authors state that nitrates are pyrolysed completely to N2 and CO by temperatures 

exceeding 1400°C. If measurements of hydrogen in organic materials, such as 

cellulose, are performed at less than 1400°C, the conversion to H2 gas is likely to be 

incomplete, hence methane can be formed during the pyrolytic process. Small traces of 

methane in the ion source can interfere with the stability of the H3 + factor during the 

H2 measurement. The authors also discuss issues that may arise when using a magnetic 

field jump from HD to CO as the technique interferes with the temperature control of 

the magnet. As the magnet current required for the measurement of H2 is low 

compared to CO measurements, the magnetic field jump to CO does not have the 

precision to allow for an accurate measurement. The authors also discuss a method for 

the dual measurement of nitrogen and oxygen in one run. 

Chang et al. [4] provide Nand 0 isotopic signatures for nitrate san1ples from different 

sources. The authors make reference to the low delta values that are characteristic of 

ammoniacal fertiliser and soiJ nitrate (3.0 to 5.5%o for nitrogen and 3.3 to 9.4%o for 

oxygen). This information tnay be of significance during a forensic post-blast 

investigation where nitrates have been identified after an explosion. IRMS may be 

utilised to discriminate between environmental nitrates and nitrates from AN prill. 

Issues with regards to fractionation during the explosion and sample preparation need 

to be further evaluated prior to determining whether or not this information could be 

utilised. 

Leuenberger and Filot [12] refer to the use of high temperature reduction (HTR) for 

oxygen and hydrogen isotope determination. Decomposition of polyethylene was 

determined to be quantitative for temperatures around 1450°C. If lower temperatures 

were utilised, C02 and water were produced and the carbon inside the reactor 

decomposed, ultimately leading to isotope fractionation. The authors recommend that 

the HTR should be carried out at temperatures above 1450°C to ensure that 
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fractionations associated with the reduction process are minimal. Method details 

provided for the measurement of organic samples were as follows - GC column 

temperature: 70°C; reduction furnace temperature: 1325°C; He carrier flow: 110 

mL/min (pressure gauge at 0.8 bar in the TC/EA); purge gas flow of the autosampler: 

76 mL/min ( 1.6 bar to eliminate all traces of air in the sample and the autosampler); He 

dilution on the ConFlo: 0.8 bar; CO pressure: 1.5 bar. The samples were weighed and 

dried for 24 hours in a vacuum desiccator at 50°C prior to analysis. 

Leuenberger and Filot [12] also address the importance of having the chemical 

structure and con1position of the reference material similar to the sample of interest. 

Differences may introduce a bias due to fractionation. In order to minimise the 

potential fractionation of C, 0 and H during the reaction, temperatures of around 

1450°C are recommended to maximise the potential to achieve the theoretical 

conversion rate. 

Other issues associated with the measurement of oxygen and hydrogen stable isotopes 

relate to the potential for isotopic exchange and/or adsorption of water from 

atmospheric moisture. The potential for this occuiTence needs to be considered during 

every phase of smnple collection and storage through to measurement. Additional 

steps, such as drying and/or equilibration with a known material, may be required. 

Gehre et al. [9] discuss a technique for the isotope measurement of non-exchangeable 

H based on the equilibration of the cellulose hydrogen with water vapour of defined 

isotopic composition. 

Gilg et al. [13] address some of the complexities in measuring oxygen and hydrogen 

isotopes in clays with respect to the potential for adsorbed water and isotopic 

exchange. Saurer and Siegwolf [ 14] discuss how the adsorption of water onto samples 

could result in the production of CO containing oxygen from the adsorbed water, 

ultimately adversely affecting the measurements. The authors discuss some options to 

overcome this potential issue. 

Saurer and Siegwolf [14] also discuss some adverse effects associated with the 

introduction of carbon in the reactor to minimise the formation and deposition of tarry 

products that might bind some of the sample oxygen. This carbon can react with the 
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reactor walls, which usually consists of ceramic material (Ab03) or quartz (Si02), 

resulting in the production of non-sample-derived CO (in particular at temperatures 

above 1100°C). This is referred to as the "blank problem" or "background problem". 

Although efforts have been made to overcome these issues (e.g. use of glassy carbon 

instead of elemental carbon in the reactor, and high temperature reactions -1400°C) 

users should be aware of these potential issues. 

Other problems that may arise are: 

1. memory effects caused by incomplete conversion of the sample oxygen to CO. 

This could result in the production of a non-volatile oxide on the reactor 

surface that may exchange oxygen with the pyrolysis products of the next 

sample or may slowly desorb as CO from the surface [14]; 

2. if CO gas is utilised, it may interfere with N2. The problem may be overcome 

by the use of a molecular sieve to separate CO and N 2 [ 14]. 

The objective of this research was to determine whether a procedure could be 

developed and optimised for the accurate and precise dual measurement (in the same 

sample) of bulk hydrogen and oxygen stable isotopes in ammonium nitrate (AN) prill 

satnples. As amples encountered in forensic science are generally linlited in quantity 

and require analysis by multiple techniques (some of which are destn1ctive), a dual 

measurement method was desired so that both the oxygen and hydrogen isotopic 

composition could be obtained from one sample. In order to achieve the objectives, the 

following aims were established: 

1. development and optimisation of a method for the dual measurement of oxygen 

and hydrogen in AN prill samples; 

2. selection and characterisation of suitable laboratory standards; 

3. validation of the method, including determination of the measurement 

uncertainty; and 

4. evaluation of the potential for isotope exchange/adsorption to occur In AN 

priUs. 
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6.2. Materials and Methods 

6.2.1. Standards and Samples 

The international certified reference materials (referred to as CRMs or IAEA standards 

throughout this chapter) with stable isotope ratios as specified in Table 6-1 were 

utilised throughout the hydrogen and oxygen experiments. These standards were stored 

in their original packaging in a desiccator. 

Table 6-1 Certified values for o.xygen and hydrogen certified reference materials (CRM). 
s:ISO 

CRM Material BDvsMow (%o) CRM Material u VSMOW 
(%o) 

RM 8538 Biotite -66.7 ± 0.3 RM 8544 Limestone 28.65 [16] (NBS30) [15] (NBS19) 
RM 8539 Oil -118.5 ± 2.8 RM 8545 Lithium 3.63[17] (NBS22) [15] (LSVEC) Carbonate 
RM 8540 Polyethylene -100.3 ± 2.0 RM 8538 Biotite 5.3 ± 0.24 [15] (PEF1) [15] (NBS30) 

USGS35 Sodium 51.5 ± 0.3 [18] nitrate 

USGS34 Potassium - 14.8 ± 0.2 
Nitrate [18] 

RM8549 Potassium (IAEA- Nitrate 25.6 ± 0.4 [18] 
N0-3) 

Sub-samples of proposed laboratory standards were transferred from the 

manufacturer's packaging to 24 mL Wheaton sample vials (clear) with Teflon-lined 

screw cap lids (Sigma-Aldrich). AN prill samples were also stored in the same type of 

sample vial. 

The following chemicals were evaluated as potential laboratory standards and/or 

quality control standards: 

1. ammonium sulfate (99 .999o/o Sigma Aldrich, product no. 204501-50G, lot no. 

06810PB); 

2. ammonium sulfate (99.999% Sigma Aldrich, product no. 204501-10G, lot no. 

06810PB); 
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3. ammonium sulfate (~99.5o/o Merck, product no. 1.01217.0100, lot no. A458017 

505); 

4. ammonium sulfate (>99.5% Merck, product no. 1.01211.0250, lot no. A596411 

619); 

5. ammonium sulfate (~99.5o/o Merck, product no. 1.01211.1000, lot no. A801711 

649); 

6. ammonium bicarbonate (~99.0% Sigma, product no. A6141-25G, lot no. 

105K0126); 

7. ammonium bicarbonate (~99 .5% Fluka, product no. 09830 100g, lot no. 

1190933 33605130); 

8. ammonium bicarbonate (~99.5% Fluka, product no. 09830 lkg, lot no. 

1295253 54706227); and 

9. potassium nitrate (99.999% Aldrich, product no. 542040-100, lot no. 

10014EB). 

One kilogram lots of the anunonium sulfate (~99.5% Merck) and ammonium 

bicarbonate (;:::99.5% Fluka) samples were purchased so that in the event that the 

samples were shown to be suitable for use as laboratory standards, then sufficient 

supply of the material would be available. 

Samples of explosive grade ammonium nitrate prill from an Australian manufacturer 

were also measured during the method development and validation. 

The following gases (from BOC) were used: helium ultra high purity (99.999% ), 1.93 

± 0.04% H2 in He, carbon monoxide (99.997o/o ), and hydrogen (99.9999% ). 

6.2.2. Instrumentation and Equipment 

A Genius ME5 (Sartorius) analytical balance was utilised to weigh all san1ples and 

standards. Standards and prepared samples were stored in either a Perspex (i.e. acrylic) 
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or glass desiccator with self-indicating orange silica gel (LabServ). Samples were 

weighed into 3.3 x 5 mm silver capsules for solids (Santis Analytical). 

A DELT Aplusxp (Thermo Finnigan) IRMS instrument, with ConFlo III interface and 

High Temperature Conversion Elemental Analyser (TC-EA) with an AS2000 auto 

sampler, was utilised for all experiments. The operating software for the IRMS was 

Isodat NT 2.0. Refer to Chapter 1.7. 1.2 for a description of the analysis. 

Manufacturer's Specifications - TC-EA External Precision (only with autosampler) 

[1 9]: 

1. 200!-!g benzoic acid 8180 = 0.4%o 

2. 500!-!g benzoic acid oD = 3.0%o 

6.2.3. Analytical Sequence 

A standard analytical sequence consisted of the measuren1ent of 3 x conditioning 

samples (consisting of a null sample and then two blank silver capsules), 4 x Oxygen 

Standard 1, 4 x Oxygen Standard 2, 4 x Hydrogen Standard 1, 4 x Hydrogen Standard 

2, Samples (up to 18), 4 x Oxygen QC Standard, 4 x Hydrogen QC Standard, 4 x 

Oxygen Standard 1, 4 x Oxygen Standard 2, 4 x Hydrogen Standard 1, and 4 x 

Hydrogen Standard 2. After each set of standards or samples, two blanks were 

measured (i.e. a null sample and then an empty silver capsule) to assist with evaluating 

background and metnory effects. 

6.2.4. Correction Calculations 

A spreadsheet template was developed in Microsoft® Office Excel 2003 in order to 

correct the values of the standards and samples in a sequence against certified 

reference materials. This template has been previously outlined in Chapter 2. 

6.2.5. Sample Preparation 

Samples and standards were prepared In sets of four unless otherwise specified. 

Samples and standards were weighed (±5 !lg) into silver capsules and subsequently 
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sealed and placed in 200 ~L centrifuge tubes. If the samples were not measured on the 

same day, they were stored in the centrifuge tubes in a desiccator. Sample and standard 

amounts were selected so as to produce similar peak heights to the reference gas peaks 

(approximately 6000 mV for hydrogen and 5000 mV for carbon monoxide). These 

heights related to approximately 300 ~g of ammonium nitrate. 

6.2.6. Method Development & Optimisation 

Elemental analyser - Figure 6-1 outlines the configuration and composition of the 

reactor in the TC-EA [20] . 
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Figure 6-1 Reactor packing in the TC-EA [20]. 
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In developing and optimising the method, the elemental analyser parameters; ConFlo 

interface parameters; and IRMS method parameters were systematically varied in 

order to ensure that the following were achieved: 

1. full peak detection for both oxygen and hydrogen peaks by varying carrier 

flows, GC column temperature, and peak detection parameters in the method; 

2. complete combustion of samples to CO and H2 ensuring that the most 

appropriate reactor packing materials and temperature were utilised [20]; and 

3. peak height approximately the same as the reference peak height by adjusting 

reference gas pressures on the ConFlo interface and the carrier pressure on the 

ConFlo and TC-EA. 

The method parameters detailed in Appendix 4 (Initial Method Parameters) were 

selected subsequent to initial method development for the measurement of 0 and H 

isotopes. Subsequent to the second stage of method development, Optimised Method 1 

was created (Appendix 4 - Optimised Method 1 Parameters). These two sets of 

parameters were utilised for a number of experiments prior to the final stage of the 

method optimisation, and are referred to as Initial Method Parameters and Optimised 

Method 1. To assist in optimising the initial methods, a series of experiments were 

conducted. The details of these experiments and associated results are detailed in 

Appendix 4 (Method Optimisation Experiments). The final optimised method is 

referred to as Optimised Method 2. 

6.2.6.1. Optimised Method 2 Parameters 

Elemental analyser parameters - oven temperature (housing the packed gas 

chromatograph (GC) column, column length - 60 em): 65°C; furnace temperature: 

1450°C; purge gas pressure (He): 1.8 bar; carrier gas pressure (He): 1.5 bar; auxiliary 

gas pressure (2% H2 in He): 1.5 bar. The auxiliary gas (i.e. 2% H2 in He) was utilised 

to ensure that there was a reducing environment in the reactor to improve the stability 

for 8180 measurements. 
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ConFlo interface parameters - helium dilution gas: 0.3 bar; reference 1 carbon 

monoxide: 0.7 bar; reference 2 hydrogen: 1.1 bar. 

IRMS method parameters - dual measurement acquisition time: 390 seconds; pulse of 

H2 reference gas for 20 seconds at 20 and 60 seconds (hydrogen reference peak); 

hydrogen peak elution between 115-150 seconds; pulse of CO reference gas for 20 

seconds at 300 and 340 seconds (reference peak for oxygen isotopic determination); 

carbon monoxide peak elution between 180-290 seconds; magnet jump/switch gas 

from H2 to CO at an event (defined as the end of the hydrogen peak detection) or if no 

hydrogen peak is detected at 175 seconds; helium dilution turned on when event is 

detected or if no event is detected, at 175 seconds. 

6.2. 7. Selection and Characterisation of laboratory 
Standards and Quality Control Standards 

6.2.7.1. Selection of Suitable Laboratory Standards 

The evaluation of potential laboratory standards focussed on the following 

considerations: similarity in chemical composition; whether the isotope ratios of the 

potential materials bracketed the expected isotope ratios of the target materials; 

homogeneity; availability; similarity of decomposition products in pyrolysis cycles; 

and, ea e of use. 

Samples with similar chemical composition/structure to ainmonium nitrate were 

selected and measured in order to determine whether the isotope ratio values bracketed 

those of the samples of interest and whether the results indicated sample homogeneity. 

Although compounds such as carbonates and silicates can provide a source of both 

hydrogen and oxygen, their behaviour during the pyrolysis cycle may be significantly 

different to ammonium nitrate. These substances were therefore not evaluated as 

potential laboratory standards. Compounds containing an ammonium ion were 

prioritised in order to keep the H source the same as the target material. Ammonium 

nitrate itself was not evaluated as a potential laboratory standard as it is highly 

hygroscopic, hence not stable. 
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The o/oH and o/oO in the compounds relative to those in ammontum nitrate were 

considered because these concentrations are directly proportional to the generated 

sample peak height within the IRMS. 

Table 6-2 provides an overview of the compounds considered for evaluation as 

potential laboratory standards for ammonium nitrate. Ammonium sulfate and 

ammonium bicarbonate were ultimately selected as potential laboratory standards for 

evaluation based on their suitability against the required criteria for a standard, 

together with the fact that these chemicals contained both oxygen and hydrogen 

(potentially decreasing the number of standards required to be weighed and measured 

for each sequence). The potassium nitrate and sodium nitrate samples were not 

selected as potential laboratory standards as they did not contain H. 

Seven (7) measurements of a range (different brands and grades) of ammonium sulfate 

and ammonium bicarbonate samples were measured (utilising the Initial Method 

Parameters, Appendix 4) together with the ammonium nitrate prill samples. The 

samples evaluated were: 

1. ammonium sulfate (99.999o/o Sigma Aldrich, product no. 204501-50G, 

lot no. 06810PB); 

2. ammonium sulfate (99.999o/o Sigma Aldrich, product no. 204501-IOG, 

lot no. 06810PB); 

3. ammonium sulfate (~99.5% Merck, product no. 1.01217.0100, lot no. 

A458017 505); 

4. ammonium sulfate (>99.5% Merck, product no. 1.01211.0250, lot no. 

A596411 619); 

5. amn1onium bicarbonate (~99.0o/o Sigma, product no. A6141-25G, lot 

no. 105K0126); and 

6. ammonium bicarbonate (~99.5% Fluka, product no. 09830 100g, lot no. 

1190933 33605130). 

160 



Table 6-2 Coml!ounds considered for evaluation as J:!Otential 0 & H laborator~ standards (AN listed for coml!arison J:!UrJ:!oses onl~). 
Chemical Decompose Bracket Easy Proposed Chemical composition Readily 

standard formula %H o/oO compared to at Room ratios of Hygroscopic to available Homogeneous 

AN Temp. AN handle 

Not 
Ammonium NH4N03 5.04 59.97 Sarne No Evaluated Yes Yes Yes Not Evaluated 
nitrate as Lab. as Lab. Std. 

Std. 

Ammonium Similar 0% & 

bicarbonate NH4HC03 6.37 60.71 H%, but not a No Yes No Yes Yes Yes 
nitrate 

Ammonium (NH4)2S04 6.10 48.43 Sirnilar 0%, but No Yes No Yes Yes Yes sulfate not a nitrate 

Similar 0%, but Not 
Potassium Evaluated 
nitrate KN03 0.00 47.48 no H. No as Lab. No Yes Yes Yes 

Is a nitrate Std. 

Similar 0%, but Not 
Sodium NaN03 0.00 56.48 no H. Deliquesces Evaluated Yes Yes Yes Not Evaluated 
nitrate Is a nitrate in moist air as Lab. as Lab. Std. 

Std. 
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6.2.7.2. Calibration of Proposed Laboratory Standards 

The proposed laboratory standards, Ammonium Sulfate (Merck, product no. 

1.01211.0250) and Ammonium Bicarbonate (Fluka, product no. 09830 100g), were 

measured against IAEA standards (CRMs) in an attempt to calibrate their delta values. 

Seven replicates of the proposed laboratory standards and four of the IAEA standards 

(NBS22 oil, PEF1 polyethylene, LSVEC lithium carbonate, and NBS19 limestone) 

were measured. The Initial Method Parameters (Appendix 4) were utilised for these 

initial measurements. 

The proposed laboratory standards could not be calibrated as the certified reference 

materials (i.e. IAEA standards) did not bracket the range of the proposed laboratory 

standards. Significant error would be introduced if the laboratory standards were 

calibrated using standards that did not bracket the range. 

6.2.7.3. Stability of Laboratory Standards 

Two sets of experiments were conducted using the Initial Method Parameters 

(Appendix 4) to evaluate the effects, if any, of different storage conditions on the 

oxygen and hydrogen isotopes of the proposed laboratory standards. 

The following conditions were evaluated during the first set of experiments: 

• Storage container: 24 mL Wheaton sample vials with Teflon-lined lids; 

• Storage conditions: laboratory shelf, vial upright in desiccator and vial upside-

down in desiccator; 

• Samp]es: Anunonium sulfate - crushed and not crushed; Ammonium 

bicarbonate - crushed and not crushed; and 

• Time evaluated (days): 1, 3, 9, 14 and 34. 

The following conditions were evaluated during the second set of experiments: 

• Storage container: 24 mL Wheaton sample vials with Teflon-lined lids; 
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• Storage conditions: desiccator; 

• Samples: Ammonium sulfate- sample dried prior to measurements, vial sealed 

with Parafilm, open vial; Ammonium bicarbonate - vial sealed with Parafilm, 

open vial; and 

• Time evaluated (days): 1, 2, 5, 9 and 103. 

6.2. 7 .4. Selection & Characterisation of Quality Control Standards 

As the proposed laboratory standards were unable to be calibrated, an evaluation was 

conducted on n1aterials that could be utilised as quality control (QC) standards. A QC 

standard should display the same qualities as laboratory standards, however should 

have a delta value that is bracketed by the standards (either laboratory standard or 

CRM) being utilised. The CRMs available for use in future experiments were not 

matrix rnatched to the target material, hence may introduce a source of significant 

uncertainty in the procedure (e.g. the standards may react differently to the target 

materials during the pyrolysis reaction). In order to evaluate this potential source of 

uncertainty, rnatrix matched QC standards would be measured in each sequence to 

ensure that the agreed values for the QC standards were being obtained, hence 

demonstrating that the correct values for the target materials (i.e. ammoniurr1 njtrate) 

were also being obtained when using the non-matrix 1natched CRMs. 

Potassium nitrate (Aldrich, product no. 542040-1 OG) and ammonium sulfate (Merck, 

product no. 1.01211.1000 1kg) were evaluated as potential QC standards for oxygen 

and hydrogen respectively. Four measurements of each were collected in a sequence 

with NBS22 oil and coumarin as the hydrogen standards and USGS35 sodium nitrate, 

USGS34 potassium nitrate, LSVEC lithium carbonate and NBS 19 lin1estone as the 

oxygen standards. The Optimised Method Parameters 2 were utilised for this 

calibration. Four oxygen standards were measured due to the potential uncertainty 

introduced through the use of the nitrate standards (due to possible interference of N2 

with CO). A comparison was conducted of the values obtained for the QC standards 

utilising the nitrates versus the carbonate standards. This served as an initial calibration 
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of the QC standards in the absence of certified reference materials that bracketed the 

hydrogen delta values. 

The coumarin standard was obtained from Wolfram Meier-Augenstein (Queens 

University, Belfast) and had previously had its 0 (8180vsMow + 15.83%o), H (8DvsMow 

+62.56%o) and C (8 13CvPDB -36.13%o) delta values determined by two independent 

laboratories overseas [21]. This standard provided a positive (more enriched) H value 

to broaden the range that the H standards bracketed. The coumarin standard is referred 

to as a CRM throughout this thesis; however, it is not a true CRM. 

Raw delta values for QC standards and AN prill samples measured In the same 

sequence on eight different occasions were plotted in order to determine whether the 

QC standards and the AN prill samples exhibited the same reaction, relative to each 

other, during the pyrolysis cycle. 

In the context of this research, the delta values obtained fron1 the ammonium nitrate 

prill samples can be compared to each other (i.e. be utilised for intra-laboratory 

comparisons); however, these will not be entered into a database until it is confirmed 

that the values represent the true values. 

The precision/repeatability of the QC san1ples was determined during the Validation -

M·easurement Uncertainty section of this chapter in order to determine whether the 

san1ples were homogeneous and stable over a set period of time. 

6.2.7.5. Evaluation of CAMs for Use as Standards 

In the absence of calibrated laboratory standards, a test sequence was measured to 

determine vwhether the IAEA standards (CRMs) bracketed the AN prill samples. Seven 

measurements were collected from each sample and laboratory standard and three 

measurements from each IAEA standard. Each standard was measured three times 

throughout the cycle. 

Raw delta values for IAEA standards and AN prill samples measured in the same 

sequence on seven different occasions were plotted in order to determine whether the 
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IAEA standards and AN prill samples were exhibiting the same reaction, relative to 

each other, during the pyrolysis sequence. 

6.2.7.6. Comparison of Dual versus Single Measurement Methods 

As Optimised Method 1 did not produce accurate results for oxygen, together with the 

fact that the literature suggests that oxygen and hydrogen are best measured in separate 

runs [9], the performance of Optimised Method 1 was compared to methods measuring 

oxygen and hydrogen separately. (Time constraints restricted these experiments from 

being conducted on Optimised Method 2.) 

The following method parameters were utilised for the single hydrogen and single 

oxygen methods. 

Elemental analyser parameters and ConFlo interface parameters were the same as for 

Optimised Method 1 (Appendix 4). 

Hydrogen method parameters - acquisition time: 240 seconds; Pulse of H2 reference 

gas for 20 seconds at 20, 60 (hydrogen reference peak) and 200 seconds; hydrogen 

peak elution between 115--150 seconds. 

Oxygen method parameters - acquisition time: 320 seconds; Pulse of CO reference gas 

for 20 seconds at 10, 220 and 260 seconds (reference peal for oxygen isotopic 

determination); carbon monoxide peak elution between 100-180 seconds; He dilution 

remained on during the entire method due to the weight of samples utilised. 

The following sarr1ples were measured in order to determine whether there was a 

significant difference in the 0 and H values obtained using the single versus the dual 

method. 

• Dual vs Single Experitnent 1 - seven repeats of armnonium nitrate prill and 

coumarin were measured utilising the three methods; i.e. dual 0 and H method, 

single H method, and single 0 method. 

In order to focus on the oxygen isotope, a second experiment was conducted. The 

following samples were measured in order to determine whether the certified values 
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for the oxygen standards could be obtained utilising the single method versus the dual 

method and also determine which method would produce the most precise and 

accurate results overall. 

• Dual vs Single Experiment 2 - five repeats of LSVEC lithium carbonate and 

NBS 19 limestone were measured utilising both the dual 0 and H method and 

the single 0 method. These were measured as the standards. Five repeats of 

IAEA-N0-3 potassium nitrate were measured as the unknown using both 

methods in order to replicate the measurement of the nitrate (i.e. AN prill) in 

future sequences. 

6.2.7.7. Relative Yield Estimations 

The yield of the proposed quality control standards and the ammonium nitrate prill 

samples relative to the yield of the certified reference materials were calculated in 

order to determine whether complete conversion (i.e. quantitative reaction) was being 

achieved. The yield for AN prill samples relative to CRM at two different pyrolysis 

temperatures (i.e. 1350°C and 1450°C) were also compared to determine whether the 

pyrolysis reaction temperature was affecting the yield from the prill. 

QC standards and AN prill samples relative to CRM Experiinent- the data generated 

from the Method Precision/Repeatability experiment (using Optimised Method 1) 

conducted over a 24 day period was utilised to obtain an overview of the yields over a 

24 day period. 

AN samples relative to CRM Experiment - the following were measured at both 

1350°C and 1450°C: NBS 19 limestone, LSVEC lithium carbonate, and AN prill for 

oxygen; PEFl polyethylene and AN prill for hydrogen. Four repeats of each were 

measured. 

Calculations were performed by determining the weight of hydrogen or oxygen in the 

sample in ~g. Yield per ~g for each sample was calculated by dividing the mean area 

by the weight of hydrogen (or oxygen) in the compound. This was then divided by the 

yield of the CRM or QC standard that the sample was being compared to. The mean of 

Area 2 for hydrogen and the mean of Area 28 for oxygen were utilised. 
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6.2.8. Validation - Measurement Uncertainty 

The following experiments were conducted in order to estimate the measurement 

uncertainty associated with the measurement of oxygen and hydrogen isotope ratios of 

AN prills utilising Optimised Method 2. 

6.2.8.1 . Method Precision/Repeatability 

The method precision for the measurement of AN prill samples was evaluated by 

measuring 7 measurements from the same prill on two different occasions (days 1 and 

4) and 7 measurements from a second prill from the same sample on a third occasion 

(day 5). These samples were measured with four repeats of each of the CRMs (NBS22 

oil, coumarin, USGS34 potassium nitrate, and USGS35 sodium nitrate) and the two 

QC standards (ammonium sulfate and potassium nitrate). All measured values were 

corrected utilising the spreadsheet template described in Chapter 2. 

6.2.8.2. Method Bias/ Accuracy 

PEF1 polyethylene, coumarin, NBS22 oil, USGS34 potassium nitrate, USGS35 

sodium nitrate, LSVEC lithium carbonate, NBS 19 limestone, the two QC standards 

(arnmonium sulfate and potassium nitrate), and an AN prill sample were prepared (four 

replicates of each) and measured. Correction calculations were perforrned utilising 

USGS35 and USGS34 (nitrate standards) as the oxygen standards in order to replicate 

what would be used for future measurements of AN prill samples. Correction 

calculations were also perforn1ed utilising LS VEC and NBS 19 (carbonate standards) 

as the standards to compare the potential difference introduced through the use of 

nitrate standards. 

Calculations were also performed using NBS 19 and coumarin as the standards and 

LSVEC as an unknown in order to demonstrate/highlight the uncertainty introduced 

through extrapolation during correction calculations (i.e. when CRMs do not bracket 

the sample). 
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6.2.8.3. Estimate of Measurement Uncertainty 

The series of equations detailed in Chapter 2.2.6.2 were utilised to provide an estimate 

of the measurement uncertainty (i.e. expanded uncertainty) for the measurement of 

oxygen and hydrogen isotope ratios in AN prill samples. These equations were utilised 

as they are recommended by NAT A for performing an estimate of the combined 

standard uncertainty [22]. 

6.2.8.4. Linear range 

A full method validation was not conducted for the optimised oxygen and hydrogen 

dual method due to time constraints. 

An initial validation was conducted prior to the final method optimisation to obtain an 

initial indication of the instrument's performance characteristics. This validation 

(utilising the Initial Method Parameters in Appendix 4) incorporated an evaluation of 

accuracy, precision/repeatability, reproducibility. and linear range. As these 

experirnents were conducted prior to method optimisation, and utilising IAEA 

standards that did not bracket the samples, the accuracy, precision/repeatability~ 

reproducibility results are not reported. The linear range experiments are incorporated 

as these were run in one sequence and the results can be cornpared to each other. 

The linear range was determined by analysing seven replicates of ammonium sulfate at 

the following masses: 30 J.!g, 90 J.!g, 180 J.!g, 300 J.!g, 450 J.!g, and 900 J.!g. The results 

obtained from the experiments were utilised to determine linear range and also assisted 

in determining at what quantity of ammonium sulfate (which could then be correlated 

to the amount of oxygen and hydrogen) the measurements displayed unacceptable 

precision. The data were plotted as raw values and compared to each other as all 

samples were measured in the one sequence. 

6.2.9. Exchange/Adsorption Experiments for 0 and H 

Isotopes in AN Prill 

The potential for the isotope ratios of hydrogen and oxygen to vary due to either the 

presence of adsorbed water or isotope exchange with atmospheric moisture exists. The 
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following preliminary evaluation was conducted to determine whether ammonium 

nitrate prill samples undergo oxygen and/or hydrogen water adsorption and/or isotope 

exchange under the proposed storage conditions. These conditions are the primary 

conditions under which future operational and database samples will be stored, hence 

were the priority ones to evaluate. 

Two sample types were evaluated: a chetnical grade ammonium nitrate crystal (Sigma 

99.99%) which is highly hygroscopic and a low-density porous prill (AN prill) which 

had been coated with an organic fatty amine during the manufacturing process for the 

specific purpose of repelling water. 

Whole, raw crystals of the chemical grade ammonium nitrate were mixed within their 

original storage container through physical stirring and breaking up of any large 

agglomerates. Prill samples were unaltered. Aliquots of both the raw crystals and 

whole prills were transferred to containers in accordance with the following storage 

experiments. 

Several grams of each sample type were stored under three different storage conditions 

designed to vary the concentration of the ambient water vapour that the samples would 

be exposed to: 

1. glass vial with Teflon-lined screw cap lid stored on the laboratory 

bench; 

2. glass vial with Teflon-lined screw cap lid stored within a Perspex 

desiccator with desiccant; and 

3. Petri dish left uncovered on the laboratory bench. 

Samples were measured at the following times (days): 0, 1, 3, and 7. 

In order to determine whether water adsorption was occurring onto the ammoniutn 

nitrate samples as opposed to isotope exchange, a drying step was introduced. 

Following exposure under the aforementioned storage conditions, samples were 

weighed (300 ± 10 ~g) into silver capsules. The open capsules were loaded into a 

specialised metal plate and were subjected to dry oven heat (60 ± 1 °C) for 
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approximately 3 hours. The samples (referred to as dry) were then removed from the 

oven, sealed and transferred to the carousel of the TC-EA. An additional set of samples 

(referred to as wet) were also obtained from each storage experiment, but were 

transferred without drying to silver capsules and then to the TC-EA carousel for 

analysis. 

The samples were measured utilising the proposed laboratory standards and the Initial 

Method Parameters (Appendix 4). 

6.3. Results and Discussion 

The results in this section are presented as either raw data (not corrected against 

standards) or corrected data where the data has been corrected utilising the template 

discussed in Chapter 2. Corrected results are reported as 8180vsMow (%o) and 8DvsMow 

(%o) unless otherwise specified. Error bars in all plots represent± 1 standard deviation 

(s). 

Raw data obtained throughout these experiments were evaluated for memory and drift. 

With the sequence structure utilised for these experitnents, there were no drift or 

memory effects observed that were outside the expected unce1tainty for the oxygen 

and hydrogen measurements. As a result, no memory or drift corrections were 

performed on the data. 

6.3.1. Method Development & Optimisation 

Refer to Method Optimisation Experbnents (Appendix 4) for results and discussion in 

relation to the experiments that led to the selection of the final optimised method 

parameters. A chromatogram of an AN prill measured utilising the final optimised 

method parameters (Optimised Method 2) is provided in Figure 6-2. The upper 

chromatogram provides a full view and the lower chromatogram is zoomed in to show 

the baseline. The significance of the baseline not returning to 0 after the peak jump/gas 

switch should be explored through future work. Additional recommendations for 

method optimisation are addressed in this section. 
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Figure 6-2 TC-EA chromatogram for AN prill utilising final optimised method parameters. 
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6.3.2. Selection and Characterisation of Laboratory 

Standards and Quality Control Standards 

6.3.2.1. Selection of Suitable Laboratory Standards 

Seven (7) measurements of a range of ammonium sulfate and ammonium bicarbonate 

samples were conducted with the ammonium nitrate prill samples. The delta values for 

the samples are reported relative to the AN prill samples measured in the same 

sequence and are listed in Table 6-3. 

Table 6-3 Summary of the oxygen and hydrogen delta values for a range of ammonium sulfate 
and ammonium bicarbonate samples. 

Compound Mean ~D (%o) ± ls Mean ~180 (%o) ± ls 
AN Prill 0.0 ± 7.9 0.0 ± 0.4 
Ammonium Sulfate (Sigma-
Aldrich, product no. 204501- 225.7 ± 3.3 0.8 ±0.8 
50G) 
Ammonium Sulfate (Sigma-
Aldrich, product no. 204501- 225.3 ± 3.1 0.8 ±0.5 
lOG) 
Ammonium Sulfate (Merck, 199.6 ± 9.8 1.3 ± 0.9 product no. 1.01217.0100) 
Ammonium Sulfate (Merck, 292.2 ± 6.8 2.9 ± 1.7 product no. 1.0121 J .0250) 
Amn1onium Bicarbonate 
(Sigma, product no. A6141- 45.2 ± 5.4 -19.4 ± 0.6 
25G) 
Affilnonium Bicarbonate (Fluka, -106.8 ± 5.5 -44.4 ± 0.7 product no. 09830 1 OOg) 

Ammonium Sulfate (Merck, product no. 1.01211.0250) and Ammonium Bicarbonate 

(Fluka, product no. 09830 1 OOg) appeared to be the most suitable of the measured 

materials for laboratory standards as they covered the widest range for 0 and H isotope 

ratio values and bracketed the values of the target material (i.e. AN prill). 

6.3.2.2. Calibration of Proposed Laboratory Standards 

Based on the raw data, the delta values for the IAEA standards did not bracket the 

delta values of the laboratory standards (refer to Table 6-4). In the absence of certified 
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reference materials that bracketed the range of the proposed laboratory standards, the 

standards could not be calibrated. The proposed laboratory standards could not be used 

for the evaluation of 0 and H in ammonium nitrate prill or for further method 

validation experiments. Contact was made with IAEA and NIST to discuss other 

potential CRMs that may be suitable. No other suitable materials in the required range 

and sample matrix existed. Other IRMS users were contacted to determine whether 

they had any suitable laboratory standards that could be utilised. Wolfram Meier-

Augenstein (Queens University, Belfast) distributed a sample of coumarin (8 180vsMow 

+ 15.83%o; 8DvsMow +62.56%o; 813CvPDB -36.13%o) which provided a positive (more 

enriched) H value to broaden the range that the H CRMs bracketed. 

Table 6-4 Raw data demonstrating that the 0 & H delta values of the IAEA standards did not 
bracket the proposed laboratory standards for calibration. 

Mean BD No. Certified 
Standard (%o) S (%o) Measurements Value 

(%o) 
Oil NBS22 (RM 8538) 62.9 5.1 5 -118.5 
Polyethylene PEF1 (RM 79.03 3.4 4 -100.3 8540) 
Ammonium Bicarbonate -48.5 1.8 6 
Ammonium Sulfate 240.3 0.7 6 

Mean ()180 No. Certified 
Standard (%o) S (%o) Measurements Value 

(%o) 
Lithium Carbonate 10.4 1.0 6 3.63 LSVEC (RM 8545) 
Limestone NBS 19 (RM 33.8 0.9 6 28.65 8544) 
Ammonium Bicarbonate 4.3 0.2 2 
Ammonium Sulfate 21.0 1.1 2 

The proposed laboratory standards should be distributed as part of an inter-laboratory 

trial to assist in determining an agreed value. It is recommended that the forensic 

IRMS community collaborate with the IAEA and other appropriate organisations in 

developing and supplying certified reference materials appropriate for forensic 

samples. For the purpose of this research, IAEA standards and coumarin were utilised 

as standards for the experiments (in the absence of calibrated laboratory standards). 
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Another future consideration is the calibration of the proposed laboratory standards 

utilising the IAEA water standards as discussed by Knoller et al. [8]. 

6.3.2.3. Stability of Laboratory Standards 

The results from the stability experiments could not be utilised as they were measured 

against IAEA standards that did not bracket the proposed laboratory standards. The 

uncertainty introduced through linear extrapolation of the values was of a magnitude 

that precluded any valid conclusions being reached. Tables 6-23 and 6-24 demonstrate 

the uncertainty introduced through extrapolation during correction calculations. These 

experiments should be repeated in the future when suitable laboratory standards have 

been obtained and appropriately calibrated. 

6.3.2.4. Selection & Characterisation of Quality Control Standards 

The temporary assigned values for the QC standards (potassium nitrate and ammonium 

sulfate) are shown in Tables 6-5 and 6-6. The values represent the corrected mean 

values obtained utilising Optimised Method 2. For the purpose of oxygen correction 

calculations, when using nitrates as standards: 8 180vsMow 23.7%o will be used and, 

where the carbonates are used as standard : 8180vsMow 17.5%o will be used as the 

value for the potassium nitrate QC standard. The cause of the bias introduced when the 

nitrate standards were utilised could be due to interference from N2 on the 

measurement of CO, as they are both mass 28. Figure 6-3 illustrates the retention time 

of the N2 peak relative to the CO peak (top chromatogram), as well as the elution of the 

H2 peak relative to the CO (bottom chromatogram), with the N2 peak added to show its 

elution relative to both CO and H2• These chromatograms were measured utilising the 

same method ( Optilnised Method 1) and demonstrate that the chromatographic column 

is efficiently separating the N2 and CO gases. The source of the bias introduced when 

the nitrate standards were utilised should be further explored through future 

experimentation. 
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T1~ [s1 

Figure 6~3 Chromatogram showing elution of the nitrogen peak relative to the carbon monoxide 
and hydrogen peaks. 

As agreed values for the QC standards have not yet been determined, all results will 

need to be reviewed in the future once the true values for the ammonium nitrate 

samples can be obtained. The QC standards should be distributed as part of an inter-

laboratory trial to other IRMS laboratories for measurement to assist in determining 

their agreed values. 

Table 6~5 Temporary assigned H delta value for the ammonium sulfate QC standard. 

Corrected Mean <>DvsMow (%o) ± ls 
Mean s 

Ammonium Sulfate QC 23.6 0.4 

Table 6~6 Temporary assigned 0 delta value for the potassium nitrate QC standard 

Corrected Mean <>180vsMow (%o) ± ls 
Using Nitrates as Stds. Using Carbonates as Stds. 

Potassium Nitrate QC Mean s Mean s 
23.7 0.7 17.5 0.7 
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Figure 6-4 shows the mean raw delta values for the potassium nitrate QC standard and 

AN prill samples measured during eight different sequences. Figure 6-5 shows the 

mean raw delta values for the ammonium sulfate QC standard and AN prill samples 

measured during eight different sequences. The variations in the delta values of the 

same sample between the sequences can be due to slight changes in the reaction 

conditions caused by inevitable differences in the reactor's internal structure after 

refilling [8]. 

Figure 6-4 demonstrates that the potassium nitrate QC standard exhibits the same 

overall reaction during the pyrolysis cycle as the ammonium nitrate prill samples with 

regards to oxygen. There were differences observed in the scale of the changes 

between sequences. These differences may be a result of contaminants in the pyrolysis 

reactor interfering with the pyrolysis reaction. This interference may vary due to the 

differences in chemical composition of potassium nitrate and ammonium nitrate. 

Future work could explore the source of these differences and whether they are 

significant with respect to utilising potassium nitrate as a QC standard. 

Figure 6-5 demonstrates that the ammonium sulfate QC standard and the prill samples 

exhibit slightly d"fferent reactions during the pyrolysis cycle with regards to hydrogen. 

These differences tnay be due to the AN prill sa1nple being heterogeneous compared to 

the QC standard or due to the ammonium nitrate and ammonium sulfate compounds 

reacting differently during the pyrolysis cycle. The results for the ammonium sulfate 

QC standard should be explored further if the QC standards are to be implemented for 

casework. This is due to the fact that one of the key characteristics of a QC standard is 

that it should exhibit the same reaction as the target compound during the pyrolysis 

cycle. With respect to this characteristic, the proposed potassium nitrate QC standard 

was determined to be suitable for implementation as a QC standard for the 

measurement of oxygen isotopes in ammonium nitrate. 

The precision/repeatability results for the QC standards are included In Chapter 

6.3.3.1. 
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Pyrolysis Reaction Behaviour - QC Std vs AN Prill OXYGEN 
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Figure 6-4 Plot of mean raw oxygen delta values for Potassium Nitrate QC standard and AN prill 
samples demonstrating behaviour during the pyrolysis cycle. 
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Figure 6-5 Plot of mean raw hydrogen delta values for Ammonium Sulfate QC standard and AN 
prill samples demonstrating behaviour during the pyrolysis cycle. 
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6.3.2.5. Evaluation of CAMs for Use as Standards 

Refer to Table 6-7 for the mean of the raw H isotope ratios for the hydrogen standards 

and AN samples. Refer to Table 6-8 for the mean of the raw 0 isotope ratios for the 

oxygen standards and AN samples. The IAEA standards appear to bracket the majority 

of the prill samples. Due to the narrow range covered by the hydrogen IAEA 

standards, an enriched hydrogen standard was required. The coumarin obtained from 

Wolfram Meier-Augenstein was subsequently utilised to expand the range covered by 

the H standards. 

Table 6-7 Raw isotope ratios for the hydrogen standards, proposed laboratory standards, and 
selection of AN prills. 

Standard Raw Mean 
S (%o) ()D (%o) 

IAEA NBS22 Oil 13.0 3.7 
PEF1 Polyethylene 33.3 4.1 

Lab. Stds. Ammonium Bicarbonate -69.3 4.1 
Ammonium Sulfate 186.0 3.1 

Samples AN Manuf. 1 Sample 1 19.9 1.9 
AN Manuf. 1 Sample 2 11.5 2.4 
AN ~1anuf. 1 Sample 3 7.8 3.9 
AN Manuf. 2 Sample 1 19.4 2.5 
AN Manuf. 3 Sample 1 14.8 3.5 

Table 6u8 Raw isotope ratios for the oxygen standards, proposed laboratory standards and 
selection of AN prills. 

Standard Raw Mean 
S (%o) ()180 (%o) 

IAEA NBS 19 Limestone 32.6 0.5 
LSVEC Lithium 9.3 2.7 Carbonate 

Lab. Stds. Ammonium Bicarbonate 3.1 0.3 
Ammonium Sulfate 18.7 0.6 

Samples AN Manuf. 1 Sarnple 1 16.7 0.6 
AN Nlanuf. 1 Sample 2 16.3 0.3 
AN Manuf. 1 Sample 3 15.9 0.2 
AN Manuf. 2 Sample 1 18.5 0.3 
AN Manuf. 3 Sample 1 16.2 0.2 
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Figures 6-6, 6-7 and 6-8 show the mean raw delta values for oxygen in carbonate 

standards and AN prills, oxygen in nitrate standards and AN prills, and hydrogen delta 

values in hydrogen standards and AN priUs measured during a minimum of seven 

different sequences, respectively. There is evidence that the IAEA standards (Figures 

6-6 and 6-8) are reacting differently compared to the AN prill samples during the 

pyrolysis cycle. This demonstrates that the measured IAEA standards are not ideal for 

use as standards for the measurement of ammonium nitrate samples. The IAEA nitrate 

standards, QC nitrate standard, and AN prills (Figure 6-7) appear to be reacting 

similarly, hence demonstrating that these standards are appropriate for use (with 

respect to pyrolysis cycle) when measuring ammonium nitrate samples. In order to 

further demonstrate the suitability of these materials as standards, evaluations should 

be conducted to quantify the various effects (such as sample preparation, 

chromatography, gas pulsing, and condition of the reactor) on the delta values. 

Pyrolysis Reaction Behaviour Carbonates- OXYGEN 
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Figure 6-6 Plot of mean raw oxygen delta values for carbonate standards and AN samples 
measured over seven different sequences demonstrating behaviour during the pyrolysis cycle. 
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Pyrolysis Reaction Behaviour Nitrates - OXYGEN 
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Figure 6-7 Plot of mean raw oxygen delta values for nitrate standards and AN samples measured 
over seven different sequences demonstrating behaviour during the pyrolysis cycle. 

Pyrolysis Reaction Behaviour- HYDROGEN 
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Figure 6-8 Plot of mean raw hydrogen delta values for standards and AN samples measured over 
seven different sequences demonstrating behaviour during the pyrolysis cycle. 
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6.3.2.6. Comparison of Dual versus Single Measurement Methods 

The results from the comparison of the dual versus single methods are presented in 

Tables 6-9 and 6-10. Table 6-9 highlights that significantly different isotope ratio 

values are obtained for oxygen in ammonium nitrate prill samples when utilising the 

dual versus the single method. Since further optimising this method, this difference can 

more than likely be attributed to the hump that was observed after the magnet jump 

(Figure A4-0-13, Appendix 4 ). The single method may also assist in limiting the 

interference of N2 on CO; however, as demonstrated in Chapter 6.3.2.4, it is not 

believed that N2 is interfering with the measurement of CO. There was no significant 

difference between the results obtained for the oxygen isotope in coumarin, which may 

be due to the fact that there is no nitrogen present and hence no potential interference 

from N 2 on the CO measurement. The single method did not appear to produce better 

results with regards to the standard deviation of the oxygen measurements in coumarin. 

Since further optimising the dual method, future work could incorporate conducting an 

evaluation of Optimised Method 2 versus single n1ethods with regards to accuracy and 

precision. 

There was no significant difference in the hydrogen isotope ratios in AN or coumarin 

when using the dual or single method (refer to Table 6-1 0). 

The results in Table 6-11 highlight that neither the dual nor single method produce 

accurate results for the measurement of the oxygen isotope ratio in IAEA-N3, however 

the single method appears to result in a value closer to the certified value for IAEA-· 

N3. 

Table 6-9 Raw delta values for oxygen in coumarin and ammonium nitrate measured using dual 
and single measurements. 

Sample Method Raw Mean 5180 (%o) S (%o) 

Ammonium Dual -1.3 1.5 Nitrate 
Ammonium Single 18.0 0.8 Nitrate 
Coumarin Dual 22.2 0.4 
Coumarin Single 21.5 0.7 
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Table 6-10 Raw delta values for hydrogen in coumarin and ammonium nitrate measured using 
dual and single measurements. 

Sample Method Raw Mean ()D (%o) S (%o) 
Ammonium Dual 15.3 1.4 Nitrate 
Ammonium Single 17.7 1.4 Nitrate 
Coumarin Dual 246.7 0.9 
Coumarin Single 244.0 1.1 

Table 6-11 Corrected delta values for oxygen in a range of CRMs measured using dual and single 
measurements. (Note: Diff. =difference.) 

Standard Mean Certified Certified Diff. or Method 3180vsMOW S (%o) Mean (%o) S (%o) (%o) Sample (%o) 

LSVEC 
(Lithium Standard Single 3.7 0.3 3.7 0.0 
carbonate) 

NBS 19 Standard Single 28.7 0.2 28.7 0.0 (Limestone) 

IAEA-N3 Sample/ (Potassium Single 18.5 0.6 25.6 0.2 -7.1 
Nitrate) Unknown 

LSVEC 
(Li thjum Standard Dual 3.7 0.4 3.7 0.0 
carbonate) 

NBS19 Standard Dual 28.7 0.3 28.7 0.0 (Limestone) 

IAEA-N3 Sample/ (Potassium Dual 9.6 0.7 25.6 0.2 - 16.1 
Nitrate) Unknown 

6.3.2.7. Relative Yield Estimations 

Tables 6-12 to 6-15 display the results for the comparative yield experiments. Table 6-

12 summarises the results for the oxygen isotope ratio in AN prills measured at 1350°C 

and 1450°C relative to NBS19 and LSVEC. Significant differences were observed for 

the oxygen isotope ratio of the certified reference materials (CRM) and the AN prill 

when measuring at these two temperatures, with a significantly higher yield for oxygen 

when measuring at 1350°C. Comparing differences between the CRM and AN, a 
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significantly higher yield (i.e. > 100%) was observed for the AN prill relative to the 

CRM at both 1350°C and 1450°C. 

Table 6-13 summarises the results for the hydrogen isotope ratio in AN prills measured 

at 1350°C and 1450°C. No significant differences were observed for the CRM and the 

AN prill when measuring the hydrogen isotope. There was slightly better yield when 

measuring at 1450°C compared to 1350°C. 

Table 6-14 summarises the results for the oxygen isotope ratio in the potassium nitrate 

QC standard relative to the CRMs (USGS35 and USGS34 ). The yield for oxygen in 

the QC standard relative to the CRMs is 102 and 99% (relative to USGS35 and 

USGS34 respectively). This demonstrates that the QC standard is not converting any 

less efficiently than the CRMs, however the absolute yield for the CRMs should be 

determined in the future to establish whether the oxygen in the compounds is 

completely converting to CO. 

Table 6- 1 5 summarises the results for the hydrogen isotope ratio in the proposed 

ammonium sulfate QC standard relative to the CRMs. The yield for hydrogen in the 

QC standard is greater than the yield obtained for the coumarin standard and equal (i.e. 

10 l%) to the yield obtained for PEF 1. 

Table 6-16 su1nmarises the results for the relative yield of AN prill samples to the QC 

standard and CRMs for oxygen. The yield of the AN prill relative to the CRMs is close 

to 100% (i.e, 102 and 99% relative to USGS35 and USGS34 respectively) . The AN 

yield relative to the QC standard is 100%. This suggests that incomplete conversion of 

the oxygen in the AN prill samples is not the cause of the imprecision observed in the 

precision experiments. This is known because both appear to be converting to the same 

relative amount of CO, however the QC standard was precise within the specification 

of the instlument during the precision experiments and the AN prill samples were not. 

Table 6-17 summarises the results for the relative yield of AN prill samples to the QC 

standard and CRMs for hydrogen. The yield of the AN prill relative to the CRMs is 

close to 100% (i.e. 98% relative to PEF1). The AN yield relative to the QC standard is 

also 98%. The relative yield of the AN prill relative to the coumarin standard was 
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166%. This once again suggests that incomplete conversion of the hydrogen in the AN 

prill samples is not the cause of the imprecision observed in the precision experiments. 

Despite the yields for the prills being comparable to the yields for the CRM, the 

absolute yield for the CRMs should be determined in the future to establish whether 

the oxygen and the hydrogen in the CRM compounds are completely converting to CO 

and H2 respectively. If the CRMs are not, then they, together with the prill samples 

may be incompletely converting. As discussed by Beardah [23], incomplete conversion 

of samples may not necessarily mean that isotopic fractionation is occurring. It is 

important to determine whether the results that are being obtained are in fact accurate 

(i.e. a true reflection of the isotopic composition in the sample). In determining the 

absolute values, this would also allow the exploration of other reasons for the > 100% 

yields, such as interference from nitrogen with the carbon monoxide (i.e. mass 28). 

Gehre et al. [ 10] discuss that data can be corrected despite poor yield and large offsets. 

A key issue for consideration is that, when the yield is not quantitative, unreacted 

water and by-products of the non-quantitative reaction will be able to pass through the 

reactor and enter the GC column. This ultimately may alter the column performance 

and unreacted compounds may enter the source and interfere with future 

measurements. If the results are not quantitative, there is the possibility that unreacted 

products may be entering the MS from subsequent runs; which may also account for 

some of the high standard deviations (outside the specification of instrument) for the 

oxygen measurements [10]. 

Belanger as cited by Phillips et al. [24] discuss the use of 50% nickelised carbon with 

glassy carbon chips to improve the conversion rates of oxygen to CO for RDX and 

NG. Gehre and Strauch [9] also discuss the use of additives to improve the yields of 

different target materials. W akelin [25] discussed the addition of octacosane to each 

silver capsule to ensure good conversion to CO in AN samples. Beardah [23] further 

discussed the use of nickelised carbon to improve the conversion of RDX, NG and 

HMX to CO. All these options can be considered once it is determined whether the 

CRM and thus the AN prill samples are incompletely converting to CO and H2• 
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Table 6-12 AN prill yield relative to CRMs for oxygen at 1350°C and 1450°C. 

Ammonium Nitrate Prill 
Yield relative to Yield relative to 
NBS19 (% ) LSVEC (%) 

297 to 467 

135 to 136 

127 to 138 
108 to 116 

Table 6-13 AN prill yield relative to C~Is for hydrogen at 1350°C and 1450°C. 

Yield of AN Prill relative to 
PEFl (%) 

85 to 91 
92 to 95 

Table 6-14 Yield results for the potassium nitrate quality control standard relative to CRMs for 
oxygen. 

Potassium Nitrate QC 

Day Yield Relative to Yield Relative to 
USGS35 (%) USGS34 (%) 

1 101 98 
17 104 97 
24 101 102 
Average 102 99 Yield(%) 

Table 6-15 Yield results for the ammonium sulfate quality control standard relative to CRMs for 
hydrogen. 

Ammonium Sulfate QC 

Day Yield Relative to Yield Relative to 
PEFl (%) Coumarin (%) 

1 101 166 
17 101 173 
24 100 172 
Average 101 170 Yield (o/o) 
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Table 6-16 Yield results for ammonium nitrate prill samples relative to the QC standard and 
CRMs for oxygen. 

Ammonium Nitrate Prill 
Yield Relative to Yield Yield 

Day Potassium Nitrate Relative to Relative to 
QC(%) USGS35 (%) USGS34 (%) 

1 101 102 99 
17 100 104 96 
24 100 101 102 
Average Yield 100 102 99 (%) 

Table 6-17 Yield results for ammonium nitrate prill samples relative to the QC standard and 
CRMs for hydrogen. 

Ammonium Nitrate Prill 

Yield Relative to Yield Yield 

Day Ammonium Relative to Relative to 
Coumarin Sulfate QC (%) PEFl (%) (%) 

1 97 99 162 
17 98 99 170 
24 97 98 167 
Average Yield 98 98 166 (%) 

6.3.3. Validation - Measurement Uncertainty 

6.3.3.1. Method Precision/Repeatability 

The results from the precision experiment are listed in Table 6-18 and Table 6-19 for 

the oxygen and hydrogen results respectively. There is a slight imprecision in the 

oxygen isotope ratio measurements for the AN prill samples, however not to the same 

extent as observed utilising Optimised Method 1 (Appendix 4 ). The potassium nitrate 

QC oxygen isotope ratios were precise over the five day period. Future 

recommendations include determining the source of this imprecision i.e. is it method 

related or is it within the expected variation for prill samples i.e. due to sample 

heterogeneity. 
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The hydrogen isotope ratios for the AN prill and the ammonium sulfate QC standard 

were precise within the expected uncertainty of the technique over the time period 

evaluated. Future recommendations would include the expansion of this evaluation to 

ensure that the measurements are precise over an extended period of time. 

Table 6-18 Precision results for oxygen isotope ratios in AN prill and potassium nitrate QC 
standard utilising Optimised Method 2. 

Precision Oxygen 
Day AN Prill Potassium nitrate QC 

Mean 
S (%o) Mean 

S (%o) 
<i180 vsMow (%o) <i180vsMOW (%o) 

1 17.1 0.5 23 .8 0.7 
4 19.5 0.7 24.1 0.4 
5 20.0 0.6 24.4 0.2 
s of mean 1.5 0.3 
Range in 2.9 0.3 mean 

Table 6-19 Precision results for hydrogen isotope ratios in AN prill and ammonium sulfate QC 
standard utilising Optimised Method 2. 

Precision I-Iydrogen 
Day AN Prill Ammonium Sulfate QC 

Mean 
S (%o) Mean 

S (%.o) oDvsMOW (%o) SDvsMow (%o) 
~--IIMMill ...... 

1 -121.8 1.5 23.6 0.4 
4 -·122.4 1. 1 22.5 0.4 
5 -126.9 1.9 20.1 .1.6 
s of mean 2.8 1.8 
Range in -5 .1 3.5 mean 

6.3.3.2. Method Bias/ Accuracy 

The results from the accuracy experiment are listed in Tables 6-20, 6-21 and 6-22. The 

results are not accurate utilising the nitrate standards (USGS35 and USGS34) as 

standards (Table 6-21). However, the results are accurate within specification when the 

carbonate standards (LSVEC and NBS 19) are utilised as standards (Table 6-20). The 

bias introduced when the nitrate standards are utilised may be as a result of the nitrate 
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standards reacting differently to the samples during pyrolysis. The hydrogen accuracy 

results are almost within specification (Table 6-22). 

Table 6-20 Accuracy experiments for 0 using Optimised Method 2. These values were calculated 
utilising the carbonate standards (LSVEC and NBS19). 

Mean <> 180 vsMow (%o) s (%o) Certified Value (%o) Difference (%o) 

Coumarin 16.1 0.1 15.8 0.3 

Table 6-21 Accuracy experiments for 0 using Optimised Method 2. These values were calculated 
utilising the nitrate standards (USGS35 and USGS34). 

Mean <>180vsMow (%o) S (%o) Certified Value (%o) Difference (%o) 

Coumarin 21.1 0.1 15.8 5.3 
LSVEC 8.2 0.1 3.7 4.5 
NBS-19 34.0 0.1 28.7 5.3 

Table 6-22 Accuracy experiments for H using Optimised Method 2. Oil and coumarin were 
utilised as the standards. 

Mean <>DvsMow (%o) 

Polyethylene -105.8 

s 
(%o) 

0.7 

Certified 
Value (%o) 

-100.3 

Certified s 
(%o) 

±2 

6.3.3.3. Uncertainty Introduced Through Extrapolation 

Difference (%o) 

-5.5 

In order to demonstrate the potential uncertainty that is introduced when CRMs do not 

bracket the samples, CRMs were specifically selected that did not bracket the target 

compound. For oxygen, NBS19 (28.65%o) and coumarin (15.8%o) were utilised as 

standards for LSVEC (3.7%o). For hydrogen, NBS22 (-118.5%o) and PEF1 (-100.3%o) 

were utilised as standards for coumarin (62.5%o). For oxygen, there was not a 

significant difference between the corrected mean and the certified value probably due 

to the fact that the sample was not significantly outside the range covered by the 

standards (Table 6-23). On the other hand, for hydrogen there was a significant 

difference for the corrected mean of coumarin compared to the agreed value due to the 

fact that the standards bracketed a very narrow range that was far from the agreed 

value (Table 6-24). 
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Table 6-23 Demonstration of the uncertainty introduced during extrapolation for oxygen 
measurements. 

LSVEC 

Corrected Mean 
b

18
0 vsMOW (%o) 

4.1 

S (%o) 

0.1 

Certified Value 
(%o) 

3.7 

Difference (%o) 

0.4 

Table 6-24 Demonstration of the uncertainty introduced during extrapolation for hydrogen 
measurements. 

Coumarin 

Corrected Mean 
bDvsMOW (%o) 

107.6 

S (%o) 

1.1 

Certified Value 
(%o) 

62.5 

6.3.3.4. Estimation of Measurement Uncertainty 

Hydrogen 

Difference (%o) 

45.1 

The expanded uncertainty for the measurement of hydrogen isotope ratios In 

ammonium nitrate prills was determined to be 8.8%o (coverage factor of 2). There was 

a bias of -5.5%o observed and the subsequent expanded uncertainty when this bias was 

taken into account was 14.3%o (coverage factor of 2). 

Taking into account the uncertainty specification for the in trument (±3.0%o) and 

standards (±2.0%o) and potential for sample heterogeneity, this uncettainty is 

understandable. Despite this, future recommendations include conducting further 

experiments to determine whether the expanded uncertainty can be improved to rnore 

closely match the instrument specification. 

These initial estimates of measurement uncertainty provide an understanding of the 

variation expected when measuring AN prill samples utilising this technique. Despite 

the relatively large expanded uncertainties for the measure1nent of oxygen and 

hydrogen isotope ratios in AN prill samples, this method can be utilised for the 

purpose of this research as all measurements are relative (i.e. used for internal 

comparisons only). 

Additional work with regards to method optimisation, that may assist in reducing the 

MU estimate, could explore the options of utilising a longer GC column or further 

cooling the existing column to delay the elution of the CO peak; this would allow time 
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for the magnet jump to further stabilise. It may also be worth considering the option of 

adding chromium instead of glassy carbon in the reactor. As hydrogen sticks to carbon 

and not so much to chromium, this may assist in improving the hydrogen peak shapes; 

however, its impact on other processes should also be evaluated. Consideration could 

also be given to utilising a silicon carbide furnace instead of a ceramic furnace. This 

may work towards decreasing the CO background which is elevated due to the 

interaction of carbon with the Ah03. The use of a zero blank auto sampler could also 

be considered to ensure that there was no introduction of air as the autosampler rotates, 

hence eliminating possible interference with the CO sample peak. 

Oxygen 

The expanded uncertainty for the measurement of oxygen isotope ratios in ammonium 

nitrate prills was estimated to be 1.4%o (coverage factor of 2). The bias was not 

significant when the carbonate standards were utilised. When the nitrate standards 

were utilised as standards, the bias was significant (5.3%o) and the expanded 

uncertainty was determined to be 6.7%o (coverage factor of 2). 

Future recommendations include conducting further experiments to determine whether 

the measurement uncertainty can be improved to more closely match the instrument 

specification with the focus of the experiments being on the precision of the AN prill 

measure1nents. Another recotnmendation would be to determine the source of the bias 

when the nitrate standards are utilised and attempt to reduce this bias. 

6.3.3.5. Linear Range 

Hydrogen 

Figure 6-9 contains a plot of the mean instrument response for the mass 2 peak 

amplitude (mV) over a range of increasing weights of ammonium sulfate. Figure 6-10 

contains a plot of the mean hydrogen delta values over a range of increasing weights of 

ammonium sulfate. Table 6-25 contains a summary of the linear range results with 

respect to mean instrument response, mean hydrogen delta and standard deviation. 

Examination of the RSD in Table 6-25 indicates that the results are precise, accurate 

and linear over the ranges measured (i.e. 30- 900 fl,g ammonium sulfate). Table 6-26 

lists the corresponding weights of ammonium nitrate required to obtain the same 
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quantities of 0 and H compared with ammonium sulfate. The instrument response 

versus weight (m V /~g) data in Table 6-25 demonstrates that the instrument response 

stabilises when samples contain 180 ~g of ammonium sulfate and above. Looking at 

the standard deviation of the delta values, the instrument appears to have significantly 

worse precision when measuring samples containing less that 180 ~g ammonium 

sulfate, which equates to approximately 218 ~g ammonium nitrate. 

If the unreliable data (i.e. 30 ~g and 90 ~g) are excluded, there appears to be a slight 

systematic bias (i.e. -0.025%ol~g for ammonium sulfate) with regards to the mean delta 

values for increasing sample size. In order to minimise the bias introduced through 

variation in sample size, it is recommended that samples of ammonium nitrate be 

measured in the range ~218 ± 20 ~g which will ensure that any bias is less than 

approximately 0.5%o. If measurements are not made in this range, then consideration 

should be given during interpretation to the bias introduced through variation in 

sample size. 

Linear Range- Hydrogen in Ammonium Sulfate l 
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Figure 6-9 Plot of hydrogen linear range with respect to mean instrument response, for mass 2 
peak amplitude, utilising ammonium sulfate. 
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Linear Range- Hydrogen in Ammonium Sulfate 

250 

.... 
~ 

200 

t • --• • • 
"'0' 
~ 
0 150 
10 
c 
('IS 
G) 

:aE 100 
3: 
('IS a: 

50 

0 
0 100 200 300 400 500 600 700 800 900 1000 

Weight of ammonium sulfate (IJg) 

Figure 6-10 Plot of hydrogen linear range with respect to raw mean delta values utilising 
ammonium sulfate. 

_ _j 

Table 6-25 Summary of hydrogen linear range results with respect to mean instrument response, 
raw mean delta and standard deviation utilising ammonium sulfate. 

Weight Mean Raw instrument amntonium s (mV) RSD Mean ()D S (%o) mV/f.tg 
sulfate (J.tg) response (%o) (mV) 

30 488.7 83.1 0.2 195.0 6.2 16.3 
90 1889.5 71.1 0.04 160.6 6.1 21.0 
180 4140.7 140.1 0.03 142.7 1.6 23.0 
300 7162.8 346.0 0.05 137.4 2.1 23.9 
450 10553.8 626.0 0.06 133.8 3.7 23.5 
900 23135.0 529.1 0.02 124.5 2.8 25.7 
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Table 6-26 Corresponding weights of ammonium nitrate required to obtain the same quantities of 
0 and H as offered by the weights of ammonium sulfate. 

Weight Corresponding Corresponding 
ammonium 0 (J.tg) H (J.tg) weight of AN weight of AN for 
sulfate (J.tg) for 0 (J.tg) H (J.tg) 

30 14.5 1.8 24.2 36.3 
90 43.6 5.5 72.7 108.9 
180 87.2 11.0 145.4 217.9 
300 145.3 18.3 242.3 363.1 
450 217.9 27.5 363.4 544.6 
900 435.9 54.9 726.8 1089.3 

Oxygen 

Figure 6-11 contains a plot of the mean instrument response for the mass 28 peak 

amplitude (m V) over a range of increasing weights of ammonium sulfate. Figure 6-12 

contains a plot of the mean oxygen delta over a range of increasing weights of 

ammonium sulfate. Table 6-27 contains a summary of the linear range results with 

respect to mean instrument response, mean delta and standard deviation for oxygen in 

ammoniurn sulfate. Examination of the RSD in Table 6-27 indicates that the results are 

precise, accurate and linear over the range measured (i.e. 30 - 900 ~g ammonium 

sulfate). Table 6-26 lists the corresponding weights of ammonium nitrate required to 

obtain the same quantities of 0 and H compared with ammonium sulfate. The 

instrument response versus weight (mV/~g) data in Table 6-27 demonstrates that the 

instrument response stabilises when samples contain between 90 and 180 ~g of 

ammonium sulfate and above. Looking at the standard deviation of the delta values, 

the instrutnent appears to have significantly worse precision when measuring samples 

containing less than 180 ~g ammonium sulfate, which equates to approximately 145 

~g ammonium nitrate. 

If the unreliable data (i .e. 30 !lg and 90 ~g) are excluded, there appears to be a slight 

systematic bias (i.e. -0.002%ol!lg for ammonium sulfate) with regards to the mean delta 

values with increasing sample size. In order to minimise the bias introduced through 

variation in sample size, it is recommended that samples of anunonium nitrate for 

oxygen measurement be measured in the range ;::: 145 ± 50 ~g which will ensure that 
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any bias is less than approximately 0.1 %o. If measurements are not made in this range, 

then consideration should be given during interpretation to the bias introduced through 

variation in sample size. 

0 

Linear Range- Oxygen in Ammonium Sulfate y = 12.083x + 79.965 
R2 = 0.9993 

100 200 300 400 500 600 700 800 900 1000 
Weight of ammonium sulfate (1-19) 

Figure 6-11 Plot of oxygen linear range with respect to mean instrument response, for mass 28 
peak amplitude, utilising ammonium sulfate. 
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Figure 6-12 Plot of oxygen linear range with respect to raw mean delta values utilising ammonium 
sulfate. 
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Table 6-27 Summary of oxygen linear range results with respect to mean instrument response, 
mean delta and standard deviation utilisin~ ammonium sulfate. 

Weight Mean Raw instrument ammonium s (mV) RSD Mean S (%o) mV/f.lg 
sulfate (f.tg) response ()180 (%o) 

(mV) 

30 315.8 45.6 0.1 25.9 0.6 10.5 
90 1110.0 21.5 0.02 22.3 0.4 12.3 
180 2314.2 92.0 0.04 20.7 0.2 12.9 
300 3827.7 143.4 0.04 20.1 0.2 12.8 
450 5606.5 287.3 0.1 20.0 0.3 12.5 
900 10866.8 318.5 0.03 19.5 0.4 12.1 

This initial validation work could be expanded by performing these experiments 

utilising samples of ammonium nitrate prill. Ammonium sulfate was utilised for these 

experiments as the homogeneity of the prill samples was unknown at the time of 

conducting these experiments and chemical grade ammonium nitrate was too 

hygroscopic. 

6.3.4. Exchange/Adsorption Experiments for 0 and H 

Isotopes in AN Prill 

1. AN prill samples stored under the three different storage conditions and NOT dried 

prior to measurement (i.e. "wet"). 

Hydrogen and oxygen results are summarised in Table 6-28. These results are included 

as they assist in determining whether the isotope ratios are changing over time (i.e. 

undergoing exchange or water adsorption under the different storage conditions). 

These experiments do not assist in distinguishing between exchange and adsorption. 

The results indicate that there is no significant variation in the hydrogen and oxygen 

isotope ratios over time under different storage conditions. There appears to be 

variation (i.e. depletion, enrichment, depletion in both the hydrogen and oxygen 

values), however these were not outside the precision of the instrument at the time of 

the experiment . The variation at day 3 for all storage conditions appears to be due to 

instrument variation, as opposed to storage effects. 
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Table 6-28 Hydrogen and oxygen isotope ratios of AN prill samples stored under the three 
different stora~e conditions and NOT dried ~rior to measurement. 

OXYGEN Lab. Bench- Desiccator Lab. Bench-
Sealed O~en 

AN Prill Wet Time Mean 6180 s Mean 6180 s Mean 6180 
(days) (%o) (%o) (%o) (%o) (%o) 
0 12.4 0.2 12.4 0.2 12.4 
1 12.2 0.04 12.1 0.1 12.03 
3 14.9 0.1 14.8 0.1 14.8 
7 12.4 0.2 12.5 0.1 12.6 

Mean 12.9 12.9 12.9 
s 1.3 1.2 1.2 

HYDROGEN Lab. Bench- Desiccator Lab. Bench-
Sealed Open 

AN Prill Wet Time Mean oD s Mean oD s Mean oD 
(days) (%o) (%o) (%o) (%o) (%o) 
0 -139.7 2.1 -139.7 2.1 -139.7 
1 -141.5 5.6 -147.1 0.7 -144.9 
3 -132.6 3.4 -132.7 3.9 -140.01 
7 -143.2 1.3 -146.4 4.2 -147.3 

Mean -139.3 -141.5 -143.0 
s 4.6 6.7 3.7 

Future recommendations include repeating the exchange and adsorption experiments, 

ensuring that the instrument precision is witl-lln manufacturer's specifications to ensure 

that small variations indicating possible exchange/adsorption are detected. In order to 

assist in identifying exchange/adsorption, the samples could be exposed to enriched 

water samples so that any exchange/adsorption is represented by a larger variation than 

would occur when exposed to atrnospheric moisture. Alternatively, in order to assist in 

determining whether any variations that are occurring are due to exchange or 

adsorption, the samples could be dissolved in doubly-labelled water and then 

recrystallised, dried and measured. If the recrystallised samples have different isotope 

ratios compared to the original values then this indicates that exchange is occurring (it 

would be necessary to ensure that all water is removed after recrystallisation). 
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2. AN prill samples stored under the three different storage conditions and dried 

prior to measurement. 

The results from this experiment (Table 6-29) assist in determining whether isotope 

ratios were changing over time. If there were no changes in these results but there were 

in Table 6-28, then this would indicate that the changes are likely to be due to water 

adsorption as opposed to isotopic exchange. If there were changes in both, then this 

would indicate that the changes are due to isotope exchange (however one would need 

to ensure that all adsorbed water was removed during the drying phase to confirm that 

it was exchange). The results indicate that there is no significant variation in the 

isotopic ratios of the AN prill samples stored under the three different storage 

conditions. The variations were within the precision of the instrument at the time of the 

experiment. Future recommendations would be to repeat the experiments and take into 

consideration the factors outlined in the previous section. 

Table 6-29 Hydrogen and oxygen isotope ratios of AN prill samples stored under the three 
different storage conditions and dried prior to measurement. Note: Measurements of the dry 
sam~les were not coiJected on da~ 7. 

OXYGEN Lab. Bench - Desiccator Lab. Bench-
Sealed O[!en 

AN Prill Time Mean ()180 s Mean 3180 s Mean o180 s 
Dried (days) (%o) (%o) (%o) (%o) (%o) (%o) 

0 12.4 0.2 12.4 0.2 12.4 0.2 
1. 13.0 0.1 12.9 0.04 13.0 0.3 
3 13.5 0.2 13.4 0.1 13.3 0.2 

Mean 13.0 12.9 12.9 
s 0.6 0.5 0.5 

HYDROGEN Lab. Bench- Desiccator Lab. Bench-
Sealed Open 

AN Prill Time Mean oD s Mean 3D s Mean &D s 
Dried (days) (%o) (%o) (%o) (%o) (%o) (%o) 

0 -139.7 2.1 -139.7 2.1 -139.7 2.1 
1 -135.2 5.1 -131.5 6.2 -136.6 4.8 
3 -137.7 5.5 -135.6 2.7 -138.9 5.0 

Mean -137.5 -135.6 -138.4 
s 2.2 4.1 1.6 
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3. AN prill and chemical grade AN stored in a desiccator (dried and not dried). 

The results from this experiment (Table 6-30) assist in determining whether the 

desiccated environment prevented water adsorption and exchange even for the highly 

hygroscopic chemical grade AN. Once again, the observed variations were within the 

precision of the instrument at the time of the experiment, hence suggesting that the AN 

samples were not adsorbing or exchanging in the desiccated environment. 

Table 6-30 Hydrogen and oxygen isotope ratios of AN prill and chemical grade AN samples stored 
in a desiccator. The results of the samples prior to and after drying are reported. Note: 
Measurements of the dr~ samEies were not collected on da~ 7. 
OXYGEN Wet AN Prill Dry AN Prill WetAN99% Dry AN 99% 

Mean Mean Mean Mean 
Time (days) ()180 s ()180 s ()180 s ()180 s 

(%o) (%o) (%o) (%o) (%o) (%o) (%o) (%o) 
0 12.4 0.2 12.4 0.2 12.4 0.2 12.4 0.2 
1 12.1 0.1 12.9 0.04 12.1 0.1 12.9 0.1 
3 14.8 0.1 13.4 0.1 14.5 0.3 13.5 0.1 
7 12.5 0.1 12.4 0.3 
Mean 12.9 12.9 12.8 12.9 
s 1.2 0.5 1.1 0.5 
HYDROGEN Wet AN Prill Dry AN Prill WetAN99% Dry AN99% 

Mean Mean Mean Mean 
Time (days) BD s BD s ()D s BD s 

(%o) (%o) (%o) (%o) (%o) (%o) (%o) (%o) 
0 -139.7 2.1 -139.7 2.1 -1.6 2.3 -1.6 2.3 
1 -147.1 0.7 -131.5 6.2 0.8 3.8 7.2 3.2 
3 -132.7 3.9 -135.6 2.7 4.9 1.3 7.0 1.5 
7 -146.4 4.2 1.7 3.3 
Mean -141.5 -135.6 1.5 4.2 
s 6.7 4.1 2.7 5.02 

Overall, all changes that were observed were within the determined precision of the 

instrument at the time of the experiments. As a result of this, future recommendations 

include tightening the precision of the instrument and also enhancing any potential 

exchange/adsorption by exposing the samples to enriched water during the storage 

experiments. Future work could also include determining the most appropriate 

conditions for drying the samples. At the completion of these experiments, if no 

exchange is occurring over time under these storage conditions, then sample analysis 

can continue without the inclusion of a correction/equilibration stage. 
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If exchange is occurring, the following needs to be determined in order to understand 

the limitations of the application of the IRMS technique and whether the results are 

meaningful: 

a. Are both oxygen and hydrogen isotopes exchanging? 

b. After what period of time can exchange be detected? 

c. Is the exchange progressing/continuing over time (e.g. one H atom, to two 

atoms to three atoms, etc.)? 

d. If only one exchange is occurring, evaluate whether this can be corrected 

for through the use of an equilibration phase. 

e. If exchange is continuing over time, consider whether it is still possible to 

measure the oxygen and/or hydrogen isotopes of AN samples for external 

comparison (i.e. inter-laboratory). 

6.4. Conclusions 

The experiments described in this chapter have lead to the development and initial 

validation of a method for the measuren1ent of bulk hydrogen and oxygen stable 

isotopes in anunonium nitrate. The method allows for the measurement of both 

isotopes in the one sample. 

Potential laboratory standards for the measurement of the ammonium nitrate samples 

were identified (i.e. amn1onium sulfate and ammonium bicarbonate), however were 

unable to be calibrated due to a lack of appropriate certified reference materials. 

Options for calibration should be explored in the future. In the absence of calibrated 

laboratory standards, certified reference materials were utilised in conjunction with 

two quality control standards (i.e. ammonium sulfate for hydrogen and potassium 

nitrate for oxygen). The potassium nitrate QC standard was demonstrated to be suitable 

for use as a QC standard for the measurement of oxygen isotope ratios in AN based on 

the reaction during the pyrolysis cycle and precision, however further evaluation of a 
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suitable QC standard for hydrogen in AN is required as the ammonium sulfate 

appeared to be reacting differently to the AN samples. 

Initial validations of the method demonstrated that the method was accurate for the 

measurement of bulk hydrogen isotope ratios in available CRMs, however was only 

accurate for oxygen when utilising the LSVEC and NBS 19 CRMs. The results were 

not accurate when utilising the USGS35 and USGS34 CRMs. The hydrogen and 

oxygen isotopic compositions of the proposed QC standards were precise within 

instrument specification over the evaluated period (i.e. 5 days). The hydrogen isotope 

ratio measurements in AN prill samples over the evaluated period were precise, 

however the oxygen measurements were not. The source of this imprecision in the 

oxygen measurements in AN priUs should be further explored and the precision 

experiments conducted over an extended period of time. 

The overall measurement uncertainty for the measurement of oxygen isotope ratios in 

AN prills was estimated to be 1.4%o (coverage factor of 2). The measurement 

uncertainty for the measurement of hydrogen isotope ratios in AN prills was estimated 

as 8.8%o (coverage factor = 2), however when bias was taken into account, the 

estimation rose to 14.3%o (coverage factor = 2). Future recommendations incJude 

conducting further experiments to determine whether the measurement uncertainty can 

be improved to n1ore close! y match the instrument specification and determine the 

source of the biases. 

An agreed value for the proposed laboratory and QC standards should be determined 

through an inter-laboratory trial. Future validation work could include performing 

evaluations of the performance characteristics (e.g. linear range and precision) utilising 

actual samples of ammonium nitrate prill. The potential for isotope exchange and 

adsorption also needs to be further investigated for the proposed laboratory standards 

and AN prill samples. 
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Chapter 7. Oxygen and Hydrogen Stable 

Isotopes in Ammonium Nitrate Prills 

7.1. Introduction 

Preliminary research into the measurement of oxygen isotopes in ammonium nitrate 

had been conducted as outlined in Chapter 1.8.1. This research highlighted a number 

of issues with the measurement of the oxygen isotope, namely not being able to 

achieve complete conversion of the oxygen to carbon monoxide. A key concern was 

whether the incomplete conversion caused isotopic fractionation of the oxygen. 

Chapter 6.1 discussed some of the other specific issues with the measurement of 

oxygen and hydrogen stable isotopes. None of the published/available literature to date 

addresses the measurement of the hydrogen isotope in samples of ammonium nitrate. 

Following on from the validation work conducted in Chapter 6, samples of ammonium 

nitrate priUs were measured for their bulk oxygen and hydrogen isotope values. The 

primary objective of this research was to determine whether AN from different 

manufacturers in Australia could be differentiated utilising bulk oxygen and hydrogen 

isotope ratios, either individually or in combination with each other. A secondary 

objective was to determine whether oxygen and hydrogen isotope ratios could be 

utilised to differentiate Australian samples from samples manufactured overseas and 

also whether samples from different countries could be differentiated. 

7 .2. Materials and Methods 

7 .2.1. Instrumentation, Equipment and Method Parameters 

The method and instrument configuration utilised for the measurement of the bulk 

oxygen and hydrogen isotope values of ammonium nitrate prills are those outlined in 

Chapter 6.2.6.1. 
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7.2.2. Samples 

Samples from the three Australian manufacturers as listed in Table 7-1 were measured. 

These samples were collected as part of the collection protocol outlined in Chapter 

4.2.2. Five measurements were obtained from each prill and the samples were 

measured in one sequence. 300 ~g of ammonium nitrate prill was used for each 

measurement. Two negative control samples (blank and empty silver capsule) were 

measured in between each set of standards and samples to minimise potential memory 

effects. QC standards (5 x ammonium sulfate and 5 x potassium nitrate) were 

measured at the start and at the end of the sequence to monitor potential drift. 

All samples were measured in the one sequence on the same day and were not 

corrected to CRMs. The samples were not measured against CRMs as issues had been 

encountered with the precision/repeatability of the oxygen isotopic data measured with 

Optimised Method 1 (which compromised the ability to compare data obtained from 

sequences measured on different days). These issues were overcome utilising 

Optimised Method 2. The raw, uncorrected data from each prill was used for 

comparison purposes. 

Table 7-1 Australian AN prill samples measured for oxygen and hydrogen isotope ratios. (Date 
corresponds to the date collected by the manufacturer.) 

Manufacturer 1 Manufacturer 2 Manufacturer 3 
2/2/06 Prill 1 6/2/06 Prill 1 8/ 1 /06 Prill 1 
2/2/06 Prill 2 6/2/06 Prill 2 8/1/06 Prill 2 
28/04/06 Prill 1 2 7 I 4106 Prill 1 9/3/06 Prill 1 
28/04/06 Prill 2 27/4/06 Prill 2 9/3/06 Prill 2 
28/07/06 Prill 1 23/6/06 Prill 1 1 0/7/06 Prill 1 

Samples obtained from overseas sources (Table 7-2) were also analysed. Five 

measurements from each prill were recorded. The samples were measured in one 

sequence the day after the sequence containing the Australian samples. Two negative 

control samples (blank and empty silver capsule) were measured in between each set 

of standards and samples to minimise potential memory effects. QC standards (5 x 

ammoniun1 sulfate and 5 x potassium nitrate) were measured at the start and at the end 

of the sequence to monitor potential drift. 300 ~g of ammonium nitrate prill was used 

for each measurement. 
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Table 7-2 AN prill samples from overseas sources measured for oxygen and hydrogen isotope 
ratios. 

Sample No. Source Description 

1 Lithuania Sample 1 Prill 1 
Sample 1 Prill 2 

2 Philippines ( 10 recovered) 
Sample 1 Prill 1 
Sample 1 Prill 2 

3 Other: Tian Ji, China Prill 1 , Prill 2 
4 Other: Bacong, Philippines Prill 1 , Prill 2 
5 Other: MNK, Indonesia Prill 1 , Prill 2 

7 .3. Results and Discussion 

7.3.1. Australian Manufactured Ammonium Nitrate Prill 
Samples 

The bulk oxygen isotope ratios of the ammonium nitrate prill samples measured from 

the three Australian manufacturers (Table 7-1) are represented in Figure 7-1. The bulk 

hydrogen isotope ratios of the arnmoniun1 nitrate prill samples are represented in 

Figure 7-2. The combined oxygen and hydrogen data is plotted in Figure 7-3. 

The sequence was evaluated for drift by comparing the values of the QC standards at 

the start with those at the end of the sequence, and also the variations between samples 

throughout the sequence. There was no consistent drift observed from the beginning of 

the sequence to the end. 

Based on the samples measured from the three Australian manufacturers, there 

appeared to be some potential discrinlination between the three manufacturers based 

on the oxygen or hydrogen isotope values alone (Figures 7-1 and 7-2). When the 

oxygen and hydrogen isotope values were plotted together, three groups were 

identified (Figure 7-3). Despite the standard deviation of the oxygen values being 

relatively large, this did not preclude the discrimination of the samples according to 

manufacturer. The mean of the measurements from each of the manufacturers was 

calculated and ± 2 standard deviations plotted to create 95% confidence intervals 

(Figure 7-4 ). These error ellipses demonstrate that the groups are directly related to the 
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source manufacturer. Potential causes for the observed variations between prills 

allowing discrimination of priUs from the three manufacturers are discussed in Chapter 

8. 

22 

21 

20 

"0' 19 
~ 
0 18 

:!! 
10 
3: 17 
ca a: 16 r:: ca 
G) 
:E 15 

14 

13 

12 

Australian Ammonium Nitrate - Oxygen Isotope 

c--· 

-: ! 
~ 

1~ 

~~ 
-

--

' 
0 

0 

0 

~ggggg~g 

2 

Manufacturer 

~~ 

~~ 

0 

~ g a a a a D g ~ ~ 

3 

Figure 7-1 Bulk oxygen isotope ratio values for Australian AN samples. 
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7.3.2. Ammonium Nitrate Prill Samples Sourced from 

Overseas 

The bulk oxygen and hydrogen isotope ratios of the ammonium nitrate prill samples 

measured from the overseas sources (Table 7-2) are represented in Figure 7-5. The 

prills from the five different overseas sources appeared to be represented by five 

groups. The mean of the measurements from each of the different sources was 

calculated and ± 2 standard deviations plotted to create 95% confidence intervals 

(Figure 7-6). These error ellipses demonstrate that the groups are related to the source, 

with overlap only being observed between samples from Philippines (10 recovered) 

and Tian Ji, China. This indicates that there is potential to differentiate samples of AN 

from different overseas sources utilising bulk 0 and H isotope ratios. 

Once again, there was no consistent drift observed from the beginning of the sequence 

to the end. 
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7.3.3. Comparison of Ammonium Nitrate Prill Samples 

Sourced from Australia and Overseas 

In order to ensure that there was no reproducibility issue between the sequence where 

the Australian AN samples were measured and the overseas sequence tneasured the 

following day, the raw mean values for the QC standards were compared. There was 

no significant variation in the results for the raw means of the QC standards between 

the two sequences (i.e. the values were within the precision range for the QC standards 

as determined in Chapter 6.3.3). As a result, the raw data from the two sequences were 

directly compared. 

A comparison of the delta values obtained for the Australian AN samples and those 

from the samples sourced from overseas was conducted (Figure 7-7). There were 

multiple groupings observed. When plotted with the 95% confidence intervals (Figure 

7 -8) the groupings corresponded with the source of the samples; however, there was 
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overlap between measurements of AN prills from the different sources which limited 

the discrimination between samples. There were no clear groupings that could indicate 

an obvious discrimination of prills from Australia versus overseas sources. The 

Philippines ( 10 recovered) samples overlapped with the samples measured from 

Australian Manufacturer 2. The samples from MNK, Indonesia overlapped with the 

samples measured from Australian Manufacturer 3. The samples from Lithuania, Tian 

Ji, China and Philippines (10 recovered) overlapped with the samples measured from 

Australian Manufacturer 1. The samples from Bacong, Philippines did not overlap with 

groups from other sources, allowing discrimination of the samples from this source. 
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Figure 7-7 Plot of 0 & H isotopes in Australian and overseas AN samples. 
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Australian & Overseas Ammonium Nitrate - Oxygen 
and Hydrogen Isotopes - Statistical Groupings 
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manufacturers . 

Figure 7-8 Plot of 0 & H isotopes in Australian and overseas AN samples with 95 % confidence 
intervals (± 2 standard deviations). 

This initial research should be expanded in the future through the measurement of 

additional samples to assist in obtaining a broader understanding of the range in 

oxygen and hydrogen delta values in Australian AN samples and also samples from 

overseas sources, in particular samples from Thailand, Indonesia and the Philippines. 

The initial observations were based on a limited data set and the discrimination 

obtained only relates to the measured san1ples. 

Based on the initial results (i.e. discrimination between prills from different Australian 

manufacturers and limited discrimination of Australian prills from priUs produced 
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overseas), future work could incorporate improved data processing via multivariate 

analysis, such as principle component analysis (PCA). This could assist in establishing 

whether better source determination is achievable, particularly in the overseas versus 

Australian data sets (Figure 7-7 and Figure 7 -8). 

7.4. Conclusions 

The validated method and procedures, and the QC standards calibrated in Chapter 6, 

were successfully adopted to measure a range of ammonium nitrate prill samples from 

the three Australian manufacturers and from a number of overseas sources. Based on 

the bulk hydrogen and oxygen isotope ratios alone, there was some level of 

discrimination between the Australian manufacturers. When the oxygen and hydrogen 

data were combined, three distinct groups were observed that directly linked to the 

source manufacturer. Groups corresponding to source were also identified in the 

overseas AN prill data, with overlap observed between two of the sources. There were 

no obvious groupings that related directly to prills n1anufactured in Australia versus 

priUs sourced from overseas. An evaluation of the potential causes of the observed 

variations between prills from different sources is addressed in Chapter 8. 

Overall, this preliminary research indicates that 0 and H isotope ratios can be utilised 

to differentiate samples of AN from the three different Australian manufacturers. This 

initial research could be expanded in the future by measuring additional samples to 

assist in gaining a broader understanding of the expected range in 0 and H isotope 

ratios in AN samples from different sources and changes over time. Further statistical 

analysis of the initial data could also be conducted to determine whether this would 

assist in identifying groups relating to source, particularly with regards to identifying 

Australian sources versus overseas sources. This would assist in confirming whether or 

not 0 and H isotope ratios can be used to differentiate sources of AN prill samples in a 

criminal investigation. 
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Chapter 8. Discrimination of Ammonium 

Nitrate Sources Utilising N, H and 0 Stable 

Isotopes 

8.1. Introduction 

It is well documented that the combination of stable isotope ratio data from two or 

more elements further assists in the potential discrimination of samples. Meier-

Augenstein and Liu [ 1] described the discrimination power of the technique using an 

example where the isotope ratios of four different elements in two organic compounds 

(truxilline and trimethoxycocaine) were analysed. The ability to measure isotope ratios 

of more than one element in a single molecule allows stable isotope "fingerprinting" of 

molecules. The more isotopes that can be measured, generally the better the chances 

are of individualising the substance. 

The main objective of this chapter was to determine whether the combination of stable 

isotope ratio data from two or three elen1ent.s could assist in discriminating smnples of 

AN prills from different sources. The AN prill manufacturing process was evaluated 

for potential sources of fractionation, to assist in identifying the cause of any 

significant differences in isotopic data. 

8.2. Discrimination of Australian AN Samples 

The nitrogen, oxygen and hydrogen delta values for prills from three samples fro1n 

each of the three Australian manufacturers were compared. The data was collated from 

the measurements obtained in Chapters 4 and 7. Figures 7-3 and 7-4 (Chapter 7) 

contain plots of the hydrogen delta values plotted versus the oxygen delta values. As 

discussed in Chapter 7, there are three groups that can be direct! y linked to the three 

Australian manufacturers when the oxygen and hydrogen data are plotted (Figures 7-3 

and 7-4). Within the group representing Manufacturer 1, there are indications of 
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further within-sample discrimination. The observed trend was that the oxygen stable 

isotope ratios of samples collected over time were becoming enriched. This could be 

explored through future research. As recommended in Chapter 7, further sample 

analysis is required to expand the data set and ensure that a greater understanding of 

the potential range of isotope ratio values that may be obtained from different sources 

is gained. 

Figure 8-1 contains a plot of the hydrogen versus nitrogen delta values. The mean of 

the measurements from each of the apparent groupings in Figure 8-1 were calculated 

and ± 2 standard deviations plotted to create 95% confidence intervals (Figure 8-2). 

This was conducted in order to determine whether the groups related to the source of 

the prills and assist in identifying any overlap between the groups. The hydrogen 

versus nitrogen isotopic data (Figures 8-1 and 8-2) demonstrates differentiation, but 

with some overlap of prills from two samples from Manufacturer 1 with those from 

Manufacturer 2. The measured prills from Manufacturers 2 and 3 could be 

differentiated from each other, and prills from three samples from Manufacturer 1 

could be differentiated from those sourced from Manufacturers 2 and 3. 
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Figure 8M 1 Hydrogen delta values plotted versus the nitrogen delta values for Australian AN 
samples. 
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Australian Ammonium Nitrate Samples - Hydrogen & 
Nitrogen - Statistical Groupings 
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*Blue data points represent the mean of samples from Manufacturer 1; red data point represents the 
mean of samples from Manufacturer 2 and yellow data point represents the mean of samples from 
Manufacturer 3. 

·Figure 8-2 Hydrogen delta values plotted versus the nitrogen delta values for Australian AN 
samples with 95% confidence intervals (± 2 standard deviations). 
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Figure 8-3 contains a plot of the oxygen versus nitrogen delta values and Figure 8-4 

contains the mean and ± 2 standard deviations for the apparent groups in Figure 8-3. 

The oxygen and nitrogen data also demonstrates discrimination of prills from different 

sources; however the 95% confidence intervals from Manufacturers 2 and 3 overlap 

when plotted in this manner. Prills from Manufacturer 1 could be differentiated from 

prills from Manufacturers 2 and 3, and there was differentiation within the 

Manufacturer 1 sample set based on time of collection. The oxygen isotope ratio 

appeared to become enriched and the nitrogen became depleted in the prill samples 

collected by Manufacturer 1 over time. Possible causes of this shift could be further 

explored by measurement of additional samples over time to confirm that there is a 

trend. Manufacturing processes could also be explored for potential causes of these 

observed shifts. 
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Figure 8-3 Oxygen delta values plotted versus the nitrogen delta values for Australian AN 
samples. 
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Australian Ammonium Nitrate Samples - Oxygen & 
Nitrogen - Statistical Groupings 
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*Blue data points represent the means of samples from Manufacturer 1; red data point represents the 
mean of samples from Manufacturer 2 and yellow data point represents the mean of samples from 
Manufacturer 3. 

Figure 8-4 Oxygen delta values plotted versus the nitrogen delta values for Australian AN samples 
with 95% confidence intervals(± 2 standard deviations). 

The oxygen, hydrogen and nitrogen data were plotted utilising TriPlot software 

Version 4.1.1 (Todd Thompson Software) [2]. TriPlot is a trilinear-diagram plotting 

program. Due to the way in which this software works, the delta values had to be 

converted to percentages (o/o ). These percentage values were obtained by dividing each 

delta value by the highest delta value for that element and multiplying by 100. If there 

were negative isotope ratios of an element, then the most negative value was first 

corrected to O%o and then this same correction applied to the other isotope ratios for 

that element. This was required as the software could not plot percentages <-99%. 

Once this correction was made, the values were converted to percentages (% ). In order 

to interpret the ternary plots, the axes are read anti-clockwise and each increment on 

the axis represents 10%. The calculations are a source of error, however the plots are 
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sufficient for the purpose of this research to allow comparisons. Future work should 

explore other options for presenting the 3 dimensional data to minimise the 

introduction of errors. 

The hydrogen, oxygen and nitrogen isotope ratios for the Australian AN samples are 

represented in the ternary plot in Figure 8-5. Each increment on the axis equates to 

10% which represents approximate! y: 8D 9.1 %o; 8180 1. 9%o; and 815N 0.4 %o. There 

appears to be two groups representing the samples from Manufacturer 1 when the data 

is plotted utilising this software. There is a lack of discrimination between the group of 

samples from Manufacturer 2 and one of the two groups from Manufacturer 1. The 

samples from Manufacturer 3 were represented by a distinct group (i.e. distinct from 

Manufacturers 1 and 2) . Utilising this software package to plot the isotope ratios from 

the three elements does not appear to improve discrimination of prills from different 

manufacturers compared to the two din1ension plot of the oxygen and hydrogen delta 

values (Figure 7-4) and also the plot of the nitrogen and hydrogen delta values (Figure 

8-2). 
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Figure 8-5 Ternary plot of hydrogen, oxygen and nitrogen delta values for Australian AN samples. 
(Note: Delta values have been converted to percentages of the maximum delta value for that 
element.) 
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8.3. Discrimination of Overseas AN Samples 

The hydrogen, oxygen and nitrogen isotope ratios for the overseas AN samples are 

represented in the ternary plot in Figure 8-6. Each increment on the axis equates to 

10% which represents approximately: 8D 6.2%o; 8180 2.0%o; and 815N 0.5%o. Distinct 

groups are apparent when the data is plotted utilising this software. The data plotted in 

this way allows further discrimination of samples according to source. For example, 

when the oxygen and hydrogen delta values were plotted in Figure 7-6 (Chapter 7), the 

samples from the Philippines (10 recovered) and Tian Ji, China overlapped; however, 

in the ternary plot (Figure 8-6), the samples from these two sources are clearly 

differentiated. It is also interesting to note that the closest group to the seized samples 

(10 recovered) from the Philippines is the sample from Bacong, Phillipines. 
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F'igure 8-6 Ternary plot of hydrogen, oxygen and nitrogen delta values for overseas AN samples. 
(Note: Delta values have been converted to percentages of the maximum delta value for that 
element.) 
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8.4. Discrimination of Australian AN samples from 

Overseas AN Samples 

The hydrogen, oxygen and nitrogen isotope ratios for the Australian and overseas AN 

samples are represented in the ternary plot in Figure 8-7. Each increment on the axis 

equates to 10% which represents approximately: 8D 9.1 %o; 8180 2.0%o; and 815N 

0.6%o. No distinct groups appear to form between the Australian and overseas AN 

samples when the data is plotted utilising this software. The data plotted in this way 

allows some further discrimination of satnples according to source; however, not 

complete discrimination of samples from different sources. For example, when the 

oxygen and hydrogen delta values were plotted in Figures 7-7 and 7-8 (Chapter 7), the 

samples representing Bacong, Philippines was the only group that could be 

differentiated from the other sources; however, in the ternary plot (Figure 8-7), the 

samples from Tian Ji, China and Lithuania can be differentiated as well as the samples 

from Bacong, Philippines. 

Overall, the plots for the AN samples from overseas (Figure 8-6) and the plot from the 

AN samples from overseas and Australian sources (Figure 8-7) could be used in 

conjunction with the plots of element pairs to assist in the discrirnination of san1ples 

from different sources. Future work should incorporate exploring alternative options 

for plotting the data from more than two elements as the TriPlot software was the only 

available software at the time of data interpretation. For example, it would be worth 

exploring different software packages and different data representation methods such 

as 3D plots. Limitations in the TriPlot software necessitated a conversion of the 

isotopic data that might not be required with other approaches. 
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Figure 8-7 Ternary plot of hydrogen, oxygen and nitrogen delta values for Australian and 
overseas AN samples. (Note: Delta values have been converted to percentages of the maximum 
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8.5. The AN Manufacturing Process 

8.5.1. Overview of the AN Manufacturing Process 

Ammonium nitrate can be manufactured on an industrial scale utilising different 

processes. These processes include the TOPAN, Kaltenbach (including Kaltenbach-

Thuring), Stengel, SBA and Chemico processes. Despite the different processes, the 

manufacture of ammonium nitrate generally consists of three main steps: 

1. Neutralisation 

2. Evaporation 

3. Solidification (prilling and granulation) 

Each process will generally involve the recycling of air, water, steam and chemicals 

throughout the synthesis. 

The processes between manufacturers and plants tend to differ in terms of the additives 

used, the neutralisation processes, operating pressure of the equipment, and cooling 

methods employed. It is these variations in the manufacturing process, together with 

variations in the source and concentration of starting materials and additives, that 

should theoretically allow for discrimination of prills originating from different 

manufacturing plants [3]. 

In Australia, the three manufacturers utilise the following processes: 

Manufacturer 1: TOP AN (prill process) 

Manufacturer 2: Kaltenbach-Thuring (KT) (prill process) 

Manufacturer 3: Kaltenbach-Thuring (KT) (granulation process) 

The prilling process involves the formation of granules by the solidification of 

droplets. Granulation processes generally involve the use of agglomeration, accretion 

or crushing to form the end product [ 4] . 
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Most large-scale AN manufacturing plants produce the key raw material nitric acid on 

site, with ammonia the other key material, either manufactured on site or imported. 

The purity of industrial grade prilled ammonium nitrate is at a very high level. There is 

generally an analytical chemistry laboratory as part of each plant to ensure process 

control, product quality, and that no unwanted materials remain in the product. The 

following sections address the synthesis of the two main raw materials: ammonia and 

nitric acid. 

8.5.1.1. Ammonia Synthesis Process Overview 

Ammonia is utilised in the manufacture of nitric acid and for the final production of 

ammonium nitrate. Figure 8-8 provides an overview of an ammonia plant [5] and a 

description of the process is also provided [ 6]. 

AMMONIA 
CO NVERTERS 

AMMONIA PLANT 

SOLUnON 
REGENERAnON 

COUJMN 

Figure 8-8 Flow diagram providing an overview of an ammonia synthesis plant [5]. 
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1. The feedstock, natural gas (92% methane), is fed into the plant at high pressure 

from the source basin. The natural gas provides the hydrogen component of 

ammonia. The gas contains a small amount of sulfur, which is removed in the 

DESULFURISER. 

2. Feed gas is then REFORMED, first with steam in 120 heated catalyst tubes in the 

PRIMARY REFORMER and then with air in the SECONDARY REFORMER. 

3. The nitrogen is introduced from the ambient atmosphere (air). 

4. High temperatures (800-940°C) convert the methane in the natural gas. Hydrogen, 

carbon monoxide and nitrogen are produced. Residual heat in the gases is used to 

generate steam in a BOILER. 

5. Unwanted carbon oxides are removed by first catalytically convetting carbon 

monoxide to carbon dioxide in the SHIFT CONVERTER. 

6. The carbon dioxide is then removed by a recirculating activated solution in an 

ABSORBER. 

7. Final elimination of carbon oxide is by conversion of the remaining traces back to 

1nethane over a catalyst in the METHANATOR. 

8. The 3:1 mix of hydrogen and nitrogen gases is COMPRESSED to 14000 kPa and 

passed around a recirculating ammonia synthesis loop. 

9. Ammonia is produced over catalysts in two CONVERTERS at 450-500°C. The 

circulation gases are then CHILLED to condense the ammonia, which is separated 

as a cold ( -23°C) liquid product. 
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8.5.1.2. Nitric Acid Synthesis Process Overview 

Nitric acid is the other mmn raw material used in the manufacture of ammonium 

nitrate. Figure 8-9 provides an overview of the process flows in a typical nitric acid 

plant [5] and a description of the process is also provided [6]. 

FILTER 

AMt.40NIA 
FILTER 

NITRIC ACID PLANT 

Figure 8~9 Flow diagram providing an overview of a nitric acid synthesis plant [5]. 

1. The ammonia can be supplied either directly from an ammonia plant, from a 

refrigerated ammonia storage tank on site, or imported. 

2. Vaporised ammonia is MIXED with COMPRESSED process air. It reacts with 

oxygen at 800°C to form oxides of nitrogen in the CONVERTER in the presence 

of a platinum or cobalt catalyst. 

3. The hot process gases are cooled In the HEAT RECOVERY system, which 

generates steam and reheats the plant's tail gases. 

4. When the gases are COOLED and acid has started to condense from this stream 

they are passed to an ABSORBER COLUMN where the oxides of nitrogen react 

further with the available oxygen in air and are absorbed into process water or 

weak nitric acid to finally form 57-62% nitric acid. 
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5. The spent tail gas is REHEATED and reduced 1n pressure through an 

EXPANSION TURBINE which provides 60-70% of the power for au 

compression. The spent gases are essentially nitrogen with a few percent of 

oxygen. The spent gases are treated so that only very low concentrations of oxides 

of nitrogen, which is a pollutant, are emitted to the atmosphere. 

8.5.1.3. Ammonium Nitrate Synthesis Process Overview (Prilling) 

Figures 8-10, 8-11 and 8-12 provide flow diagrams showing the two processes 

(TOP AN and Kaltenbach-Thuring respectively) used in Australia for the manufacture 

of AN prills. Different plants may employ variations of these procedures; however, the 

general concept of synthesis remains the same [ 6]. 

AMMONIA 
VAPOURistR 

PRILL TOWER 

EVAPORATOR 

MIX AND PUMP 
TANK 

ELEVATOR 

AMMONIUM NITRATE PLANT 

RECYCLt 

Figure 8-10 Flow diagram providing an overview of an ammonium nitrate synthesis plant using 
the TOP AN Process [5]. 
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Figure 8-11 Flow diagram providing an overview of an ammonium nitrate solution (84%) 
synthesis plant [7]. 
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II 

Figure 8-12 Flow diagram providing an overview of an ammonium nitrate prilling plant utilising 
the Kaltenbach-Thuring process [7]. Some plants utilising the KT process also incorporate the use 
of a prill tower. 
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1. Ammonium nitrate solution is produced by the exothermic reaction of nitric acid 

and vaporised ammonia in NEUTRALISER vessels. The reaction is pH and 

temperature controlled to minimise losses. 

2. The resulting 83-90o/o AN solution is passed through EVAPORATORS to remove 

the majority of water and concentrate the solution to 95- 99% for conversion into 

solid ammonium nitrate. During evaporation, some ammonia is lost from the 

solution and this is normally replaced before solidification. 

3. In the TOPAN process, molten ammonium nitrate is prilled down a TOWER to 

form 1-3 mm diameter roughly spherical granules. Prilling refers to the formation 

of granules, which are ejected under a laminar flow then solidified in air. The 

droplets formed at the prilling sprays, fall down the prill tower by gravity. Air 

flows up the tower using fans , and droplets cool and solidify. Some ammonia and 

ammonium nitrate may be lost to the air stream and some ammonium nitrate 

vapour is lost from the surface of the prill during this process. This loss is 

negligible in terms of rnass, however it may be significant with respect to isotopic 

fractionation. 

4. The prills are DRIED with hot air and COOLED in rotating drums in the TOP AN 

process [5]. The Kaltenbach-Thuring process generally utilises a granulation 

system followed by an air fluidised bed to cool the prills in place of the rotating 

drums [6]. 

5. The product is then SCREENED to rernove over and undersize particles then 

COATED with an organic COATING AGENT to improve its storage and handling 

properties. 

6. The final product is stored in bulk in an air conditioned building. Bulk material can 

be recovered by front -end loaders for bagging or bulk despatch. Bagged dispatch is 

either by Bulka bags or small bags on shrink-wrapped pallets. Bulk ammonium 

nitrate can be loaded directly into road bulk trucks or occasionally rail cars. 
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7. Due to the extremely high growth of demand, imported product is often used in 

Australia. Nevertheless, Australian product is also exported, particularly to 

Indonesia and New Zealand. 

8.5.1.4. Ammonium Nitrate Synthesis: Chemical Reaction Overview 

Ammonium nitrate is generally manufactured utilising the following chemical 

reactions. The sources of nitrogen, hydrogen and oxygen at each step are highlighted. 

This summary is based on the manufacturing details provided by Manufacturer 1 [8]. 

t 

1. Manufacture of ammonia (NH3) 

Source: process 
water/steam 

Source: natural 
gas 

'-------· 

N =from air 
H = from natural gas + 
process water 

3H2 + N2--+ 2NH3 

t 
Source: air 
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2. Manufacture of nitric acid (HN03) 

Source: air 

4NH3 (g) + 502 (g)--. 4NO (g) + 6H20 (g) 

t 
Source: 
NH3 plant 

i 
N = from NH3 plant i.e. air 
0 =from air 

Source: air 

~ 
2NO (g) + 02 (g)--+ 2N02 (g) 

i 
N = from NH3 plant i.e. air 
0 =from air 

N = from NH3 plant i.e. air 
0 =from air 

Source: process water (60% 
reaction water+ 40% external 
water) ~ 

3N204 (g) + 2H20 (1)---. 4HN03 (aq) + 2NO (g) 

i 
N =from NH3 plant i.e. air 
0 = from air + process 
water 
H = from process water 
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3. Manufacture of ainmonium nitrate (NH4N03) 

N =from air 
H = from natural gas + 
process water 

N =from NH3 plant i.e. air 
0 = from air + process water 
H = from process water 

8.5.2. Potential for Fractionation During Manufacturing 

Process 

A detailed examination of the manufacturing process was conducted, in particular with 

respect to the potential for isotopic fractionation which may be causing the variations 

between samples as observed in Chapters 4 and 7. The potential for fractionation exists 

at multiple stages during the synthesis, including: 

1. Exchange between liquid and vapour NH3 when NH3 is vaporised. 

2. Exchange between oxides of nitrogen in nitric acid synthesis with oxygen 

in air and process water. 

3. Exchange between water in NH~03 solution and water being evaporated. 

4. Exchange due to interaction of air (02 + N2) with prill/molten prill in prill 

tower. 

5. Fractionation due to high temperatures in the prill tower. 

6. Fractionation due to loss of NH3 and AN to air stream in prill tower. 

7. Exchange between interaction of air (02 + N2) with prill during drying. 

8. Exchange with air (02 + N2) during storage. 

236 



Chapter Eight: Discrimination of AN Utilising N, H and 0 

Variations will also exist due to differences/variations in machinery/equipment in each 

plant and also due to the recycling of air, water, steam and other chemicals. 

8.5.3. Starting Materials: Potential for Variation 

An evaluation of the starting materials and their synthesis was conducted, in particular 

the source of the starting materials and differences in isotopic compositions which may 

cause the variations between samples as observed in Chapters 4 and 7. 

This evaluation is based on the manufacturing details provided by Manufacturer 1. 

1. Nitrogen in ammonia is from nitrogen in air. 

2. Hydrogen in ammonia is from natural gas and process water/process steam. 

3. Hydrogen in nitric acid is from process water which comprises 60o/o reaction water 

and 40% water from a source external to the nitric acid plant. 

4. Nitrogen in nitric acid is from nitrogen in air. 

5. Oxygen in nitric acid is frotn oxygen in air and process water which comprises 

approximately 60% reaction water and 40% water from a source external to the 

nitric acid plant. 

Range of Nitrogen Isotope Ratios in Air: air is the source of all the nitrogen in the 

synthesis of ammonium nitrate. The nitrogen isotopic composition of air is 815NAIRO%o 

(see Figure 1-3, Chapter 1). Werner & Brand [9] discuss how the nitrogen value of 

atmospheric N2 does not change within the measurement precision of the IRMS 

technique over time or space. This is explained due to the atmospheric pool of nitrogen 

being the largest of all nitrogen-containing pools on earth and hence cannot be altered 

significantly by known processes. 

Range of Hydrogen Isotope Ratios in Natural Gas: natural gases are mainly a few 

simple hydrocarbons, primarily methane. Other components of natural gas may include 

higher hydrocarbons (e.g. ethane, propane, or butane), C02, H2S, N2 and rare gases. 

Determining the source of a natural gas sample is complicated by mixing, migration 

and oxidative alteration processes that can take place. Given these complications and 

237 



Chapter Eight: Discrimination of AN Utilising N, Hand 0 

the various potential constituents of natural gases, there is a relatively large variation in 

the hydrogen delta values of natural gases from different origins. The variation in delta 

values of natural gases from different origins can be as wide as approximately 8DsMow 

-450 to -100%o (Figure 8-13) [10] . Berner et al. [11 ] state that hydrogen isotope values 

of methane from Kukersite vary between 8DsMow -211 and -84%o, whereas hydrogen 

values of methane from xylite range between 8DsMow -314 and -164%o. 
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Figure 8-13 o 13C and oD variations of natural gases of different origin [10]. 

Range of Hydrogen Isotope Ratios in Water: the hydrogen delta values in naturally 

occurring water from different sources can range between 8DsMow -500 to + 125%o 

(refer to Figure 1-2, Chapter 1). However, the range in Australian waters is generally 

much nan·ower at approximately 8DvsMow -40 to -6%o [12]. The water taking part in 

the reaction to form nitric acid (Manufacturer 1) consists of approximately 60% 

reaction water and 40% water from a source external to the nitric acid plant. 

Range of Oxygen Isotope Ratios in Air: atmospheric oxygen has a constant isotopic 

composition of 8180 vsMow 23.5%o [10]. 

Range of Oxygen Isotope Ratios in Water: the potential variation for continental water 

is 8180 vsMow -65 to + 30 %o (see Figure 1-4, Chapter 1); however, the range in 
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Australian waters is once again narrower (approximately 8180vsMow -10 to -2%o) [12]. 

The water taking part in the reaction to form nitric acid consists of approximately 60% 

reaction water and 40% water from an external source. 

8.5.4. Overall Interpretation 

8.5.4.1. Nitrogen Isotope Ratios 

The range in nitrogen isotope ratios observed across samples from the three Australian 

manufacturers was 815
NAIR -2.2 to+ 1.9%o. This relatively narrow range corresponds to 

the fact that the nitrogen value of atmospheric N2 does not change within the 

measurement precision of the IRMS technique over time or space. The small variations 

observed and the resultant partial discrimination achieved based on the nitrogen 

isotope ratio alone is likely due to the potential for fractionation to occur during the 

synthesis of the AN and/or small differences in processes/starting materials between 

the three plants. 

8.5.4.2. Oxygen Isotope Ratios 

The range in oxygen isotope ratios observed across samples from the three Australian 

manufacturers was 8180 14.1 to l9.3%o (uncorrected). This range could not be 

compared directly to the range observed in Australian water (with regards to being 

depleted or enriched) as the oxygen data from these measurements was not corrected. 

This range could represent the range from the source water as the oxygen isotopic 

composition of air is relatively stable. The variations observed could also be based on 

fractionation occurring during synthesis. Throughout the manufacturing process, the 

potential for oxygen exchange to occur with air and water that the ammonia, nitric acid 

and ammonium nitrate come into contact with is significant and any potential 

fractionation could also be due to the mixing of atmospheric oxygen with oxygen in 

water. 
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8.5.4.3. Hydrogen Isotope Ratios 

The range in hydrogen isotope ratios observed across samples from the three Australia 

manufacturers was oD -26 to 65%o (uncorrected) which corresponds to the wide range 

expected in the source materials i.e. natural gas and water. The range could also be in 

part due to fractionation occurring in the synthesis. Throughout this process the 

potential for H exchange to occur with air and water that the ammonia, nitric acid and 

ammonium nitrate come into contact with is significant. As H has a proportionally 

large percentage mass difference, it also has a greater tendency to fractionate, which 

also explains the significantly larger range in values relative to nitrogen and oxygen. 

Although the likely variation in starting materials and fractionation during synthesis 

permits discrimination of AN samples from different manufacturers, it is not possible 

to identify the particular stage of the manufacturing process where fractionation is 

actually occurring (and, in any case, fractionation is likely to be from a combination of 

events rather than from one specific event). As samples of starting materials could not 

be obtained from the manufacturers, no definitive link could be made between the 

isotopic composition of the starting materials and the end products. 

8.6. Conclusions 

The ternary plots (plots of isotope ratios of all three elements) produced for the 

overseas and Australian AN san1ples did not permit clear discrimination of AN 

samples between Australian and overseas sources. The plots, however, could be used 

in conjunction with the plots of the element pairs to assist in further discrimination of 

samples from different sources. The ternary plots did not further assist in the 

discrimination of the AN prills from the three Australian sources compared to the plots 

of the oxygen and hydrogen isotope ratios and the nitrogen and hydrogen isotope 

ratios. Future work should incorporate exploring alternative software options for 

plotting data from more than two elements that may assist 1n the 

interpretation/classification of the multi-elemental data. 
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The potential for fractionation in the synthesis, particularly with respect to hydrogen, 

and the natural variation in the isotope ratios of starting materials may all contribute to 

the variations that are allowing discrimination of the samples from different sources. 

These conclusions are based on the samples measured during this research and future 

research could expand on this work through the measurement of additional samples, in 

particular samples collected over a longer timeframe and also from different sources. 

This would allow the expansion of the data set to ensure that the data is representative 

of what may be encountered in operational casework. 
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Chapter 9. Application of IRMS Procedures to 

Other Threat Explosives 

9.1. Introduction 

Organic peroxides, such as triacetone triperoxide (T ATP) and hexamethylene 

triperoxide diamine (HMTD), have been utilised as improvised explosives since the 

1800s, with TATP first being synthesised in 1895 [1, 2]. Despite this, peroxide 

explosives have only relatively recently been adopted by terrorists as an explosive of 

choice. Terrorists have moved in this direction for a number of reasons, including: 

1. Regulation of constituents of traditional inorganic homemade explosives (e.g. 

ammonium nitrate and potassium chlorate). In Australia, the availability and 

the recognised potential for the use of ammonium nitrate in improvised 

explosive devices resulted in the Council of Australian Governments (COAG) 

Review of Hazardous Materials in June 2004. This has led to Australian States 

and Territories modifying legislation to reflect the tighter regulations. 

Authorities are in the process of expanding these regulations to cover other 

chen1icals of security concern, including precursors for peroxide explosives. 

2. Ready availability and inexpensive nature of precursors for peroxide explosives 

(e.g. hydrogen peroxide from household cleaning products and hair dyes; 

acetone from nail polish remover and cleaning products; acids from pool shops 

and car batteries). 

3. Relative ease of manufacture, with no requirement for sophisticated 

instrurnentation, equipment or expertise. 

4. Classification as a primary high explosive, hence no requirement for a 

detonator or booster due to the material's high sensitivity. Can be utilised in 

improvised detonators and/or as a main charge. 
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There are numerous reports of the use of T A TP in a number of terrorist bombings and 

attempted bombings internationally. These include: 

1. The Israeli Embassy Bombing in London (1994) where it was believed that 

T A TP was utilised in a booster for a chlorate-based main charge. 

2. Richard Reid (2001), nicknamed the "shoe bomber", used TATP in homemade 

detonators in IEDs located in the soles of his shoes, which he planned to use to 

bring down American Airlines Flight 63 en route to Miami, Florida. 

3. The 7 July 2005 subway bombings and the 21 July 2005 attempted London 

bombings where T A TP or HMTD homemade detonators were believed to have 

been utilised. 

4. The 7 August 2006 planned attacks in the United Kingdom against 

international aviation targets using homemade detonators containing T A TP or 

HMTD. 

In Australia, TATP has been utilised in a number of criminal bombings; however, to 

date, organic peroxides have not been utilised in any terrorist bombings. Despite this, 

there is strong evidence to suggest terrorist interest in such explosives in Australia. 

Due to the current threat of organic peroxide explosives, both in Australia and 

overseas, one of the objectives of the research described in this chapter was to 

determine the potential to utilise the methods developed in Chapters 2 and 6 to 

differentiate samples of T ATP that had been manufactured utilising different starting 

materials and/or manufacturing processes. 

Due to the prevalence of PETN in detonators, detonating cord, and boosters, another 

objective of this research was to determine whether the method for the measurement of 

bulk C and N stable isotope ratios could be utilised to discriminate samples of PETN 

from different sources. 

These studies were preliminary in nature, serving to demonstrate the application of the 

developed methods and procedures to other materials of forensic interest. The final 

objective of this research was to develop a database template that could be utilised by 
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the AFP laboratory, but also nationally and internationally, to share stable isotope ratio 

data for explosive materials of common interest. 

9.2. Materials and Methods 

9.2.1. T A TP Samples 

The TATP samples analysed in this study were synthesised by the Defence Science 

and Technology Organisation (DSTO), Edinburgh, South Australia, as part of a larger 

national research project: "Manufacture, Characterisation, Neutralisation & Detection 

of TATP and Similar Organic Peroxide Explosives" funded by the National Security 

Science & Technology Unit of the Department of the Prime Minister and Cabinet 

(PM&C). The samples were subsequently transported to the AFP forensic laboratory in 

Canberra for IRMS analysis. 

The samples were synthesised with variation of the following parameters: 

- type of acid catalyst, e.g. sulfuric acid (H2S04) or hydrochloric acid 

(HCl)~ 

- source of acetone and hydrogen peroxide; 

-- temperature at which the peroxide, acetone, and acid were mixed 

(reaction temperature); 

- cooling te1nperature and reaction titne~ and 

filtering process. 

The overall chemical reaction is: 

Acid 

Table 9-1 contains the synthesis details for fourteen T A TP samples that were 

subsequently measured for carbon isotope ratios (referred to as sample set 1). Table 9-

2 contains the synthesis details for the second sample set (referred to as san1ple set 2) 

measured for carbon, oxygen and hydrogen isotope ratios. 
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Table 9-1 Synthesis details for T A TP sample set 1. 

Sample Reaction Cooling 
Acid Type Reagents Temperature Temperature Filtering/Wash No. (oC) (oC) 

1 H2S04 Analytical grade 1.5 to 17 7 Filter paper. H20, NaHC03, H20 
2 H2S04 Analytical grade 1.5 to 17 7 Filter paper. H20, NaHC03, H20 
3 Unknown Unknown 
4 H2S04 Analytical grade 1 to 17 24 Filter paper. H20 , NaHC03, H20 
5 H2S04 Analytical grade 2 to 21 7 Filter paper 
6 HCI Analytical grade 1 to 7.5 24 Filter paper. H20, NaHC03, H20 
7 H2S04 Analytical grade 4 to 21 24 Filter paper. H20, NaHC03, H20 
8 HCI Analytical grade 1 to 8 7 Filter paper. H20, NaHC03, H20 
9 H2S04 Analytical grade 5 to 26 7 Filter paper 
10 H2S04 Analytical grade 4 to 10 24 Filter paper. H20 , NaHC03, H20 
11 HCl Analytical grade <5 24 Extract CH2Ch 
12 H2S04 Analytical grade 4 to 10 7 Filter paper. H20 , NaHC03, H20 
13 HCl Unknown 
14 HCl Unknown 



Table 9-2 Synthesis details for TATP sample set 2. 

Sample 
H202 Acetone 

Reagent Reaction Temp 
No. Acid Catalyst Mole WorkUp 

Ratio CCC) 

30% 
1 analytical Analytical 90% H2S04 analytical grade 1:10:1 Extract CH2Ch, MeOH recryst., 

grade grade -15 to -8 24 hr fridge 

30% Analytical 2 analytical 90% H2S04 analytical grade 1:8:1 Extract CH2Ch, MeOH recryst., 

grade grade -16 to -10 24 hr fridge 

3% 
3 analytical Analytical 98% H2S04 analytical grade 1:5:2 

24 hr fridge, washed (H20 2 + 2% 

grade grade 2 to 5 NaHC03), air dried 

4 3% mould Diggers 72 hr fridge, washed (H20 2 + 2% 
killer Acetone 98% H2S04 analytical grade 1:5:2 2 to 45 NaHC03), air dried 
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9.2.2. TATP- Carbon Measurements 

9.2.2.1. Laboratory Standards 

Sucrose (>99% Sigma, product no. S-2395, lot no. 95H09443) and caffeine (Sigma 

Aldrich, product no. C0750-IOOG, batch no. 014K0034) were utilised as the laboratory 

standards for the measurement of bulk carbon isotope ratios in the T ATP samples. For 

each measurement, 100 ~g of sample was employed. These standards had previously 

been calibrated through an inter-laboratory trial (refer to Chapter 3). The Assigned 

Value (X) and Standard Uncertainty of Assigned Value (~x) for each of the standards 

were determined to be: 

Caffeine: 813Cvpos -40.3 ± 0.3%o 

Sucrose: 813Cvpos -11.4 ± 0.1 %o 

9.2.2.2. Gases 

The following reference and carrier gases (from BOC) were used: helium ultra high 

purity (99.999%), carbon dioxide (99.995%) and oxygen (99.996%). 

9.2.2.3. Instrumentation and Equipment 

A DELT AplusXP (Thermo Finnigan) IRMS instru1nent, with ConFlo ITI interface and 

FlashEATM 1112 elemental analyser (EA) was utilised for all experiments. The 

operating software for the IRMS was Isodat NT 2.0 and for the EA was Eager 300 

Version 2.1. 

Samples in sample set 1 were also analysed utilising an Agilent 6890N Network GC 

System with an Agilent 5975B inert XL EI Mass Selective Detector. Column: 15m x 

0.25 mm id x 0.25 ~m film thickness (DB5-MS) in order to determine the relative ratio 

ofTATP versus DADP in the samples measured by IRMS. 

A Genius ME5 (Sartorius) analytical balance was utilised to weigh all samples and 

standards. Standards and prepared samples were stored in either a Perspex or glass 
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desiccator with self indicating orange silica gel (LabServ). Samples were weighed into 

3.3 x 5 mm tin capsules for solids (Santis Analytical). 

9.2.2.4. IRMS Method Parameters 

Elemental analyser parameters - oven temperature (housing the packed gas 

chromatograph (GC) column, column length- 2 m): 35°C; carrier (helium) flow: 140 

mL/min ; oxygen flow : 250 mL/min; and reference (carbon dioxide) flow: 300 mL/min. 

Interface parameters - helium: 1.5 bar; and reference carbon dioxide: 1.0 bar. 

IRMS method pararneters (sample set 1) - acquisition time: 400 seconds; pulse of 

reference gas for 20 seconds at 140, 320 (reference peak for carbon isotopic 

determination) and 360 seconds; carbon dioxide peak elution between 200-280 

seconds. 

IRMS method parameters (sample set 2) - acquisition time: 440 seconds; pulse of 

reference gas for 20 seconds at 140, 360 (reference peak for carbon isotopic 

determination) and 400 seconds; carbon dioxide peak elution between 200-300 

seconds. The second and third reference gas pulses were delayed by 40 seconds for the 

measurement of the samples in the second set to ensure that the entire carbon peak was 

being detected. 

9.2.3. TATP- Oxygen & Hydrogen Measurements 

9.2.3.1. International Standards 

The following certified reference materials were utilised as standards for all 0 and H 

measurements. The accepted values utilised for the corrections are also provided. The 

weights measured each time are provided in brackets. 

Coumarin: 8DvsMow +62.56%o (370 ~-tg) [3] 

NBS22 Oil: 8DvsMow -118.5 ± 2.8%o (100 !lg) [4] 

RM 8545 (LSVEC) Lithium carbonate: 8180vsMow +3.63%o (245 ~-tg) [5] 

RM 8544 (NBS19) Limestone: 8180vsMow +28.65%o (330 ~-tg) [6] 
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9.2.3.2. Gases, Instrumentation, Equipment, and IRMS Method 

Parameters 

Refer to Chapter 6.2.2 for details. 

9.2.4. T A TP - Sample Preparation 

Samples and standards were accurately weighed into tin capsules for carbon and silver 

capsules for oxygen and hydrogen, and these were subsequently sealed and placed in 

200 f.!L centrifuge tubes. If the samples were not analysed the same day, they were 

stored in the centrifuge tubes in a desiccator. Samples and standards were measured in 

triplicate for carbon measurements and quadruple for oxygen and hydrogen 

measurements. 

Each TATP sample in sample set 1 was analysed by GC-MS (by dissolving 2-3 

crystals in -2 mL of acetonitrile) in order to determine their organic content, 

particularly to observe the extent of decomposition to diacetone diperoxide (DADP). 

The four samples measured during the second set of measurements were analysed by 

the DSTO utilising Fourier transform infrared (FTJR) spectrotnetry prior to transport. 

These samples were not analysed by GC-MS upon anival due to the small quantities 

available 

9.2.5.. PETN - Carbon & Nitrogen Measurements 

9.2.5.1. PETN Samples 

The PETN samples were obtained by scraping, using a scalpel blade, from the filling 

of detonating cord or from cast PETN boosters. Samples obtained in this manner were 

stored in 4 mL glass vials with Teflon-lined screw caps. Table 9-3 lists the first set of 

samples measured (sample set 1) and Table 9-4 contains the details of the second set of 

samples measured (sample set 2). Both sets of samples were measured for bulk carbon 

and nitrogen isotope ratios. Details regarding the manufacturer of each sample were 

generally unknown; hence, this information is not listed in the tables. 
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Table 9-3 PETN sample set 1. 

Sample Sample Description No. 
1 PETN 1995 
2 Det Cord 1997 
3 PE4 
4 Booster red 
5 Booster Tipo Type 150 
6 Booster 26 
7 Riobooster 400 
8 Detasheet military 

Table 9-4 PETN sample set 2. 

Sample Product 
No. 
1 
2 
3 
4 
5 
6 
7 

UEE Riobooster Booster 
Multiplicador Booster Type 150 
Dyno NobellOg/m core load 
Det Cord Blastech Ezicord llg/m 
Det Cord (yellow with blue lines) 
Sheer Cord 50g/m 
Det Cord (yellow with red lines) 

9.2.5.2. Standards 

Presumed Composition 

PETN 
PETN 
PETN 
TNT/PETN 
TNT/PETN 
TNT/PETN 
TNT/PETN 
PETN 

Presumed Composition 

TNT/PETN 
TNT/PETN 
PETN 
PETN 
PETN 
PETN 
PETN 

Ammonium thiocyanate (99.99+% Sigma Aldrich, product no. 431354-500, batch no. 

13419JC) was utilised as one of the nitrogen standards. 260 !lg of the standard was 

used for each measurement. This standard had previously been calibrated through an 

inter-laboratory trial (refer to Chapter 3). The Assigned Value (X) and Standard 

Uncertainty of Assigned Value (!lx) for the standard was determined to be: 815NAIR 

+3.0 ± 0.1 %o. USGS25 was utilised as the other nitrogen standard, with an agreed 

value of 815NArn -30.4 ± 0.3%o [7]. 470 !lg was used for each measurement of this 

standard. 

LSVEC (240 ~tg) and sucrose (100 !lg) were utilised as the standards for the 

measurement of the carbon isotope ratios in the samples. The Assigned Value (X) and 

Standard Uncertainty of Assigned Value (!lx) for the sucrose was determined to be 
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o 13Cvpo8 -11.4 ± 0.1 %o through an inter-laboratory trial (refer to Chapter 3). The 

agreed value utilised for LSVEC was o13CvPDB -46.6 ± 0.2%o [8]. 

9.2.5.3. Gases 

The following reference and earner gases were used: helium ultra high purity 

(99.999%), carbon dioxide (99.995o/o), oxygen (99.996%), and nitrogen ultra high 

purity (99.999%). 

9.2.5.4. Instrument & Equipment 

Refer to Chapter 2.2.2 for instrument and equipment details. 

9.2.5.5. IRMS Method Parameters 

Elemental analyser parameters - oven temperature (housing the packed gas 

chromatograph (GC) column, column length - 2 m): 35°C; carrier (helium) flow: 140 

mL/min; oxygen flow: 250 mL/min; and reference (carbon dioxide and nitrogen) flow: 

300 mL/min. 

Interface parameters - heliu1n: 1.5 bar; reference carbon dioxide: 1.4 bar; and 

reference nitrogen: 1.6 bar. 

IRMS method parameters -- acquisition time: 540 seconds; pulse of nitrogen reference 

gas for 20 seconds at 20 and 60 seconds (reference peak); nitrogen peak elution 

between 170-250 seconds. Pulse of carbon dioxide reference gas for 20 seconds at 460 

and 500 seconds (reference peak for carbon isotopic determination); carbon dioxide 

peak elution between 275-425 seconds. Switch gas to carbon dioxide at 270 seconds. 

9.2.5.6. Sample Preparation 

Samples and standards were measured in triplicate unless otherwise specified. Samples 

and standards were weighed (±5 ~g) into tin capsules, and these were subsequently 

sealed and placed in 200 ~L centrifuge tubes. If the samples were not analysed the 

same day, they were stored in the centrifuge tubes in a desiccator. Five repeats of each 

of the samples in sample set 1 were measured. The values were not corrected as no 
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standards were measured in the analytical sequence. Three repeats of each of the 

samples in sample set 2 were measured. For each measurement, 500 ~g of sample was 

weighed out in a tin capsule. 

The corresponding samples in sample set 2 were analysed utilising GC-MS in order to 

determine the major explosive composition, i.e. whether the sample was pure PETN or 

PETN with TNT. The samples were prepared by dissolving between 3.6-4.4 mg in 100 

~L acetonitrile. 

9.2.6. Database Development 

Information Management personnel in the AFP were consulted with regards to the 

development of a suitable database for the IRMS data. The most suitable type of 

database was considered based on the following requirements: regular updating, data 

security, multiple users (some of which may be non-AFP personnel in Australia and 

overseas), and the need for multiple searchable fields . The two initial options provided 

by the Information Management personnel were a Microsoft Access database or a 

Microsoft SQL Server or Oracle database. Based on the following characteristics, it 

was decided that a Microsoft Access database was the most suitable option at this point 

in the research. 

Key characteristics considered for a Microsoft Access database: 

1. Accessible by multiple users. 

2. Secure, password protected and/or encrypted if required. 

3. Easily backed up. 

4. Updates can be sent to other agencies on CD. 

5. Development costs minimal. 

6. Database synchronisation tools can be used to update records where 

external agencies supply information 
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Key characteristics considered for Microsoft SQL Server or Oracle database: 

1. Potential to be connected to other agencies via secure web session (with 

appropriate hardware, including firewalls and a dedicated server). 

2. Would require initial and ongoing AFP IT support. 

3. Potentially require funding for a contractor to develop the database. 

4 . Initial software costs . 

5. Hardware costs to provide access from outside the AFP network. 

Once developed, the database was tested through the use of a number of scenarios that 

may be typically encountered in casework. 

9.3. Results and Discussion 

9.3.1. TATP 

Figure 9-1 contains the plot of carbon isotope ratios fro1n the fourteen T A TP samples 

in sample set 1. There appears to be three distinct groups; however, these do not appear 

to correlate specifically with the type of acid, source of reagents, reaction temperature, 

cooling temperature, or filtering process utilised during the synthesis. A summary of 

the GC-MS results with respect to relative amounts of TATP and DADP is represented 

in Table 9-5. The three groups observed in Figure 9-1 could not be attributed to the 

presence or absence of DADP in the sample. 
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TATP Sample Set 1 (Carbon Isotope) l 

-25 

-26 

-27 - -28 0 

~ 

~ ~ 

'----- • • ;__/ ..... - -
Ill -29 0 
ll. 
> 

..,o -30 

..... 10 
c -31 
ca 
Cl) 

-32 :::E 

_.........---- T --~ ! • ~ ..... 

~ 
... ~ • • / • -- ---33 

-34 r-- c • ::> -35 
0 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Sample Number __ _j 

Figure 9-1 Plot of the carbon isotope ratios for TA TP sample set 1. 

Table 9-5 TATP sample set 1: GC-MS results with respect to the presence of TATP and DADP. 

Sample TATP Peak Present DADP Peak Present No. 
1 Yes Yes (small) 
2 Yes Yes (small) 
3 Yes Yes (small) 
4 Yes Yes (small) 
5 Yes No 
6 Yes (very small) No 
7 Yes Yes (small) 
8 Yes Yes (small) 
9 Yes Yes (small) 
10 Yes Yes (small) 
11 Yes (very small) No 
12 Yes Yes (very small) 
13 Yes Yes (small) 
14 Yes Yes (small) 

Figures 9-2, 9-3 and 9-4 contain the plots of the carbon, oxygen and hydrogen isotope 

ratios from the four TATP samples in sample set 2, respectively. Figure 9-5 contains a 

plot of the hydrogen isotope ratios versus the oxygen isotope ratios. The mean of the 

measurements from each of the apparent groupings in Figure 9-5 were calculated and ± 
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2 standard deviations plotted to create 95o/o confidence intervals (Figure 9-6). Figure 9-

7 contains a ternary plot of the carbon, oxygen and hydrogen isotope ratios for the 

T A TP samples in sample set 2. 

The four samples could be differentiated based on the isotope results of the carbon and 

hydrogen individual elements (Figures 9-2 and 9-4). Four groups are highlighted in 

Figure 9-5 when the individual oxygen and hydrogen measurements for each sample 

are plotted against each other. The four samples are clearly distinguishable when the 

95o/o confidence internals are plotted (Figure 9-6). The FTIR spectra did not indicate 

significant breakdown ofT ATP to DADP in any of the samples. 

The ternary plot of the data from the three elements (Figure 9-7) assisted in the 

discrimination of different T A TP samples in that clearer differentiation of samples 1 

and 3 was achieved utilising these plots compared to when just the oxygen and 

hydrogen isotope ratios were plotted (Figure 9-5). The ternary plot is complementary 

to the two-element plot (i.e. oxygen and hydrogen) in that it assisted in the 

discrimination of groups that were not clearly differentiated on the two-element plot 

and vice-versa. 

Future research should evaluate alternative software packages for plotting isotope 

ratios from more than two elements. This would assist in determining the value of 

measuring isotope ratios from multiple elements for different compounds. Further 

work on the accuracy and precision of the technique for the measurement of T ATP 

samples should also be conducted to ensure that samples measured over time can be 

compared and that results can be shared across laboratories and through stable isotope 

databases. 

Samples from a wide variety of sources should also be measured in order to obtain a 

greater understanding of the range of values expected for T A TP samples synthesised 

using different starting materials and I or recipes. An interesting factor that should also 

be researched is the stability of the isotopic composition of the samples over time. This 

is particularly a concern for TATP as this compound tends to break down and sublime. 
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TATP Sample Set 2 (Carbon Isotope) 
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Figure 9-2 Plot of the carbon isotope ratios for TA TP sample set 2. 
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34 
33 
32 
31 
30 

"'ii' 29 ~ 
3: 28 
0 27 ::ii 
Ill > 
0 

Q) 

.... 10 

c: 
('(I 

24 
Q) 23 :: 22 

19 -
18 ~~~-~~~~~-=~~~~,~~~~~~~~~--~~~~~, 

0 2 3 4 5 

Sample Number 
--------

Figure 9-3 Plot of the oxygen isotope ratios for T A TP sample set 2. 
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TATP Sample Set 2 (Hydrogen Isotope) 
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Figure 9-4 Plot of the hydrogen isotope ratios for T A TP sample set 2. 
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Figure 9-5 Plot of the oxygen and hydrogen isotope ratios (individual measurements) for TA TP 
sample set 2. Numbers correspond to the sample numbers in Table 9-2. 
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T ATP Sample Set 2 (Oxygen & Hydrogen Isotopes) -
Statistical Groupings 
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Figure 9-6 Plot of the oxygen and hydrogen isotope ratios (individual measurements) for TATP 
sample set 2 with 95% confidence intervals(± 2 standard deviations). 
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Figure 9-7 Ternary plot of the carbon, oxygen and hydrogen isotope ratios for TA TP sample set 2. 

9.3.2. PETN 

The five individual measurements from each of the eight different PETN samples in 

sample set 1 for bulk carbon and nitrogen isotope ratios were plotted (Figure 9-8). This 

data is uncorrected as standards were not measured in the sequence. The data forms 

eight distinct groups when the rneans and 95% confidence intervals are plotted for the 

eight samples (Figure 9-9). 

The individual measurements from each of the seven different PETN samples in 

sample set 2 for bulk carbon and nitrogen are plotted in Figure 9-10. The plotted 

values represent the corrected values. Three measurements were collected from each 

sample; however, the first nitrogen measurement for each set of samples was excluded 
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as an outlier, hence only two measurements per sample are represented in the plot. 

Seven groups are visible in the plot. The data forms seven distinct groups when the 

means and 95o/o confidence intervals. are plotted for the seven samples (Figure 9-11 ). 

The GC-MS data (Table 9-6) identifies the presence of TNT as the major component 

in Samples 1 and 2, highlighting the importance of utilising traditional analytical 

techniques initially to identify the chemical composition of the samples prior to 

conducting stable isotope ratio measurements. 

Future research into the accuracy and precision of the technique for the measurement 

of PETN samples should be conducted to ensure that samples measured over time can 

be compared and results can be compared with results from other laboratories. 

Additional samples should also be measured in order to obtain a greater understanding 

of the range of values expected for PETN samples. In addition to the evaluation of the 

carbon and nitrogen isotope ratio composition of PETN, the oxygen and hydrogen 

isotope ratios could also be explored as to whether they assist in further discrimination 

of samples. 

PETN Sample Set 1 (Carbon & Nitrogen Isotopes) 

-14 -12 -10 -8 -6 -4 -2 0 2 4 6 

Figure 9-8 Plot of the carbon and nitrogen isotope ratios (raw, uncorrected) for PETN sample set 
1. Numbers correspond to the sample numbers in Table 9-3. 
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Figure 9-9 Plot of the carbon and nitrogen isotope ratios (raw, uncorrected) for PETN sample set 
1 with 95% confidence intervals(± 2 standard deviations). 
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Figure 9-10 Plot of the carbon and nitrogen isotope ratios (corrected) for PETN sample set 2. 
Numbers correspond to the sample numbers in Table 9-4. 

262 

0 



-26 

-28 

-30 

-32 

-34 -0 

~ -36 
CD 
0 -38 Q. 
> 

(.) 
-40 <") 

.,...10 

-42 

-44 

-46 

-48 -

-50 
-18 

Chapter Nine: Application of IRMS Procedures to Other Threat Explosives 

PETN Sample Set 2 {Carbon & Nitrogen Isotopes)-
Statistical Groupings 
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Figure 9-11 Plot of the carbon and nitrogen isotope ratios (corrected) for PETN sample set 2 with 
95% confidence intervals(± 2 standard deviations). 

Table 9-6 GC-MS results for PETN sample set 2. 

Sample Product 
No. 

1 UEE Riobooster Booster 

GC-MS Results 

TNT (major component) + PETN + DNT 
(small) 

2 
Multiplicador Booster Type TNT (major component) + PETN + DNT 

3 

4 

5 

6 

7 

150 (small) 

Dyno Nobel 1 Og/m core 
load 

Det Cord Blastech Ezicord 
11g/m 
Det Cord (yellow with blue 
lines) 

Sheer Cord 50g/m 

Det Cord (yellow with red 
lines) 

PETN (major component)+ TNT (small) + 
breakdown products of PETN 

PETN (major component) +breakdown 
products of PETN 
PETN (major component)+ breakdown 
products of PETN 
PETN (major component) + breakdown 
products of PETN 

PETN (major component) +breakdown 
products of PETN 
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9.3.3. Database Development 

A Microsoft Access 2.0 IRMS Database was developed with the assistance of AFP 

Information Management personnel (Figure 9-12). Selected data obtained from the 

measurement of the T A TP and AN samples was entered into the database for the 

purpose of demonstrating its successful operation. A CD containing a copy of the 

database is submitted with this thesis (Appendix 5). 

~ Explosives Database . ~ 

Record No Date Added 
12 1 910112ooa 

Manufacturer Explosive Compound 
IDSTO 
Lot Details/Sample Collection Date Sourceffvoe 
IPJD-2-34 llmprovised Explosive 

Date Analysed Analvsed bv 
I 28/06/200BQj lsarah Benson EJ.IIJ r Logical 0 olete 

ol3c 01~ c)Hb ~2H 
Mean Mean Mean Mean 

-17 .2 23 .2 -125.6 

Relative to Standard Relative to Standard Relative to Standard Relative to Standard 
~ [\iPDB .,. r-- .,. fVSMOW .,. fVSMOW 

StdDev 
0.2 

No of Measurements 
I 3 

Method 
.IJJ lCarbon Standard Jlcl 

Std Dev 

No of Measurements 
) 

Method 

Additional Details/Comments 

Std Dev 
1.4 

No of Measurements 
I 4 

Std Oev 
1.7 

No of Measurements 
I 4 

Figure 9-12 Image of front screen of Microsoft Access 2.0 IRMS Database. 
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9.3.3.1. IRMS Database Scenario 1 

Two samples of suspected T A TP have been submitted to Forensics for analysis, one 

recovered from a device relating to a failed bombing attempt and the other recovered 

from a person of interest's premises. The request is to determine whether the samples 

are chemically the same and, if so, whether they could have come from the same 

source. The samples are analysed utilising standard protocols (e.g. microscopy, GC-

MS and FTIR) and have been identified as T A TP. The samples cannot be 

differentiated utilising traditional analytical techniques. The samples are subsequently 

analysed utilising IRMS. The mean carbon, oxygen and hydrogen isotope ratios are 

listed in Table 9-7. Taking into consideration measurement uncertainty (including 

parameters regarding instrument performance), the samples cannot be distinguished 

from each other and therefore could be from the same source. 

A search of the database is conducted in order to determine the relative frequency of 

occurrence of this combination of isotope ratio values and, ultimately, the evidential 

va]ue of the two TATP samples in this case having the same isotopic composition. The 

database is searched by right clicking in the "Explosive Compound" field and next to 

the "Filter For:~' option typing in "T A TP". All entries that have been made for T A TP 

will be displayed. These results can be reviewed by clicking on the arrows next to the 

"Record" field at the bottorn of the page. In this case, no other san1ples in the database 

display this same combination of isotope ratio values; hence, the information suggests 

that these samples have originated from the same source. In order to utilise this 

database in an operational context, it would need to contain a significant number of 

samples from different sources to ensure that the values were representative of what 

may be encountered in casework. 

Table 9-7 Stable isotope ratios for samples 1 and 2 in database scenario 1. 

Stable Isotope Sample 1 Sample 2 
Mean (%o) S (%o) Mean (%o) S (%o) 

D13
CvPDB -12.7 0.2 -12.4 0.1 

D180vsMOW 20.6 0.4 20.5 0.4 

8DvsMOW -115.0 1.0 -113.1 1.0 
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9.3.3.2. IRMS Database Scenario 2 

A sample of ammonium nitrate prill is submitted for analysis. The investigators have 

requested Forensics to determine whether this sample could have been part of the AN 

stolen from a mining company that had recently received a delivery from Manufacturer 

1. The person of interest claims that the prill is part of his supplies that he sources from 

Manufacturer 2. Three prills from the sample are analysed for their nitrogen isotope 

ratios and the following mean values are obtained: 

815NAIR (%o): -1.6 ± 0.1; -1.8 ± 0.1; and -1.6 ± 0.2. 

The database can be searched for Ammoniun1 Nitrate in the "Explosive Compound" 

field. The nitrogen values can then be sorted in ascending order and the user can 

determine which manufacturers produce prills in this nitrogen isotope range. In this 

case, the result would be Manufacturer 1 and not Manufacturer 2. Again, the use of the 

database in this fashion requires that comprehensive isotopic values have been 

recorded for a large number of samples collected from all relevant manufacturers over 

an extended timeframe. 

9.3.4. Guidelines for the Installation and Implementation of 

the IRMS Technique into a Forensic Laboratory 

As the IRMS technique is currently considered a relatively novel technique for the 

analysis of forensic samples, it was decided that a set of general guidelines (Appendix 

6) be developed for the installation and implementation of the IRMS technique into a 

forensic laboratory. These guidelines are based on the experiences and lessons learned 

over the period covering the purchase and installation of the DELT Aplusxp (Thermo 

Finnigan) IRMS, and also throughout the course of this research. 

9.4. Conclusions 

The methods and procedures developed and validated for the measurement of bulk 

nitrogen, oxygen and hydrogen isotope ratios in ammonium nitrate samples have been 

successfully applied to the measurement of these elements in other threat tnaterials . 
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Carbon isotope ratios were successfully measured in fourteen TA TP samples, with 

clearly defined groups appearing in the initial sample set based on the carbon data 

alone. Four additional T A TP samples in a second set of samples were distinguishable 

utilising the carbon and hydrogen isotopic compositions individually, and in 

combination with the oxygen isotope ratios. The plot of the carbon, oxygen and 

hydrogen isotopic data assisted in the discrimination of groups of T ATP samples from 

different sources that were otherwise closely aligned utilising the data from just two 

elements. 

The carbon and nitrogen isotope ratios in fifteen PETN samples were also measured, 

with samples from different sources able to be readily discriminated when the carbon 

and nitrogen isotopic compositions were combined. 

A Microsoft Access 2.0 database template was developed and TATP and AN data 

temporarily included to demonstrate its successful operation. 

These results demonstrate the successful application of the IRMS methods developed 

over the course of this research to the analysis of other explosives of forensic interest. 

A general set of guidelines were also developed for the installation and implementation 

of the IRMS technique into a forensic laboratory. 

Future research into the accuracy and precision of the technique for the measurement 

of TATP, PETN and other explosives of forensic interest should be conducted to 

ensure that samples measured over time can be compared and data can be included in a 

database for future operational use. Additional samples should also be measured in 

order to obtain a greater understanding of the range of values expected for T ATP and 

PETN samples. The comparison of isotope ratios from pre-blast T A TP and PETN 

samples with those from post-blast residues should also be conducted in order to 

confirm that the isotopic composition of the samples is not maintained post-blast. 

In addition to the evaluation of the carbon and nitrogen isotope ratio composition of 

PETN, the oxygen and hydrogen isotope ratios could also be explored as to whether 

they assist in the further discrimination of samples. 
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The Microsoft Access database developed and tested as part of this project should be 

populated in the future with accurate and precise data once methods are fully validated 

and approved for operational use. 
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Chapter 10. Conclusions and Future Directions 

1 0.1. Conclusions 

The research addressed within this thesis has clearly demonstrated the potential that 

the IRMS technique offers to solving complex forensic cases. This potential was 

demonstrated through the successful development and validation of a method for the 

measurement of bulk nitrogen isotope ratios in ammonium nitrate samples and the 

subsequent identification of a classification scheme to assist in determining the likely 

Australian manufacturer of an ammonium nitrate prill. Although the discrimination 

was limited, the classification scheme could be useful for intelligence purposes during 

the course of an investigation. The IRMS technique can also be used to determine 

whether two or more samples could have come from the same source. The comparison 

of Australian manufactured prills versus prills manufactured overseas was limited due 

to a small sample size (related to logistical issues with regards to the transportation of 

samples to Australia). The nitrogen results from the select number of overseas samples 

demonstrate that there is some potential (within the scope of the samples analysed) to 

discriminate between priUs manufactured in Australia and those manufactured 

overseas. 

The cornparison of nitrogen isotope ratios fron1 intact Al~ prill samples with post-blast 

AN prill residues highlights that the nitrogen isotopic con1position of the prills is not 

maintained post -blast. This finding identifies a limitation of this technique for the 

analysis of post-blast residues, where the general aim is to compare post-blast residues 

with intact recovered explosives associated with a person of interest. 

In addition to the extensive research conducted on nitrogen stable isotope ratios in AN, 

a dual method for the measurement of oxygen and hydrogen stable isotopes in AN 

prills was developed and optimised. The expanded measurement uncertainty for the 

methods was determined, with the need for further refinement identified in order to 

decrease the uncertainty, particularly with regards to the precision of the 0 and H 

measurements over time. Despite this, the potential power of the technique was 
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demonstrated through the differentiation of prills from the three different Australian 

manufacturers based on a combination of the oxygen and hydrogen stable isotopic 

compositions. Groups corresponding to source were also identified in the overseas AN 

prill data, with overlap observed between two of the sources. Limited differentiation 

between Australian and overseas sourced prills was achieved with the samples 

measured. 

The combination of stable isotope ratios from three elements (nitrogen, oxygen and 

hydrogen) for the overseas AN samples and the overseas and Australian AN samples 

did not allow discrimination of AN between Australian and overseas sources. The 

ternary plots, however, could be used in conjunction with the two-element plots to 

assist in further discrimination of samples from different sources. 

The manufacturing process for AN was critically evaluated with regards to the 

potential for fractionation and also variation in the isotopic composition of starting 

materials. The potential for fractionation in the synthesis, particularly with respect to 

hydrogen, and the natural variation in the isotope ratios of starting materials, all 

contribute to the variations that permit the discrimination of samples from different 

sources. 

The procedures developed were successfully applied to the analysis of two additional 

explosive compounds of significant concern to National Security- TATP and PETN. 

Preliminary results based on a limited sample set for T A TP, suggest that different 

T ATP samples can be differentiated utilising carbon and hydrogen isotopes 

individually, and also in combination with oxygen isotopes. Preliminary results for the 

PETN samples also suggest that different PETN san1ples can be differentiated based 

on the combination of carbon and nitrogen isotope ratios. These studies were limited in 

nature and require validation and expansion prior to implementation into operational 

casework. 

A Microsoft Access 2.0 database was developed to record isotope ratio information, 

with TATP and AN data successfully added to demonstrate its use. This database 

could be regularly updated, with updates being able to be sent to other IRMS 

laboratories. In addition, it is easily searchable, relatively secure, and easy to back up 
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and maintain. An inter-laboratory trial was also successfully conducted, providing an 

initial snapshot of the potential for traceability between seven Australian and New 

Zealand IRMS laboratories with respect to reported carbon and nitrogen bulk stable 

isotope ratio values. This highlights the potential to populate the IRMS database with 

data that is traceable and hence operationally useful. 

In addition to the development and validation of procedures and the establishment of 

an IRMS database, general guidelines were also compiled for the implementation of 

the IRMS technique into an operational forensic laboratory. This is of particular 

significance given the relatively novel nature of the technique to forensic laboratories 

and the specific accreditation requirements (ISO 17025) that must be met in order to 

achieve Court reportable IRMS results. This research highlights the potential value that 

IRMS can play in a complex forensic investigation, together with future 

recommendations to continue the path towards broader forensic casework application 

of the IRMS technique. 

1 0.2. Future Directions 

Throughout the course of this research, a number of opportunities for further research 

were identified. These recommendations were highlighted in the corresponding 

chapters, however a summary is provided below. 

1. Determination of the absolute yields for the laboratory standards, certified 

reference materials, and target materials to assist in understanding whether 

complete combustion is occurring. 

2. Evaluation of potential differences between nitrogen originating from the 

ammonium ion and the nitrate ion in ammonium nitrate. 

3. Measurement of additional AN samples to assist in building a sound understanding 

of the expected range in nitrogen, oxygen and hydrogen isotope ratios of AN prills 

from different sources. Include samples manufactured in Thailand, Indonesia and 

the Philippines due to Australia's close collaboration on counter tenorism matters 
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with these countries. Sample collection and measurement should continue in the 

future to maintain an understanding of the expected isotopic ranges. 

4. Establishment of an operational database containing accurate and precise data to be 

used for the potential differentiation of ammonium nitrate samples (i.e. using 

nitrogen, oxygen and hydrogen isotopic ratios). Ensure that the samples in the 

database are representative of what may be encountered operationally. 

5. Conduct a second inter-laboratory trial to evaluate whether any trends exist across 

the Australian and New Zealand laboratories and whether implemented corrective 

actions from the first trial were effective. The trial could also evaluate other 

chemical compounds of interest to forensic laboratories, e.g. potential laboratory 

standards for different target materials and chemicals displaying a wider isotopic 

range. 

6. The Forensic IRMS community needs to collaborate with the IAEA and other 

appropriate organisations (e.g. The National Measurement Institute, Australia) in 

developing and supplying certified reference materials appropriate for priority 

forensic samples. 

7. Determine agreed oxygen and hydrogen delta values through an inter-laboratory 

trial for the proposed ammonium bicaTbonate and ammonium sulfate laboratory 

standards and the potassium nitrate QC standard. Detennine whether amtnonium 

sulfate is an appropriate QC standard for hydrogen in light of the demonstrated 

difference in pyrolysis reaction behaviour relative to the AN prill samples. 

8. Determine the stability of the isotopic composition of the proposed ammonium 

bicarbonate and ammonium sulfate laboratory standards for oxygen and hydrogen 

isotopes. 

9. Further method optimisation for the dual oxygen and hydrogen method, with 

particular focus on the potential interference of N2 on the measurement of CO; 

repeatability of the measurements over an extended period of time to reduce the 

expanded uncertainty estimates and identify sources of bias. 
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10. Expand on the method validation for the dual oxygen and hydrogen method by 

evaluating other performance characteristics (e.g. linear range) utilising AN prill 

samples. 

11. Evaluate alternative software options for plotting data from more than two 

elements that may assist in the interpretation/classification of the multi-elemental 

data. 

12. Statistical analysis of the AN data (e.g. using chemometrics) to determine whether 

this could assist in identifying discrete groups, particularly with regards to 

identifying Australian sources versus overseas sources. 

13. Repeat isotope exchange and adsorption experiments, ensuring that the instrument 

precision is within manufacturer's specification so that small variations 

representing possible exchange/adsorption are detected. In order to assist in 

identifying exchange/adsorption, the samples could be exposed to enriched water 

samples so that any exchange/adsorption is represented by a larger variation than 

would occur when exposed to moisture in air. 

14. Evaluation of whether the oxygen and hydrogen isotopes in prill additives (e.g. 

coating agent and aluminium sulfate) could assist in further discriminating sources 

of AN. 

15. Future research into the accuracy and precision of the technique/method for the 

measurement of TATP, PETN and other explosives of forensic interest should be 

conducted to ensure that samples measured over time can be compared and data 

can be included in a database for future operational use. Additional samples should 

also be rneasured in order to obtain a greater understanding of the range of values 

expected for T ATP and PETN samples. An interesting factor that should also be 

researched is the stability of the isotopic composition of T ATP samples over time 

due to the tendency of these samples to break down to DADP and sublime. 

16. The comparison of isotope ratios from pre-blast T ATP and PETN samples with 

those from post-blast residues should also be conducted in order to confirm that the 

isotopic composition of the samples are not maintained post -blast. 
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17. Measurement of the oxygen and hydrogen isotope ratios of PETN samples to 

determine whether they could assist in the further discrimination of different 

samples. 

18. Applications of GC-C-IRMS and comparison of results obtained from this 

technique with those obtained using bulk elemental isotope analysis techniques. 

GC-C-IRMS may assist in analysing the impurities in samples which could 

potentially add an additional level of discrimination. 

19. Continue to liaise with intelligence organisations to identify priority samples for 

analysis, including new and emerging threats. 

20. Maintain contact with explosive manufacturers to obtain latest samples for 

measurement and inclusion in the database so that the database is representative of 

what may be encountered operationally. 
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Appendix 1: Applications of IRMS 

Pharmacology 

IRMS has been used for drug product authentication and quality control for a number 

of years. Jasper et al. [1] address the potential for the use of EA/IRMS to characterise 

commercially available analgesic drugs as they leave the manufacturer for distribution. 

This data could be used to assist in the differentiation between batches of drugs and 

assist in the identification of counterfeit materials on the market. Jasper et al. [2] 

reported on the analysis of the isotopic compositions of four different active 

pharmaceutical ingredients (APis) from different manufacturers and different batches. 

Samples from different sources (manufacturers and/or batches) could be readily 

differentiated using EA/IRMS . Phillips et al. [3] also reported on research conducted 

by Jasper on differentiating between pharmaceutical products from different batches 

using EA/lRMS. Bommer et al. [4] reported the differentiation of batches of diazepam 

using IRMS . The differences in isotopic composition were primarily due to differences 

in the isotopic con1position of the starting materials. 

Browne [5] provides an in depth review of the use of stable isotopes in pharmaceutical 

research, addressing isotope ratio mass spectrometry as one of the available 

techniques. 

Food Research 

The analysis of stable isotopes using IRMS also has applications in quality control and 

proof of authenticity of various food and beverage products. Numerous publications 

have addressed research in this field, and cover the analysis of substances such as 

flavours, fragrances, wine, fruit juice, honey, and vegetable oils [6-21]. Luykx and van 

Ruth [22] provided an in depth overview of analytical methods, one of which was 

IRMS, for determining the geographical origin of food products. TRACE, PROOF and 

CANTRACE are established networks for the geographic origin of food in Europe, 

Australia & New Zealand and Canada respectively. 
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Archaeology 

IRMS has been used to obtain information on prehistoric diet and lifestyle from 

organic residues preserved in archaeological artefacts [7 , 8, 23, 24] . 

Environmental Chemistry 

IRMS can be used to assist in the determination of the origin of oil spills and other 

forms of contamination in the environment. Schmidt et al. [25] provided an in-depth 

review of the analysis of organic contaminants in the environment using CSIA. The 

review also addressed the identification and quantification of biodegradation processes 

and fractionation effects on a range of environmental samples. 

Kalin, as cited by Phillips et al. [3] , discussed the analysis of samples often found as 

contaminants in the environment, including methyl tert-butyl ether (MTBE) found in 

petrol and trichloroethane (TCE). Environmental effects on the isotopic composition of 

these samples were also evaluated. It was concluded that, in general , the abiotic and 

biologically mediated reactions could change the isotopic cornposition of target 

compounds. 

Sturchio [26] discussed the analysis of carbon and chlorine isotopes in chlorinated 

organic compounds in groundwater. Research on the analysis of chlorine and oxygen 

isotope values in perchlorate samples was also mentioned. The effect of various 

environmental processes on the isotopic composition of the samples was evaluated. 

Philp [27] also provides an overview of the application of IRMS in environmental and 

forensic geochemistry. Philp discusses the use of both GC-IRMS and EA-IRMS in 

order to work towards answering a number of questions including where did the 

product come from and how long has it been there? Oudijk [28] addressed the use of 

GC-IRMS for determining where gasoline samples came from and the time frame of 

the release. Philp [27] also detailed the characterisation of chlorinated compounds such 

as PCBs, dioxins, dichlorodiphenyl-trichloroethane (DDT) and petrol oxygenates, 

particularly MTBE. 

Silva et al. [29] discuss source identification of nitrate contamination in the urban 

environment utilising ni trogen and oxygen stable isotopes in conjunction with 
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hydrologic data and water chemistry. The isotopes of nitrate clearly differentiates 

sewage nitrates from other sources of nitrate (e.g. fertilisers). 

The Ignitable Liquids section of this appendix contains a summary of the application 

of IRMS for the analysis of petroleum products, which are common environmental 

contaminants. The section focuses on the analysis of petrol and lighter fractions of 

crude oil, as these fractions are more commonly encountered in forensic fire debris 

examination casework. 

Wildlife Forensics 

IRMS has been used as a tool for studying the origin and migratory behaviour of 

various animals, including the North American Monarch butterfly [30], Bowhead 

(baleen) whales [31] and birds [32, 33]. Bowen et al. [34] discuss how the heavy 

isotope content of precipitated water and snow varies widely across the globe 

providing a label that is incorporated through diet into animal tissue. The isotopes are 

potentially ideal tracers of geographic origin. The authors provide a method for 

interpolation of precipitation isotope values and use it to create global base maps 

which ultimately can be utilised to assist in determining the origin of the wildlife being 

studied. 

Stelling and Van de Peijl [33] discuss the analysis of the stable isotopic compositions 

in elephant bone tissue and ivory in an attempt to determine whether elephant 

populations in Africa can be discriminated. 

A number of studies have also been conducted on the characterisation of animal 

products, including meat and dairy products, according to geographic origin and 

feeding diet [33, 35-38]. 

General Forensic Science 

The Forensic Isotope Ratio Mass Spectrometry (FIRMS) Network was formed in 2002 

by the University of Reading and the Forensic Explosives Laboratory (FEL), United 

Kingdom Defence Science and Technology Laboratory (DSTL). The Network was 

funded for 3 years by the Engineering and Physical Sciences Research Council 

(EPSRC). The Network aims to raise the awareness of the potential for IRMS in 
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forensic science and to encourage collaboration between various scientific disciplines. 

The Network held its first conference in September 2002 (Kent, UK) from which three 

working groups were formed: Explosives, Drugs and General Forensics [3]. A 

summary of the conference discussions and presentations is available [3] . 

In May 2003, the working groups of the FIRMS Network attended a workshop hosted 

by the FEL at DSTL, Fort Halstead, UK. A technical strategy for how the FIRMS 

Network would develop IRMS in the field of forensic science was developed [39]. 

Another network looking at the analysis of isotopes in forensic samples is the 

NITECRIME EU Thematic Network (Nat ural Isotopes and Trace Elements in 

Criminalistics and Environmental Forensics). This Network aims to develop and 

validate methods for the analysis of trace elements and isotopes in forensic samples, 

including float glass, bullets, hair and nails, steel, tape, marble, and 

methylenedioxymethylamphetamine (MDMA). This Network has broader aims than 

the FIRMS Network who are solely looking at forensic applications of the IRMS 

technique (Hoogewerff as cited by Phillips et al. [3]). 

A number of forensic related applications have been published, however not to the 

same extent as applications in other scientific disciplines, especially geoche1nistry. 

This section provides a sutnmary of the work that has been published on general 

forensic applications of IRMS. 

Finnigan Mat [40] analysed the carbon and nitrogen isotope values in paint and varnish 

samples using an EA/IRMS. Differentiation of these samples was achieved based on a 

combination of the isotope values of the two elements. 

The analysis of stable isotope values in cellulose samples can also potentially be used 

to determine the origin of samples containing cellulose, e.g. counterfeit money 

(Ehleringer as cited by Phillips et al. [3]). 

Croft, as cited by Phillips et al. [3], and Croft and Pye [41] , discussed research on the 

analysis of soil samples with EA/IRMS. The studies showed that the carbon and 

nitrogen isotope data could be useful when trying to differentiate different soil types 

and samples from different origins. 
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Ohuchi and Muehlenbachs [ 42] reported on the analysis of different brands of tyres, 

cigarette filters, and fleece. The isotope data assisted the differentiation of the different 

brands of many of these products. 

Van der Peijl, as cited by Phillips et al. [39] , discussed a pilot study on the analysis of 

carbon, hydrogen, and oxygen isotope values of three different brands of packaging 

tapes using EA/IRMS. Based on the analysis of the bulk tape samples, the different 

tapes could be differentiated using the hydrogen and carbon isotope values. Different 

batches and sub-batches of the tapes could be differentiated when the backing 

materials were analysed. Similar observations were made when the adhesive was 

analysed; however, some batches could not be differentiated. The tapes were also 

analysed using a number of other analytical techniques, however, IRMS provided the 

strongest discrimination. 

Carter et al. [ 43] demonstrate the ability of EA/IRMS to link samples of pressure 

sensitive adhesive tapes originating from the same batch. The majority of tape samples 

in the project could be discriminated based on the carbon isotopic composition of the 

intact samples. In cases where the samples could not be differentiated, analysis of the 

carbon isotopic composition of the polymer backing provided further discrimination. 

Additional classification could be achieved based on the hydrogen and oxygen isotopic 

con1position of the intact tapes and the hydrogen isotopic co1nposition of the backing 

materials. 

Van der Peijl et al. [44] analysed the carbon, hydrogen and oxygen isotopic 

composition of sawdust samples and the sulfur isotopic composition of samples of 

alum crystals using EA/IRMS. These samples were retrieved during the investigation 

of a safe burglary. The samples of these materials fro1n the crime scene and those 

recovered from a bag in the possession of the suspect could not be differentiated based 

on the IRMS results. The samples were also analysed using standard analytical 

techniques. 

Farmer et al. [ 45, 46] discuss the application of IRMS (bulk carbon, oxygen and 

hydrogen stable isotopes) to the analysis and comparison of matchstick samples. The 

authors demonstrate that matches seized from a suspect were conclusively different 
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from those recovered at a crime scene based on the bulk hydrogen and carbon isotopic 

compositions. Like many papers, this paper highlights the need to utilise IRMS in 

conjunction with standard analytical techniques utilised in the forensic laboratory. In 

this particular study, IRMS was utilised alongside thin section microscopy and XRD. It 

was noted that it was possible that matches from different sources could not be 

differentiated by one or two of these techniques, however if all three were utilised, 

then the samples from known different sources could be differentiated. 

Chemical and Biological Warfare Agents 

Microorganisms can also potentially store stable isotope data from surrounding water. 

This could be useful when considering the origin of biological weapons (Ehleringer as 

cited by Phillips et al. [3]) . Kreuzer-Martin et al. [ 47] reported research conducted on 

microbial cultures, concluding that stable isotope data may be useful when trying to 

determine the origin of these materials. Kreuzer-Martin et al. [ 48] report results 

demonstrating the possibility for deriving general relationships between carbon, 

nitrogen and hydrogen stable isotope values in culture media and bacteria grown in 

them, when analysed using ENIRMS. The authors report that it should thus be 

possible to deduce information about the growth environment from samples of suspect 

pathogen culture. Kreuzer-Martin et al. [ 49] discuss recent research where the 

variation observed between a large nurnber of bacteriological culture tnedia was 

reported as significant and thus possible to result in substantial isotope variation in 

cultures grown on different batches of media. This research reports that the ENIRMS 

analysis of the stable isotopic composition of microbiological agents and seized culture 

media should assist in excluding specific batches of media as having been used to 

culture a specific batch of bioterrorism organisms. Kreuzer-Martin et al. [50] discuss 

the effect of drying during culturing on the isotope values of water extracted from agar 

media and also 0 and H isotope values of Bacillus subtilis spores. Overall the 8D 

values of the spores remained relatively unchanged as the agar dried, however th~ 8180 

values became significantly enriched. It was also possible to calculate the approximate 

values of the original water using the water in the Petri dish agar. 
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Horita and Vass [51] also discussed the potential of using EA/IRMS to assist In 

determining the source and manufacturing processes of chemical and biological 

warfare agents. 

Geolocating Humans 

Ehleringer, as cited by Phillips et al. [3], discussed the application of IRMS for the 

analysis of samples relating to the investigation of terrorism offences. As human blood 

records the isotope values of local water sources, it carries a history of what a person 

has been drinking and eating. The analysis of C02 in human breath can also be used to 

link the person to a recent location. Isotope values of the environment are also reported 

to be recorded in bone and teeth. Hence, these samples can be analysed to potentially 

assist in the determination of the recent location of a person, i.e. geo-location. The 

analysis of stable isotopes in bone and teeth is also addressed by Pye [52]. 

Bol and Pflieger [53] reported on research where the C, N, and S isotope values of 

hun1an and animal hair were analysed. The dietary status and origin of the individual 

subjects could generally be confirmed based on the C, N, and S stable isotope values. 

Bell et al. [54] discuss the use of oxygen stable isotopes in tooth enatne] to 

demonstrate human n1igrations. 

Fraser et al. [55] and Fraser & Meier-Augenstein [56] discuss the use of IRMS (C, N, 

0, H) in nail and hair samples for identifying an individual's recent movements, their 

geographical origin and life history. These are of particular importance when human 

remains are badly decomposed e.g. during a mass DVI incident, identification of 

individuals detained on suspicion of terrorism incident or in relation to people 

smuggling. 

Meier-Augenstein and Fraser [57] present a case where stable isotope data of human 

tissue was utilised as forensic intelligence to assist in the identification of a murder 

victim and subsequently the apprehension of the killers. Rauch et al. [58] demonstrate 

the application of IRMS to the measurement of stable isotope values (H, C, N) in 

combination with the measurement of heavy elements (Pb, Sr) of hair and teeth 

samples from an unknown body in Germany. These analyses assigned the man to 
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Romania, in a situation where traditional forensic techniques could not assist (e.g. 

dental, fingerprint or DNA analysis). 

Pye et al. [59] measured the bulk carbon and nitrogen isotope values of soil. Two 

different sites could be discriminated based on the stable isotope data in this study, 

however the need for a multi-technique approach was emphasised. 

Illicit Drugs 

There have been a number of publications addressing the analysis of stable isotopes in 

illicit drugs to differentiate products and constituents from different geographical 

regions and also different products from different manufacturing batches and 

processes. This section provides a summary of a number of these publications. 

Natural Plant Origin 

As discussed in Chapter 1, the isotopic composition of plants and their constituents is 

based on a number of processes and environmental conditions. The effect these 

processes and conditions have on the isotopic composition of the plants is what allows 

naturally occurring illicit drug plants, and also naturally occurring materials that are 

used in the synthesis of illicit drugs, to be differentiated based on their geographical 

site of production. 

Desage et al. [60] reported on the analysis of carbon isotope values of heroin samples 

using GC/IRMS in order to try and determine their origin. The results showed some 

evidence of variation in the carbon isotope values depending on the geographical site 

of production of the sample. 

Finnigan Mat [40] reported on the carbon and nitrogen isotope values in heroin 

samples from four shipment seizures and also in cocaine samples from six shipment 

seizures using EA/IRMS. The author observed small variations in the carbon isotope 

values within the heroin and cocaine samples. However, significant variations were 

observed in the nitrogen isotope values within the samples. This variation was 

suggested as possibly being indicative of different sources of nitrogen being used 

during the plant growth, i.e. soil from different geographical locations. 
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Ihle and Schmidt [61] analysed the carbon, nitrogen and hydrogen isotopic 

composition of five heroin and four cocaine samples from unknown origins. The 

carbon isotopic compositions were determined using GC/IRMS; the hydrogen isotopic 

compositions were determined using DI-IRMS and the nitrogen isotopic compositions 

were determined using EAIIRMS. No significant differences were reported between 

the carbon isotopic compositions of the cocaine samples. Significant differences were 

observed in the hydrogen isotopic compositions of two of the samples. The nitrogen 

isotopic compositions reportedly led to the differentiation between the samples. Partial 

differentiation was achieved between the heroin samples based on the carbon isotope 

values and a conclusive differentiation was possible with the addition of the nitrogen 

isotope values. 

Besacier et al. [62] discussed the deacetylation of diacetylmorphine (heroin) samples, 

ultimately allowing the carbon isotopic composition of morphine, the precursor in the 

synthesis of heroin, to be determined using GC/IRMS . This, theoretically, would allow 

the geographical origin of the precursor to be determined, as the isotopic con1position 

reflects the environmental conditions under which the opium poppy (Papaver 

Sornniferum L.) had been grown. Ehleringer et al. [63] reported on research of analysis 

of carbon and nitrogen isotopes in heroin and cocaine using EA/lRMS. 

Besacier and Chaudron-Thozet [ 64] provided a review of various techniques available 

for the chentical profiling of heroin, including the analysis of the carbon and nitrogen 

isotope values of the major constituents using GC/IRMS. Zhang et al. [65] also discuss 

a method for determining the origin of heroin and the acetylisating agent based on 

carbon isotope values of heroin and morphine using GC-C-IRMS. 

Casale et al. [ 66] discuss the important issues of isotopic fractionation of carbon and 

nitrogen isotope values that may occur during the illicit synthesis of cocaine and 

heroin. 

Casale et al. [67] also discuss a case study where EA-IRMS and GC-IRMS were 

utilised to determine that heroin samples seized from the Merchant Vessel Pong Su 

were isotopically distinct from the known origin/process classifications of Southwest 

Asian, Southeast Asian, South American and Mexican. 
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Ehleringer et al. [68] found that the combination of the bulk carbon and nitrogen 

isotope values in various cocaine samples allowed the country of origin to be 

determined for the primary coca (Erythroxylon coca) growing regions along the 

Andean Ridge, South America. 

Galimov et al. [69] discuss the use of GC-C-IRMS and EA-IRMS for the measurement 

of carbon and nitrogen isotope values in a range of illicit drugs, including heroin, 

morphine, cocaine, hemp leaves to assist in determining their geographical origins. 

Idoine et al. [70] cover the use of GC-C-IRMS and EA-IRMS for the measurement of 

C, N, 0, H isotopes in heroin and cling film and report that a combination of the C, N, 

0, H results from EA-IRMS is able to distinguish between most samples of bulk 

heroin and also cling films grouped according to seizure. GC-C-IRMS was utilised to 

successfully analyse the impurities. 

Liu et al. [71] conducted research on the carbon isotopic composition of C. sativa L. 

samples from different geographical origins and grown under different conditions. The 

authors did not achieve individual.isation of the cannabis samples analysed using DI-

IRMS, however they concluded that this technique, used in combination with 

traditional rnethods, could be useful for increased differentiation. 

Denton et al. [72] analysed the carbon and nitrogen isotopic composition of C. sativa 

L. using EA/IRMS to try and determine the country of origin of seized cannabis 

leaves. The authors also evaluated how growing conditions influenced the isotopic 

composition of samples. The isotopic composition of plants from Australia, Papua 

New Guinea and Thailand did not allow differentiation between countries of origin. 

Different growing conditions (e.g. amount of watering, indoor or outdoor grown, type 

of soil and fertiliser) can affect the isotopic composition of the plants, ultimately 

allowing the source crop of seized cannabis to be determined. 

The comparison of isotope values of cannabis seized from a truck with that fron1 a 

plantation was reportedly used in a Northern Territory (Australia) Supreme Court case 

in 1997 (Queen versus Thomas Ivan Brettscheider, 1997). No significant differences 

were observed in the carbon and nitrogen isotopic compositions of the samples from 

the two locations [73]. 
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Shibuya et al. [74, 75] report on the use of bulk nitrogen and carbon stable isotopes to 

differentiate seized sample of Marijuana from different regions in Brazil. 

Synthetic Origin 

The isotopic composition of synthetic illicit drugs (or any synthetic material) is 

characteristic of the starting materials used and the synthetic processes employed. 

Besacier et al. [62] highlighted this fact through their analysis of carbon isotope values 

in heroin samples using GC/IRMS. The results showed that the morphine acetylation 

process caused isotopic fractionation. Thus, the carbon isotopic composition of heroin 

samples depends on the geographical origin of the samples and also the source of the 

acetic anhydride used during the synthesis. The isotopic composition of the acetylating 

agents may be used to identify a clandestine laboratory that synthesised certain 

seizures of heroin. 

Dautraix et al. [76] discussed the successful analysis of carbon isotope values in heroin 

samples containing acetaminophen (a cutting agent used as an adulterant) using 

ENIRMS and GC/IRMS. Potential isotopic fractionation effects during smnple 

handling, preparation and analysis were discussed. 

Lott et al. [77] discussed the stable isotope analysis of pseudoephedrines to assist in 

determining the manufacturing source. The authors concluded that the isotope data 

could be used to discriminate between products from different countries. 

Mas et al. [78] measured the carbon isotope values in a randomly chosen set of 

confiscated 3,4-methylenedioxymethylamphetamine (MDMA, Ecstasy) tablets using 

GC/IRMS. Within the samples analysed, at least four different groups of MDMA 

tablets were identified based on the carbon isotope values. The research showed that 

further discrimination could be achieved using the nitrogen isotope values. 

Palhol et al. [79] measured the nitrogen isotope values of a randomly chosen set of 

confiscated MDMA samples using GC/IRMS. The different MDMA samples had 

significantly different nitrogen isotope values, which appeared to be attributed to the 

origin of the methylanline used in the MDMA production. Differences in the carbon 
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isotope values of MDMA precursors were narrower, indicating that carbon isotope 

values alone would be of limited use in determining origin. 

Carter et al. [80] and Carter, as cited by Phillips et al. [3], also discussed the analysis 

and differentiation of five batches of MDMA and MDA based on combined carbon, 

nitrogen and hydrogen isotope values. The carbon and hydrogen isotope values were 

determined using GC/IRMS and the nitrogen isotope values were determined using 

EA/IRMS. The nitrogen isotope data was found to be a major discriminating factor, 

with the carbon and hydrogen data playing minor discriminating roles. The effect of 

the synthesis procedure, in particular the amination process, on the carbon and nitrogen 

isotope values was discussed. A difference in the precursors used (e.g. solvents with 

differing origin and history) appeared to have an effect on the resulting hydrogen 

isotopic composition of the sample. Carter, as cited by Phillips et al. [39], reported 

further on this comparison study revealing an offset in the isotope values of the trace 

san1ples and the bulk samples. This indicates that unless a degree of offset is known, 

then it would be difficult to link trace samples with bulk samples. 

The nitrogen isotope values of 43 samples of MDMA from different seizures were 

analysed by Palhol et al. [81] using GC/IRMS. The authors concluded that the tablets 

probably originated from the same clandestine manufacturing source. The importance 

of considering the isotopic composition (origin) of precursors and the synthetic route 

employed, when trying to link or differentiate synthetic illicit drugs, are addressed. 

Palhol et al. [82] discussed a statisticaltneans for linking ecstasy tablets manufactured 

with the same precursors and/or synthetic pathway, based on the nitrogen isotope 

values. 

Mass Spec Analytical (MSA) Ltd. also conducted research on the analysis of ecstasy 

tablets from different batches. The analysis and comparison of ecstasy tablets using 

IRMS has subsequently been used in two police cases. The first case involved the 

analysis of tablets submitted by Nottinghamshire Constabulary, which were seized 

from a suspect and the location where the suspect was arrested. Based on the carbon 

isotope data, it was concluded that the tablets from the two locations originated from 

the same source. The suspect pleaded guilty when presented with all of the evidence 

(Nottingham Crown Court, 12 November 2002). In the second case, traces of heroin in 
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a vehicle were analysed and compared to a bulk sample. The conclusion was that the 

trace sample did not originate from the bulk sample, as the isotope data were very 

different [39, 72]. 

Kurashima et al. [83] analysed a range of ephedrine samples from different origins, i.e. 

biosynthetic, semisynthetic and synthetic, using EA/IRMS. The ephedrine samples 

from different origins could be differentiated based on the carbon and nitrogen isotopic 

compositions. This application will be useful for determining the origin of precursors 

used for the clandestine manufacture of methamphetamine, for example the illicit use 

of medicinal ephedrine. The research reported that the carbon and nitrogen isotopic 

compositions of the precursor ephedrine were reflected in the n1ethamphetarnine 

products. 

Palhol et al. [82] analysed the nitrogen isotopic composition of 106 samples of 3,4-

methylenedioxymethanphetamine (MDMA) extracted from ecstasy tablets using 

GC/IRMS. A significant difference in the isotopic compositions between samples due 

to the precursors and synthetic pathway was reported. 

Performance Enhancing Drugs 

Several studies have been performed using carbon isotope data to differentiate between 

endogenous human testosterone (T) and exogenous testosterone (E) in order to identify 

cases of testosterone doping in sporting events. This is important due to the reported 

uncertainty associated with the commonly accepted TIE>6 test that measures the ratio 

of testosterone (T) and epitestosterone (E) [8, 84-86]. GCIIRMS has been accepted by 

the International Olympic Committee (IOC) Medical Commission (1997) as a viable 

technique for distinguishing between exogenous and endogenous steroid metabolites 

(Fourel, as cited by Phillips et al. [3]). 

Cawley et al. [87] and Saudan et al. [88] discuss the successful use of GC/IRMS for 

the analysis of markers in the screening and confirmation of endogenous steroids in 

unne. 
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Aguilera et al. [89] also address the issue of hydrocortisone abuse in horse racing and 

equine sports by proposing a GC/IRMS method for the confirmation of such abuse. 

Meier-Augenstein and Liu [6] discussed the potential of tagging substances with 

selected stable isotopes during their manufacture to assist with sample differentiation. 

The author uses the example of tagging drugs that are likely to be used for illicit 

purposes. In this scenario, IRMS could be used to differentiate samples from different 

sources and to identify the source of the drug and its precursors. 

Saudan et al. [90] evaluate the use of GC-IRMS for the measurement of carbon isotope 

values for the detection of exogenous gamma-hydroxybutyric acid (GHB) in human 

urine. Preliminary results indicate possible differentiation between endogenous and 

exogenous GHB. 

Ignitable Liquids 

Methods originally developed in the 1970s for relating oils with suspected source 

rocks are now routinely used in the analysis of samples when investigating crude oil 

spills. The geochemical industry has conducted a significant amount of research on the 

analysis of crude oils using IRMS. In the late 1980s, a project was conducted by the 

biogeochemistry community, the petroleum industry, and an instrument firm in order 

to try and solve the problem of imaging and quantifying the migration of petroleum in 

sub-surface geological formations. The authors reported that GC/MS could not provide 

differentiation between petroleurn samples [91]. 

Although it is difficult and sometimes impossible to use GC/MS to determine the 

source of a sample, it should be highlighted that it can be achieved by using 

appropriate chemometrics [92]. Sandercock [92] described the GC/MS analysis of 35 

samples of unevaporated petrol from Sydney, Australia, where the majority of the 35 

samples could be differentiated. Most of the samples from Sydney could be 

differentiated from samples from Auckland, New Zealand. 

Whittaker et al. [93] discussed the use of IRMS for screening residual heavy or 

weathered petroleum wastes. Whittaker reported that the stable carbon isotope value 

data allowed discrimination between different types of oils. 
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Kaplan et al. [94] reported on techniques, including IRMS, used to identify the source 

of hydrocarbon products, including light (naphtha) and middle distillate (kerosene-

diesel) products in the C3-C25 hydrocarbon range. The refined petroleum products 

analysed included petrol, specialty solvents, kerosene, jet fuels, and diesel fuels. 

According to the authors, the technique described has successfully been used in 

environmental cases throughout the United States of America (USA). 

Kelley et al. [95] measured the carbon isotope values of BTEX (benzene, toluene, 

ethylbenzene, and xylenes) at a petrol-contaminated site in southern California. The 

BTEX data were determined using a purge-and-trap connected to a GC/MS and also 

using GC/IRMS. The results indicated that there were two sources of contamination at 

the site, and also that the leaded and unleaded petrols at one of the sites had different 

carbon isotope values. 

Dempster et al. [96], and Harrington et al. [97], demonstrated using GC/IRMS and DI-

IRMS, respectively, that commercially available BTEX can have a wide range of 

carbon isotope values and that these values are different for samples from different 

manufacturers. 

The importance of considering the effects of various environmental conditions on the 

isotopic composition of samples has been highlighted in numerous studies [3, 25 98-

100] . Isotope values, especially of carbon and sulfur, are not affected to the same 

extent as the molecular composition of a sample during certain physical and biological 

processes. Hence, isotope values can be useful for analysing organic materials that 

have encountered partial degradation from bacterial or other processes in the 

environment [94]. 

Mansuy et al. [101] discussed the analysis of oils and refined hydrocarbon products, 

weathered both artificially and naturally, using GC, GC/MS and GCIIRMS. The 

GC/IRMS results showed the potential to be useful for correlation of weathered 

samples with their unaltered counterparts. 

Harris et al. [ 1 02] discussed a method that used solid phase microextraction (SPME) 

for molecular and stable isotope analysis of petrol-range hydrocarbons (C5-C10) in oils. 

The headspace SPME method produced characteristic isotope values for individual 
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compounds in oils, and was demonstrated to be a more efficient technique to replace 

purge-and-trap. 

Rogers and Savard [103] illustrated how GC/IRMS can be used effectively in the 

detection and characterisation of petroleum pollutants in sediments. 

Wang et al. [104] reviewed research that had been conducted on the isotope analysis of 

oils and their refined products using GC/IRMS. 

Jasper et al. [91 , 105, 106] discussed the first application of GCIIRMS to analysing 

ignitable liquids from fire scenes. Analyses were performed on three differently 

weathered petrol samples to evaluate the ability of GC/lRMS to identity an ignitable 

liquid under simulated fire conditions. The carbon isotopic compositions of 14 specific 

compounds were determined in duplicate. Preliminary results indicated a high 

specificity in identifying original ignitable liquids, with diminishing specificity under 

conditions of increasing weathering (from 0 to 90% evaporation). This preliminary 

study shows the potential for GC/lRMS to connect fire debris scene samples to 

samples of ignitable liquids recovered from a known source, e.g. from containers or 

clothes of suspected arsonists. 

Smallwood et al. [107] reported on a preliminary study into the use of GC/IRMS to 

determine carbon and hydrogen isotopic compositions of ethyl tert-butyl ether (MTBE) 

(a refined petrol additive and known carcinogen). The carbon isotope values of the 

samples from three manufacturers showed little variation. The samples did, however, 

show distinct hydrogen isotope values. MTBE from 10 petrol samples from three 

different areas of the United States showed a wide range of carbon isotope values. 

Philp et al. [ 1 08] proposed GC/lRMS as a powerful tool that could be used In 

conjunction with GC and GC/MS when trying to match spilled substances with their 

source. In certain experiments, the combined carbon and hydrogen isotope values were 

capable of differentiating refined products from different sources. Isotopic 

fractionation was observed in some of the lighter components (including benzene and 

toluene); however, higher carbon numbered compounds above C10 did not appear to 

undergo any significant isotopic fractionation as a result of weathering. 
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Pond et al. [109] stated that, because hydrogen isotopes fractionate significantly more 

than carbon isotopes during natural processes, the hydrogen isotopic composition of 

crude oil hydrocarbons could potentially be a significant characteristic when 

comparing samples with their suspected source. The authors also reported that the 

hydrogen isotopic compositions of the longer chain alkanes (n-C 19 to n-C27) were 

relatively stable during biodegradation, hence could be useful compounds when 

considering oil-source correlations. 

Smallwood et al. [98] analysed the carbon isotope values of a variety of components in 

19 petrol samples from different petrol stations and refineries in the USA. The 

majority of the samples could be distinguished from each other based on the carbon 

isotope values. They reported a much better correlation of petrol contaminants to 

source using GC/IRMS as opposed to GC and GC/MS. Experiments were conducted 

by Smallwood et al. [98] to evaluate carbon isotopic fractionation of petrol 

components after water washing and evaporation. The GCIIRMS results indicated that 

naphthalene, and 2- and 1-methylnaphthalene could be extremely useful when trying to 

compare a heavily evaporated scene sample with its suspected source. This was also 

demonstrated by Harrington et al. [97]. The general variability in the carbon isotopic 

compositions of individual compounds in petrol clearly demonstrates the potential of 

GC/IRMS as a tool for differentiating petrol samples from different sources [91, 95-

98]. 

Harris et al. [110] reported on the analysis of 27 oils (from central and southern 

Alberta) using a technique combining SPME and GC/~1S. Using this technique, the 

27 oils could be classified into six groups based on the carbon isotope values of 

individual petrol range compounds (C5-C10). 
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Appendix 2: Explanation of the lsodat Software 

Algorithm 

This appendix outlines the proces that the Isodat software utilises to calculate isotope 

values (specifically bulk nitrogen isotope values). The terminology referred to in this 

appendix is utilised by Thermo Fisher Scientific Bremen. 

The notation in Table A2-0-1 can be utilised to assist in cross-referencing Thermo 

Fisher terminology with other terminology that may be utilised amongst IRMS users. 

Table A2-0-1 Notation utilised by Thermo Fisher in explaining the algorithm to calculate isotope 
values and terminology that may be used by others. 

Thermo Fisher Terminology Other Terminology 

Element ratio Isotope ratio 

Molecular ratio Molecular n1ass ratio 

Atom (abundance) ratio or atom ratio Isotope mole fraction 

Molecular (abundance) ratio 

Symbol 

R or R1s114 

R2912s or R3o128 

Xts or X14 

x28, x29 or x29 

In general, the isotope ratios of the standard are known and are converted to molecular 

mass ratios. The molecular mass ratios of the sample are measured. The sample 

molecular mass ratios are compared to the standard molecular mass ratios and the 

satnple ratios are subsequently converted to isotope values. 

In continuous flow techniques, such as the setup employed in this research for the 

measurement of bulk nitrogen isotope values, the isotope ratios are defined by peak 

areas within each mass trace. The raw area values in each trace are corrected through 

amplification i.e. the mass trace 29 area value is multiplied by 100, the mass trace 30 

area value is multiplied by 333 as compared to the area value of mass trace 28 and all 

three trace area values (i.e. 28, 29 and 30 for nitrogen) are multiplied by 1000 to get 

m Vs (millivolt seconds). 
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The software algorithm for the calculation of nitrogen delta values based on peak area 

can be summarised from the Excel spreadsheet (created by Thermo Fisher Scientific 

Bremen) as follows: 

1. The delta of the reference gas vs AIR (e.g. 8 = -2.537%o) and isotope ratio of the 

standard AIR are known (i.e. Rreference = 0.00367820) and are utilised in Equation 1 to 

calculate the isotope ratio of the reference gas (Rsarnpie). 

8 (%o) = (RsamplefRreference - 1) X 1 OOO%o Equation 1 

2. Use the isotope ratio of the reference gas (Rsample calculated in step 1) to calculate 

the absolute atom abundance ratio for 15N and 14N (Rsample = 15N/4N) in the reference 

gas. 

Equation 2 

Atom ratio for 14N = 1 - Atom ratio for 15N Equation 3 

3. Use the atom abundance ratios of the reference gas (calculated in step 2) to 

calculate the expected molecular abundance ratios of raw areas. As this step involves 

the conversion from elemental to molecular ratios the fact that the probability of 15N 

in the N2 molecule is twice needs to be accounted for (i.e. 15N 14N or 14N 15N) . Calculate 

for each molecule i.e. 29/28, 30/28 and 30/29. 

Molecular abundance ratio e.g. for N2 29/28 molecule= (2 X 
15N X 

14N) I e4N X 
14N) 

Equation 4 

4. Compare the expected molecular mass ratio of the reference gas (as calculated in 

step 3) to the measured molecular mass ratio (reference gas peak areas as measured by 

the instrument) in order to calculate the correction factor to be applied to the sample 

peaks corresponding to each molecule, i.e. 29/28, 30/28 and 30/29. The (element) delta 

of the reference gas vs AIR is defined (as in step 1) and the expected molecular mass 

ratio is subsequently calculated (as in step 3). The measured ratio of the reference gas 

must agree with the defined ratio as calculated from the given delta value. This allows 

stability and independency from system uncertainties thus giving higher precision. 
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Correction factor for each molecular mass ratio = calculated molecular 

mass ratio of reference gas I measured molecular mass ratio of reference gas 

Equation 5 

5. Apply the correction factor (as calculated in step 4) to the sample and reference gas 

molecular mass ratios measured and calculated by the instrument from the molecular 

mass raw area (conduct for each molecule 29/28, 30/28 and 30/29). This value will be 

used in step 8. 

True molecular mass ratio (area)= measured molecular mass ratio (area) 

x correction factor 

Equation 6 

6. Convert measured n1olecular n1ass ratio to raw molecular delta (vs reference gas) 

using equation 1. Conduct for both sample and reference gas peaks for each molecule. 

Rsample = sarnple molecular mass ratio raw area and Rreference = reference gas n1olecular 

mass ratio raw area. 

7. Convert raw molecuJar delta of sample vs reference gas to sample molecular delta 

vs AIR. 

Equation 7 

81 = Osampie =molecular delta of sample vs reference gas (calculated in step 6). 

82 = Oreference = molecular delta of reference gas vs AIR. Use equation 1 to calculate the 

expected reference gas molecular delta vs AIR. In equation 1, Rsampie = expected 

molecular mass ratio of reference gas calculated in step 3 and Rreference = raw molecular 

mass ratio of AIR (known data from AIR standard). 

83 =unknown sample molecular delta vs AIR. 
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8. Convert true molecular mass ratio of sample (as calculated in step 5) to sample 

atom abundance for IsN and I4N using equation 8. NB: +2 due to conversion from a 

molecular ratio to elemental ratio. 

Is I Atom N = R 2912s (R2912s + 2) Equation 8 

9. Convert atom abundance of sample (calculated in step 8) to isotope (element) ratio. 

Isotope ratio = Atom I 5N I Atom 14N Equation 9 

10. Convert isotope ratio (calculated in step 9) to element delta vs AIR using equation 

1. In equation 1, Rsampie = calculated in step 9 and Rreference = ratio of primary AIR 

standard (i.e. 0.00367820). 

11. Convert element delta (calculated in step 10) to atom% (using equations 1 and 2). 

8 (%o) = (RsampJefRreference - 1) X 1 OOO%o Equation 1 

Equation 1 re-arranged, Rsample = Rreference (o 11000 + 1) for ubstitution into equation 2. 

Equation 2 

Rsample = 15
N I I 4N = Rreference ( 8 I 1000 + 1 ) . 

8 = element delta of sample calculated in step 10. 

Rreference =ratio of primary AIR standard (i.e. 0.00367820). 

308 



Appendix Three: Algorithm used for Performance Statistics 

Appendix 3: Algorithm Utilised for Determining 

Performance Statistics 

The assigned value and standard deviation for proficiency assessment for the inter-

laboratory trial were calculated using the following algorithm as detailed in ISO 

13528: 

1. List each participant's reported average (xi, x2, x3 .... xi) 

2. Calculate the initial robust average (x*) by calculating the median of the 

reported averages 

3. Calculate the initial robust standard deviation (s*) using the following formula: 

s* = 1.483 median of lx1-x*l 

In order to calculate this: 

a. calculate 1x 1-x*1 for each participant 

b. calculate the median of the values calculated in step a 

c. multiply the median by 1.483 

4. Calculate: 

8 = 1.5s* 

5. Calculate Xi* for each of the participant's reported averages: 

= 

x*- 8, if Xi < x* - 8 

x* + 8, if Xi > x* + 8 

Xi, otherwise 
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Use 8 as calculated in step 4; Xi is the average value initially reported by each 

participant and x* is the initial robust average calculated in step 2 

6. Calculate the final robust average using the following formula: 

Xi* as calculated for each participant in step 5; pis the total number of participants 

7. Calculate the final robust standard deviation usin_g the following formula: 

s* = 1. 134 i L (xi*- x*)2 I (p-1) 

xi* as calculated in step 5 for each participant 

x* as calculated in step 6 

p = number of participants 

8. Use the following formula to determine the standard uncertainty of the assigned 

value: 

ux = 1.25 x s* I i p 

s* is the robust standard deviation (for proficiency assessment) calculated in step 7 

9. Laboratory bias (D) was estimated using: 

x = average result reported from each participant 

X = assigned value 

10. z-scores were determined using: 

z = (x-X) I G 

x = average result reported from each participant 

X = assigned value 

O" (or s *) = standard deviation for proficiency assessment as calculated in step 7. 
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Appendix 4: TC-EA Method Optimisation 

Experiments 

Initial Method Parameters 

Elemental analyser parameters - oven temperature (housing the packed gas 

chromatograph (GC) column, column length - 60 em): 90°C; furnace temperature: 

1450°C; purge gas pressure (He): 1.8 bar; carrier gas pressure (He): 1.7 bar; auxiliary 

gas pressure (2% H2 in He): 1.5 bar. 

ConFlo interface parameters - helium dilution gas: 0.2 bar; reference 1 carbon 

monoxide: 0.6 bar; reference 2 hydrogen: 0.8 bar. 

IRMS method parameters- dual measurement acquisition time: 360 seconds; pulse of 

H2 reference gas for 20 seconds at 20 and 60 seconds (hydrogen reference peak); 

hydrogen peak elution between 110-160 seconds; pulse of CO reference gas for 20 

seconds at 270 and 310 seconds (reference peak for oxygen isotopic determination); 

carbon monoxide peak elution between 190-250 seconds; magnet jump/switch gas 

from H2 to CO at 170 seconds. He dilution on at 170 seconds. Figure A4-0-1 displays a 

standard chromatogram for dual hydrogen and oxygen measurements utilising these 

parameters. Two H2 reference gas peaks precede the hydrogen sample peak and 

similarly two CO reference gas peaks follow the oxygen peak. The vertical blue line 

indicates the electromagnet jump between the two masses. 
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Figure A4-0-1 Standard ammonium nitrate chromatogram for a hydrogen and oxygen dual 
measurement utilising initial method parameters. 
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Method Optimisation Experiments for Initial Method Parameters 

Repeatability with CRMs 

The IAEA standards were measured over time to determine whether the results were 

precise/repeatable using the Initial Method Parameters. The standards were measured 

six times each on 3111107, 13111107, 15111107, 16/11107, 19111107, 23111107, and 

26/2/08. The values were subsequently corrected against the certified values for the 

standards. 

Table A4-0-1 and A4-0-2 list the standard deviations (for oxygen and hydrogen 

respectively) of the corrected means for the IAEA standards measured on different 

days. The means are not listed as the values were the same for each sequence as they 

were corrected to the same certified value for the standard. 

There was significant variation over time in the standard deviation and the results were 

not within specification when the standard deviations for the oxygen standards were 

cornpared against the instrument specification. These results indicate a problem with 

either the instrument or the method being utilised. Comparison of the hydrogen 

standard deviations against the instrument specification indicated that the CRMs were 

being n1easured within specification over this period. Further method optimisation was 

undertaken, with particular focus on the carbon monoxide peale 
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Table A4-0-1 0 IAEA standards measured over time. The instrument specification standard 
deviation is provided for comparison. 

Standard S (%o) Date Measured 

NBS 19 Limestone 0.3 27/6/07 
Instrument s = 0.4 0.2 13/11/07 

0.7 15111107 
0.5 16111/07 
0.7 16111107 
0.8 19111107 
0.7 19/11/07 
0.2 23111/07 
0.1 23111107 
0.6 26/2/08 
1.8 26/2/08 

LSVEC Lithium Carbonate 0.4 27/6/07 
Instrument s = 0.4 0.7 13111107 

0.3 15/11107 
1.6 16/11107 
0.6 16111107 
0.3 19/11107 
0.3 19/11/07 
0.4 23/11107 
0.1 23/11/07 
0.9 26/2/08 
0.7 26/2/08 
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Table A4-0-2 H IAEA standards measured over time. The certified standard deviation for the 
reference materials and also the instrument specification standard deviation are provided for 
comparison. 

Standard 

NBS22 Oil 
CRM s = 2.8 

Instruments= 3.0 

PEFl Polyethylene 
CRM s = 2.0 

Instruments= 3.0 

S (%o) 

2.7 
2.0 

1.5 

3.0 
3.2 
0.8 
2.3 
2.0 
2.6 
1.7 
1.7 

2.4 
2.6 

2.5 

2.4 
2.2 
3.5 
5.2 
2.6 
2.6 
1.4 
1.9 

Date Measured 

27/6/07 
13/11107 

15111107 

16111107 
16111/07 
19111107 
19/11107 
23111107 
23111/07 
26/2/08 
26/2/08 

27/6/07 
13111107 

15111107 

16/11/07 
16/11107 
19111/07 
19111107 
23/11107 
23111/07 
26/2/08 
26/2/08 

Due to the variation observed in the oxygen measurements of the IAEA standards over 

time (Table A4-0-1), the method/procedure required further optintisation. The key 

concern was the reproducibility of the chromatography of the carbon monoxide peak, 

representing the oxygen isotope ratio. 

Optimisation - TC-EA Conditions 

Refer to Table A4-0-3 for the combination of parameters evaluated during the 

optimisation. For each combination, the following sequence was measured: 4 x 
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coumarin; 4 x AN prill; 4 x PEF1 polyethylene; and 4 x USGS35 sodium nitrate. As 

numerous literature references had documented that a furnace temperature of 1450°C 

was suitable for the measurement of nitrates, the experiments were conducted at 

1450°C. Gehre and Strauch [1] discuss the pyrolysis efficiency for oxygen yield, with 

and without additives, for a range of samples including potassium nitrate at a furnace 

temperature of 1450°C. The results indicate that no additives are required in order to 

achieve 100% conversion of potassium nitrate at 1450°C. 

Table A4-0-3 TC-EA parameter combinations evaluated during method optimisation. 

GC Column Temperature (°C) TC-EA Gas Flow (mL/min) 

65 80 
70 80 
85 80 
65 120 
70 120 
85 120 
68 100 
70 100 

Tables A4-0-4 and A4-0-5 summarise the observations frorn the experin1ents 

conducted varying the TC-EA pararneters (i .e. flow and column temperature). The 

chromatograms for the measurement of ammonium nitrate prills utilising the different 

parameters are also included (Figures A4-0-2 to A4-0-9). Each figure consists of two 

chromatograms, the top one displays the full chromatogram (entire peaks) and the 

bottom chromatogram is expanded to display the baseline. 

The results were evaluated with respect to the hydrogen and carbon monoxide peaks 

being detected in full and evaluating whether the peak jump was interfering with the 

end of the peak detection for H2 and the start of the detection of CO. Given the time 

required for the electromagnet to stabilise after jumping from H2 gas to CO gas, it was 

important to evaluate the data to ensure that the baseline had stabilised sufficiently 

before the CO sample peak was being detected. It was also important to ensure that the 

CO sample peak had been detected in full before the first CO reference gas peak 

eluted. The timing for enacting the He dilution was also critical as this needed to only 

affect the CO peak and not other peaks. 
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Overall, based on the aforementioned criteria and the standard deviations of the raw 

means for each standard/sample, the most suitable parameters appeared to be 70°C and 

100 mL/min. The oxygen isotope ratio measurements for the ammonium nitrate prill 

samples were not within the instrument specification, however this may be due to the 

prill samples being heterogeneous. This is evaluated in the Sample Precision 

(Optimised Method 1) section of this appendix. 

Table A4-0-4 Summary of the observations for the oxygen isotope ratios from the experiments 
conducted varying the TC-EA parameters. 

Oxygen - Raw Data 

Coumarin Ammonium Nitrate USGS35 Sodium 
Nitrate 

Conditions Mean Mean Mean 
()180 (%o) S (%o) ()180 (%o) S (%o) ()180 (%o) S (%o) 

65°C, 80 21.9 0.5 9.3 0.8 53.5 3.2 mL/min 
70°C, 80 21.9 0.3 -27.5 1.1 33.5 0.7 mL/min 
85°C, 80 17.7 0.2 -48.6 6.7 22.0 1.4 mL/nlin 
65°C, 120 21.7 1.5 -13.2 2.7 35.8 1.1 mL/min 
70°C, 120 17.6 1.2 -20.1 4.5 37.1 1.6 mL/min 
85°C, 120 No peaks detected mLIInin 
68°C, 100 21.5 0.2 -1.7 1.5 45.5 0.2 mL/min 
70°C, 100 21.6 0.2 -12.9 3.3 38.1 0.6 mL/min 
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Table A4-0-5 Summary of the observations for the hydrogen isotope ratios from the experiments 
conducted varying the TC-EA parameters. 

Hydrogen- Raw Data 
Conditions Coumarin Ammonium Nitrate PEFl Polyethylene 

Mean <>D 
S (%o) 

Mean ()D 
S (%o) 

Mean ()D 
S (%o) (%o) (%o) (%o) 

65°C, 80 221.6 2.6 -8.0 2.7 20.4 1.0 mL/min 
70°C, 80 249.4 0.4 5.5 0.7 35.9 3.1 mL/min 
85°C, 80 250.3 1.0 25.03 4.2 39.1 2.9 mL/min 
65°C, 120 245.1 2.3 22.1 3.6 39.3 4.6 mL/min 
70°C, 120 246.7 1.7 19.9 5.2 36.7 3.3 mL/min 
85°C, 120 247.2 0.9 22.9 3.9 37.1 2.0 mL/1nin 
68°C, 100 238.4 2.2 17.2 1.8 30.1 1.2 mL/min 
70°C, 100 245.4 2.7 9.6 2.4 37.3 3.2 tnL/min 
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Figure A4-0-2 TC-EA chromatogram for AN prill during method optimisation utilising: 65°C 
column temperature and 80 mL/min flow. 
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Figure A4-0-3 TC-EA chromatogram for AN prill during method optimisation utilising: 70°C 
column temperature and 80 mL/min flow. 
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Figure A4-0-4 TC-EA chromatogram for AN prill during method optimisation utilising: 85°C 
column temperature and 80 mL/min flow. 
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Figure A4-0-5 TC-EA chromatogram for AN prill during method optimisation utilising: 65°C 
column temperature and 120 mL/min flow. 
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Figure A4-0-6 TC-EA chromatogram for AN prill during method optimisation utilising: 70°C 
column temperature and 120 mL/min flow. 
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Figure A4-0-7 TC-EA chromatogram for AN prill during method optimisation utilising: 85°C 
column temperature and 120 mL/min flow. 
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Figure A4-0-8 TC-EA chromatogram for AN prill during method optimisation utilising: 68°C 
column temperature and 100 mL/min flow. 
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Figure A4-0-9 TC-EA chromatogram for AN prill during method optimisation utilising: 70°C 
column temperature and 100 mL/min flow. 
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Optimisation- Method Parameters 

One ammonium nitrate prill chromatogram was selected and the peak data re-evaluated 

to monitor the effect of varying the peak detection width on the raw oxygen delta 

value. The peak detection window was altered by varying the end slope of the peak 

detection algorithm. The effect of not detecting the entire peak on the delta values was 

observed. Another chromatogram was selected and re-evaluated varying the peak end 

time, minimun1 peak height, and the end peak slope to determine the effect on the 

hydrogen and oxygen delta values. 

The peak data and the delta values are represented in Table A4-0-6. Figure A4-0-1 0 

displays the chromatogram of AN utilised for the re-evaluation. The results highlight 

the importance of detecting the whole peak. It is evident from the table that as the peak 

ends earlier (i.e. becomes narrower) the delta values become depleted. This 

corresponds with the fact that the lighter isotope will elute sooner (i.e. be present in the 

front of the peak) and the heavier isotope will elute later (i.e. in the tail of the peak). 

Table A4-0-6 Peak data and delta values for the oxygen method parameter experiments . 

.. ftil'l .... ~--llli 

End Peak Slope Peak Start Peak End Peak Width o180 (%o) (sees) (sees) (sees) 
0.2 208.8 303.7 94.9 -20.8 
0.4 208.8 297.6 88.8 -16.1 
0.6 208.8 290.3 81.5 -10.5 
0.8 208.8 285.5 76.7 -7.0 
1.6 208.8 275.7 66.9 -0.1 
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Figure A4-0-10 Chromatogram of ammonium nitrate prill utilised for oxygen method parameter 
experiments. 
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Another chromatogram was selected and re-evaluated varytng the peak end time, 

minimum peak height, and the end peak slope to determine the effect on the hydrogen 

and oxygen delta values. The results for each variance are displayed in Table A4-0-7. 

Figure A4-0-11 displays the chromatogram of AN utilised for the re-evaluation. The 

results of the experiment demonstrate that the end slope is affecting the delta values, 

with significant effect on the oxygen values but not on the hydrogen values. A 

minimum peak height below 10 m V is significantly affecting the oxygen delta value 

but not the hydrogen delta value. 

Table A4-0-7 0 and H results from varying peak end time, minimum peak height and end peak 
slope. 

Peak end (sees) 170 265 
Min. Peak Height (mV) 20 50 
Peak End Slope ~D (%o) ~180 (%o) 

0.2 23.9 4.3 
0.8 23.5 -19.2 
1.6 23.8 -3.8 

Peak end (sees) 150 250 
l\'Iin. Peal{ Height (m V) 20 50 
Peak End Slope ~D (%o) ~180 (%o) 

0.2 23.9 4.3 
0.8 23.5 -19.2 
1.6 23.8 -3.8 

Peak end 170 265 
End slope 0.2 0.2 
Min. Peak Height an (%o) ~180 (%o) 

10 23.9 4.3 
5 23.5 -19.2 
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Figure A4-0-11 Chromatogram of ammonium nitrate prill utilised for oxygen and hydrogen 
method parameter experiments. 
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Optimised Method 1 Parameters 

The following parameters were determined to be suitable upon conclusion of the first 

method optimisation stage. 

Elemental analyser parameters - oven temperature (housing the packed gas 

chromatograph (GC) column): 70°C; furnace temperature: 1450°C; purge gas pressure 

(He): 1.8 bar; carrier gas pressure (He): 1.5 bar; auxiliary gas pressure (2% H2 in He): 

1.5 bar. 

ConFlo interface parameters - helium dilution Gas: 0.3 bar; reference 1 carbon 

monoxide: 0.7 bar; reference 2 hydrogen: 1.1 bar. 

IRMS method parameters- dual measurement acquisition time: 390 seconds; pulse of 

H2 reference gas for 20 seconds at 20 and 60 seconds (hydrogen reference peak); 

hydrogen peak elution between 115-150 seconds; pulse of CO reference gas for 20 

seconds at 300 and 340 seconds (reference peak for oxygen isotopic determination); 

carbon monoxide peak elution between 180-290 seconds ; magnet jump/switch gas 

from H2 to CO at an event (defined as the end of the hydrogen peak detection) or if no 

hydrogen peak is detected at 175 seconds; helium dilution turned on when event is 

detected or if no event is detected, at 175 seconds. 

Experiments to Evaluate Optimised Method 1 

Effect of Nitrogen on Hydrogen Measurements 

The effect of the presence of nitrogen on hydrogen measurements (potential co-elution 

of nitrogen and hydrogen and possible competitive interference in the ion source) was 

evaluated. This was highlighted as a potential concern in a presentation at the 3rd 

FIRMS Conference November 2007 in New Zealand [2]. Samples containing 

coumarin (no nitrogen) and then coumarin spiked with USGS35 sodium nitrate were 

measured to determine whether there was a significant difference between the values 

obtained for hydrogen with and without the presence of nitrogen. 

There was no significant effect from N on the H measurements as the mean delta 

values were not significantly different and the standard deviations were within the 
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instrument specification (refer to Table A4-0-8). As there was no apparent significant 

difference, other method optimisation options were not explored (e.g. increasing the 

molecular sieve length, decreasing the molecular sieve temperature). Figure A4-0-12 

illustrates the retention time of the nitrogen peak relative to the hydrogen peak. 

Table A4-0-8 Summary of the raw H delta values, mean and standard deviations obtained from 
the nitrogen experiments. 

Coumarin Coumarin + USGS35 
Potassium Nitrate 

Raw 8D (%o) 244.9 247.6 

237.8 244.7 
244.2 240.4 
242.3 236.2 

8D Mean (%o) 242.3 242.2 
s 3.2 5.0 

)16.00 

20<4.27 

01 ' 
I I 

C I 

I ' 
I I 

Figure A4-0-12 Chromatogram showing elution of nitrogen peak relative to hydrogen peak. 
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Initial Accuracy Evaluations 

The method was evaluated utilising certified reference materials (CRMs) to determine 

whether the true/agreed values were being obtained utilising Optimised Method 1. 

Accuracy Test 1 - NBS22 oil and coumarin were measured as hydrogen standards and 

USGS35 sodium nitrate and USGS34 potassium nitrate as the oxygen standards. PEF l 

polyethylene was measured as the unknown for hydrogen, and coumarin was measured 

as the unknown for oxygen. Five repeats of each were measured. The QC standards 

were also measured in this sequence. The data were corrected utilising the spreadsheet 

template described in Chapter 2 and the corrected measured values for PEFl 

polyethylene and coumarin compared to their agreed values. 

Due to the significant difference between the corrected measured values for oxygen in 

coumarin and the agreed value, further experiments were conducted to determine 

whether there was an issue with the coun1arin standard and/or the procedure. 

The hydrogen results (Table A4-0-9) demonstrate that there are no significant issues 

with the dual method for the measurement of hydrogen isotopes as the true value for 

PEFl polyethylene was obtained within an acceptable standard deviation. However 

issues were still observed with the method with regards to the oxygen isotope ratios as 

the corrected measured value for coumarin was calculated to be 8180 vsMow 39.5%o 

(Table A4-0-10) (agreed value for coumarin was 8180 vsMow 15.8%o). 

Accuracy Test 2 - USGS35 sodium nitrate and USGS34 potassium nitrate were 

measured as the standards and coumarin and NBS 19 limestone were measured as the 

unknowns. Five repeats of each were measured. Only oxygen isotopes were evaluated, 

however this was still conducted utilising the dual method. 

This experiment was conducted in order to determine whether the issue was with the 

agreed value for the coumarin. The results indicated that the issue was with the use of 

the USGS nitrate standards as incorrect values were obtained for the corrected means 

of coumarin and NBS 19 (Table A4-0-11 ). 
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Table A4-0-9 Accuracy test 1 to evaluate Optimised Method 1 for hydrogen. 
Hydrogen Accuracy Test 1 

Mean <>D 
S (%o) Certified Certified Difference 

(%o) Mean (%o) S (%o) (%o) 

NBS22 Oil (Std.) -118 .5 1.4 -118.5 2.8 -0.004 
Coumarin (Std.) 62.6 1.1 62.6 -0.01 
PEFl Polyethylene (Sample) -103.8 1.5 -100.3 2.0 3.5 

Ammonium Sulfate QC 23.4 0.4 

Table A4-0-10 Accuracy test 1 to evaluate Optimised Method 1 for oxygen. 
Oxygen Accuracy Test 1 

Mean ()180 
S (%o) Certified Certified Difference 

(%o) Mean (%o) S (%o) (%o) 

USGS35 Sodium Nitrate (Std.) 57.5 1.3 57.5 0.3 0.0005 
USGS34 Potassium Nitrate -27.9 0.7 -27.9 0.6 -0.00 1 (Std.) 
Coumarin (Sample) 39.5 0.2 15.8 -23 .6 
Potassium Nitrate QC 22.9 0.6 

Ammoni um Sulfate QC 14.8 1.5 

Table A4-0-11 Accuracy test 2 toevaluate Optimised Method 1 for o~:ygen. 
Oxygen Accuracy Test 2 

Mean~180 
S (%o) 

Certified Certified Difference 
(%o) Mean (%o) S (%o) (%o) 

USGS35 Sodium Nitrate (Std.) 57.5 1.03 57.5 0.3 -0.001 
USGS34 Potassium Nitrate -27.9 0.8 -27.9 0.6 0.002 (Std.) 
Coumarin (Sample) 32.9 1.6 15.8 17.02 

NBS 19 Calcium Carbonate 47.8 0.8 28.7 19.2 
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Precision & Accuracy 

Despite not obtaining the agreed values for the CRMs during the accuracy tests of 

Optimised Method 1, a validation consisting of accuracy and precision experiments 

was performed in order to determine whether the method was precise. If the method 

was determined to be precise then the method could be utilised for the purpose of this 

research. 

Precision - was initially evaluated over a 24-day period using 5 measurements from 

prills from the same sample on three occasions (i.e. 5 measurements from prill 1 on 

day 1, 5 measurements from prill 2 on day 17 and 5 measurements from prill 3 on day 

24). These samples were measured with four repeats of each of the IAEA standards 

(NBS22 oil, coumarin, USGS34 potassium nitrate, and USGS35 sodium nitrate) and 

the two QC standards (ammonium sulfate and potassium nitrate). All measured values 

were corrected utilising the spreadsheet template described in Chapter 2. 

Tables A4-0-12 and A4-0-13 contain the precision/repeatability results for 0 and H 

respectively. The results for the oxygen isotope for the potassium nitrate QC 

demonstrate that the method is relatively precise over the 24 day period, however the 

results for the oxygen isotope in the AN prill samples are not precise. 

The results for the hydrogen isotope of the runmonium sulfate QC also den1onstrate 

that the method is relatively precise over the 24 day period, however the results for the 

hydrogen isotope in the AN prill samples are once again not precise. 

The imprecision may be either due to the AN prill sample being heterogeneous as 

different prills were measured on each day or it may be an analytical instrument issue. 

Instrument issues that could be causing the imprecision could be incomplete 

combustion of the ammonium nitrate prill, interference of the nitrogen peak with the 

oxygen peak due to the greater % of nitrogen in AN relative to potassium nitrate 

(however the hydrogen results were not precise either and it has been demonstrated 

that the nitrogen peak was not interfering with the hydrogen peak). Additives in the 

prill samples (e.g. aluminium sulfate) could also potentially be causing the imprecision 

for the oxygen isotope ratios. The results in the Relative Yield Estimations section 
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(Chapter 6.3.2.7) demonstrate that the AN prill samples are converting relatively the 

same as the QC standard and the CRMs, hence indicating that incomplete conversion 

is not the cause of the prill imprecision results. Further precision experiments (i.e. 

sample precision) were conduced in order to isolate the cause of the imprecision. 

Table A4-0-12 Precision experiments for 0 over 3 weeks. 

Day 

1 
17 
24 
s of means 
Range in 
means 

Precision Oxygen 
AN Prill Potassium nitrate QC 

Corrected Mean 
S (%o) 

~180vsMow (%o) 

4.6 0.7 
10.4 0.4 
16.2 0.6 
5.8 

11.6 

Corrected Mean 
~180vsMow (%o) 

23.7 
24.1 
22.5 
0.8 

1.6 

S (%o) 

1.1 
0.6 
0.6 

Table A4-0-13 Precision experiments for Hover 3 weeks. 

Day 

1 
17 
24 
s of means 
Range in 
means 

Precision Hydrogen 

AN Prill Ammonium Sulfate QC 

Corrected Mean 
S (%o) Corrected 1\tlean 

S (%o) BDvsMOW (%o) BDvsMow (%o) 

-119.5 0.4 24.6 1.1 
-113.5 2.1 20.3 3.7 
-136.3 1.2 17.3 0.9 
11.8 3.6 

-22.8 7.3 

Sample Precision - an initial evaluation of the potential heterogeneity throughout a 

sample of prills (i.e. sample precision) collected at the same time was conducted by 

collecting 5 measurements from seven different prills from the same sample. These 

were measured with four repeats of the two QC standards (ammonium sulfate and 

potassium nitrate) at the beginning and end of the sequence to monitor for potential 

drift. 
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The results from the 7 prills measured from the one sample are displayed in Table A4-

0-14. The standard deviations for the oxygen measurements are large and 

unacceptable. The hydrogen results are acceptable. As a result of the oxygen results, 

the chromatograms were further evaluated for any potential causes of the imprecision. 

A small hump between the magnet jump and the CO peak was visible in some 

chromatograms when the baselines were magnified in this region (Figure A4-0-13). 

This hump was sometimes being detected as part of the CO peak and on other 

occasions was not. Further method optimisation focussed on this hump and expanding 

the time frame between the magnet jump and start of the CO peak. 

Table A4-0-14 Sample precision for oxygen and hydrogen isotope ratios in AN prills from the one 
sample (Optimised Method 1). 

Sample Raw Mean a180 (%o) S (%o) Raw Mean oD (%o) S (%o) 

QC Standard 11.8 0.6 211.6 3.3 
Prill 1 5.3 5.2 37.1 3.8 
Prill2 2.2 3.1 26.5 2.0 
Prill 3 2.5 4.4 25.3 3.6 
Prill4 2.4 3.6 24.4 2.3 
Prill 5 2.2 3.5 25.7 1.7 
Prill 6 1.9 4.9 30.0 2.0 
Prill 7 2.1 3.2 26.1 0.8 
QC Standard 8.5 0.8 210.1 2.4 
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Figure A4-0-13 Hump potentially interfering with CO peak detection between the magnet jump 
and start of CO peak. 

Method Bias/Accurau - PEFl polyethylene, coumann, NBS22 oil, USGS34 

potassium nitrate, USGS35 sodiurn nitrate, LSVEC lithium carbonate, NBS 19 

lin1estone, the two QC standards (ammonium sulfate and potassium nitrate), and an 

AN prill sample were prepared (four replicates of each) and measured. Correction 

calculations were performed utilising USGS35 and USGS34 (nitrate standards) as the 

oxygen standards in order to replicate what would be used for future measuretnents of 

AN prill samples. Correction calculations were also performed utilising LSVEC and 

NBS 19 (carbonate standards) as the standards to compare the potential difference 

introduced through the use of nitrate standards. 

Tables A4-0-15 and A4-0-16 display the results for the second set of oxygen accuracy 

experiments. The results are not accurate when utilising the nitrate standards (USGS35 

and USGS34) as standards (Table A4-0-15). However, the results are accurate when 

the carbonate standards (LSVEC and NBS 19) are utilised as standards (Table A4-0-

16). The hydrogen accuracy results are within specification (Table A4-0-17). The bias 

introduced when the nitrate standards are utilised may be as a result of the nitrate 
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standards reacting differently to the samples during the pyrolysis cycle or potential 

interference of nitrogen with the measurement of the carbon monoxide. 

Table A4-0-15 Accuracy experiments for 0 in standards. These values were calculated utilising 
the nitrates (USGS35 and USGS34) as the standards (Optimised Method 1). 

Coumarin 

LSVEC 

NBS19 

Corrected Mean 
B180vsMOW (%o) 

33.7 

20.9 

47.8 

S (%o) 

0.7 

0.4 

0.4 

Certified Value Difference 
(%o) (%o) 

15.8 17.9 

3.7 17.2 

28.7 19.2 

Table A4-0-16 Accuracy experiments for 0 in standards. These values were calculated utilising 
the carbonates (LSVEC and NBS19) as the standards (Optimised Method 1). 

Coumarin 

Corrected Mean 
B180vsMOW (%o) 

15.5 

S (%o) 

0.9 

Certified V aloe Difference 
(%o) (%o) 

15.8 -0.3 

Table A4-0-17 Accuracy experiments for H in standards (Optimised Method 1). 

Corrected Mean 
S (%o) Certified V aloe Difference 

BDvsMow (%o) (%o) (%o) 

PEFl -103.1 1.6 -100.3 -2.8 

Coumarin 62.1 1.5 62.5 -0.4 

The results from the precision and accuracy experiments conducted utilising Optimised 

Method 1 led to further method optimisation focussing on expanding the time frame 

between the magnet jump and start of the CO peak in order to ensure that the hump 

that was being observed between the jump and the CO peak was not interfering with 

the CO measurement (Figure A4-0-13). 

Gehre and Strauch [1] discuss how the magnetic field jumping from HD to CO is not 

stable due to a lack of temperature control of the electromagnet. The magnet current 

required for the rneasurement of hydrogen isotopes is relatively low compared to that 

required during CO measurements. When the magnetic field jumps from CO to HD a 
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false zero value and thus a faulty jump CO may consequently occur for the HD 

magnetic field. During a sequence, the temperature in the electrical circuit may rise 

and the beginning of the peak centre for the next sample starts with wrong parameters. 

Consequently, the jump to CO is not exact enough for an accurate measurement. 

Temperature control of the magnet current board could be helpful to alleviate this 

effect. The authors recommend two separate measurement runs for HD and CO. 

The final Optimised Method 2 was based on all the same parameters as Optimised 

Method 1; however, the GC column temperature was decreased by 5°C to delay the 

elution of the oxygen peak. This allowed the baseline to stabilise after the magnet jump 

and prior to the CO peak detection. 
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APPENDIX 5: IRMS Database 

See enclosed CD at back of thesis. 
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APPENDIX 6: Guidelines for the Installation and 

Implementation of the IRMS Technique into an 

Operational Forensic Laboratory 

Installation 

Like any other piece of scientific instrumentation, isotope ratio mass spectron1eters 

(IRMS) must be installed as per the manufacturer's specifications. The end user 

should ensure that the instrument manufacturer conducts a pre-installation site 

inspection to ensure that the proposed site is suitable for the reliable operation of the 

instrument. 

The following summary addresses some of the key considerations that should be 

addressed in preparation for the installation of an IRMS instrument. These examples 

are derived from the AFP's experience with the installation of the DELTApiu XP 

IRMS instrument (Thermo Finnigan) during 2003-2004 and should not replace or 

ovenide a particular manufacturer's pre-installation requirements. A number of these 

issues were recommendations made by various experienced users, as well as the 

instrument manufacturer along the way. Meier-Augenstein [1] also addresses issues 

for consideration in the set-up of a laboratory for IRMS analyses. 

1. Location - ensure appropriate floor space and bench space is available for the 

instrument and all ancillary equipment (i.e. gas chromatograph and interface, 

FlashEA and TC-EA, and interface) and also future equipment that may be 

purchased to interface with the IRMS, e.g. a liquid chromatograph and associated 

interface. Consideration should also be given to the required space for conducting 

maintenance on the instrument and easy access to all components. 

2. Environment -ensure that there is minimal human traffic to the area where the 

instrument will be installed. It is best to have a dedicated room/area for the IRMS. 
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There should be no significant power sources nearby, e.g. strong magnets. The 

room temperature should be stable, e.g. 23 ± 1 oc per hour [1]. 

3. Gases- ensure that there is appropriate space for the storage of the required gases. 

Refer to the relevant standard that addresses the storage and handling of gases in 

cylinders (e.g. Australian Standard AS 4332-2004). According to some users, it is 

best practice to store the reference gases (i.e. carbon monoxide, nitrogen, carbon 

dioxide and hydrogen) in a temperature controlled environment. According to 

other users, cylinders can be stored outside as long as the isotopic composition of 

the cylinder remains constant for the duration of an analytical sequence, or at least 

between two sets of solid standards in a sequence (which are run every 10-18 

samples i.e. approximately every 2 hours). According to Thermo Finnigan [2], 

reference gases in the liquid phase inside a tank should be stored in a temperature-

controlled room (i.e. C02). 

Due to the high consumption of helium (as the carrier gas) it is recommended to 

have two cylinders installed with a pressure dependant toggle switch (e.g. when 

the pressure in the first cylinder drops below 500 psi, the regulator will 

automatically switch to the second cylinder) [1]. Ensure that there are release 

valves connected to all regulators that allow the gas lines to be purged with gas 

when installing a new cylinder and that prevent air entering the gas lines and 

ultimately the instrument. Ensure that all lines, regulators and fittings are made 

from stainless steel to ensure that the materials do not degrade and result in air 

leaks and contamination. All gas cylinders should be installed with relatively short 

lines to the instiument, to minimise leaks and, with regards to reference gases, 

minimise the potential of fractionation. Ensure that all the gases are of the 

required highest purity (these are an expensive on-going cost to the user and often 

have a significant lead time from the supplier). It is impottant to liaise very 

closely with the gas supplier to establish procedures to minimise lead times. There 

must also be a source of oil/contaminant free compressed air. 

4. Power- ensure that a reliable uninterrupted power supply (UPS) is installed that 

guards against power outages and also surges/spikes in power. Ensure that the 

appropriate power supply, as specified by the manufacturer, is available. 
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5. Exhaust- installation of exhaust lines from the interfaces to remove any potential 

traces of CO and H2 and also to remove exhaust from the vacuum pumps. 

6. Gas cylinder pressure monitors - will minimise the potential for air to reach the 

lines and ultimately the instrument by alarming when the gas cylinders require 

replacing, i.e. drop to a certain cylinder pressure (e.g. 500 psi). 

7. Gas sensors in the room - H2 and CO monitors should be installed in the room in 

case there is a leak from the lines or from the interface. Sensors for any gases that 

are installed indoors should also be installed. 

Implementation 

In addition to the standard considerations that must be given to the implementation of 

a new instrument into a forensic laboratory (i.e. financial sustainability, resources to 

operate and maintain, development and validation of standard procedures), the 

following relate specifically to the implementation of an IRMS instrument within an 

operational forensic laboratory: 

1. Relative to other analytical instruments (e.g. FfiR or GC-MS), IRMS instruments 

are resource-intensive to maintain and operate, and with respect to sample 

preparation. 

2. Consumables, e.g. furnaces and high purity gases, in particular the reference 

gases, are an expensive on-going cost. Maintenance contracts are also an added 

on-going expense that requires serious consideration. 

3. Must have internal databases and/or demonstrated ability to compare results inter-

laboratory (i.e. require a validated referencing regime against certified reference 

materials). The resources to develop and maintain such databases are considerable 

and require significant on-going collaboration with the relevant industries. 

4. It is not possible to have one instrument configuration for all target materials 

likely to be encountered in a forensic laboratory. Each application/target material 

requires significant method development, optimisation and validation which is 

extremely resource intensive. Modifications to standard instruments are performed 
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by experienced users in order to optimise the design/set -up for specific 

requirements/target materials. 

Key Requirements 

The following contains a number of key guidelines/requirements for consideration 

prior to implementation of IRMS into a forensic laboratory: 

1. Instrumentation/equipment - installation (refer to installation section of this 

appendix); analytical scales capable of weighing down to 0.001 mg; desiccators 

for sample and standard storage. 

2. IAEA Standards/Certified Reference Materials - to allow calibration of 

laboratory standards, for measurement as QC standards, and to allow inter-

laboratory comparisons and data exchange (comparability of results from different 

laboratories). 

3. Appropriate Laboratory Standards - to routinely measure samples of interest and 

determine the true value of the samples relative to certified reference materials. If 

performed correctly, this will allow intra-, as well as inter-laboratory comparisons. 

Laboratory standards are required that are compatible with the individual target 

n1aterials. 

4. Validation - understand the performance of the instn1ment, including limitations. 

Measurement uncertainty for the instn1ment and specifically for individual target 

materials is required to assist in interpretation, i.e. what is a 'significant' 

difference between samples. 

5. IRMS should be utilised following analysis and identification of two or more 

san1ples utilising traditional forensic techniques. The technique is destructive, 

hence, the technique should be utilised at the end of an analytical sequence, 

particularly if linuted sample is available. 

6. Standard procedure, maintenance schedule and methods. Specific considerations 

in method development include: ensure that the entire peak is detected, ensure 

there is no interference from other gases; sample peak height should be relatively 
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the same height as the reference peak height, samples should be weighed 

relatively close together so that linearity effects are not introduced, and ensure 

complete combustion of samples and standards is achieved. Ensure that you have 

a consistent analysis sequence including blanks, standards and samples. Werner & 

Brand [3] also recommend maintaining performance charts to monitor the long-

term performance of the instrument and to assist with predicting required 

maintenance on the instrument. 

7. Data treatment - develop algorithms/protocols to address the following as 

required [3]: 

7 .1. drift correction - can be observed in the results as a function of time (or 

sample number). Can be caused by various things including isotopic change 

of the reference gas, build-up of water or other contaminants during analysis, 

changing conditions of the MS, deterioration of the ion source, etc; 

7 .2. linearity corrections - may observe a drift with size, i.e. the measured ratio 

is a function of the quantity of sample; 

7 .3. Inemory effects -catTy-over from previously measured samples; and 

7 .4. isobaric interferences - interfering ion currents from other species hitting 

the sarne Faraday cup detectors, e.g.: 

7.4 .1. 17 0 correction for 813C determination (e. g. in the Isodat software, 

utilise the Craig or Santrock correction); 

7 .4.2. H3 + correction - H3 + factor determined at the beginning of every 

sequence (ensure H3 +factor is low and stable, i.e. contribution from the 

tail of the 4He +peak into the m/z = 3 Faraday cup is minimal). 

8. Correct interpretation requires a database, an understanding of the instrument 

performance (i.e. estimate of measurement uncertainty) and the potential for 

isotopic fractionation to occur to determine whether an observed difference 

between two samples is 'significant'. 
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